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PREFACE

This is the seventh edition of Hemarology: Basic Principles and Practice.
This textbook has, over the last 30 years, become a staple for many
students of hematology. It is our intent that this seventh edition
continue to fill this role. The goal of this venture has always been,
and continues to be, the creation of a volume of information that
summarizes the overall body of knowledge known as hematology. In
this time of online publishing and rapid publication, as well as the
availability of numerous search engines that provide algorithms to
assist with patient care, the value of Hematology: Basic Principles and
Practice to our readership is even greater than in the past. Currently,
there is a trend to use content-lite vehicles that provide condensed
forms of information to the hematology community. From our per-
spective, this bullet point—directed strategy of education dealing with
complex science and medicine represents a serious misstep that
ultimately diminishes the hematology community’s opportunity to
achieve excellence in research and patient care. This edition provides
a compilation of chapters that summarizes an in depth analysis of
hematology. These chapters have been created by luminaries in their
respective fields and have been critically evaluated by the editorial
team. We all understand that the medical literature changes by the
hour, but practice-changing advances are relatively few. These chap-
ters provide a solid foundation with which the readership can assess
the significance of the most recent advances in hematology. From
these carefully crafted and edited chapters the readership can rapidly
gain access to a comprehensive body of knowledge that will serve as
a platform to better appreciate the rapidly evolving literature in
hematology science and practice. Cryptic summaries of complex
issues that underlie hematology cannot be critically evaluated with a
series of bullet points. Medicine and science are more nuanced and
require a commitment by the target audience to appreciate where a
particular field is and where it is going. Of course, the use of this
textbook requires an initial time commitment on the part of the
reader that ultimately will lead to significant rewards. In the long run
the examination of these chapters is an investment in your intellectual
development and educational pursuits. To some, this approach might
be considered “old school,” but we believe it really shows prudence
and respect for this incredibly challenging field. It makes hematology
challenging and exciting again. The editorial team for the sixth
edition has remained intact and includes Drs. Ronald Hoffman,
Edward Benz, Leslie Silberstein, Helen Heslop, Jeffrey Weitz, and
John Anastasi. For this seventh edition, Dr. Mohammed Salama has
joined our team. Dr. Salama is Professor of Pathology and Chief of

Hematopathology at the University of Utah School of Medicine. He
has helped to improve the quality of the photomicrographs that play
a prominent role in many of our chapters. Additionally, Dr. Salama
has developed a virtual microscopy system that will allow the readers
to better examine relevant histopathology of a number of blood
disorders. We believe this system will be useful to our readership in
order to better appreciate the critical aspects of hemato-pathology
needed to practice modern hematology. Dr. Syed Abutalib has also
joined our group and will serve as the editor responsible for monthly
updates. Dr. Abutalib is a hematologist and medical oncologist at the
Midwestern Regional Medical Center in Zion, Illinois. Syed is in
clinical practice and a full-time clinician. He has an intense interest
and extensive track record in medical education. Our editorial team
felt that a full-time practitioner would be best suited to determine
which updates would be of greatest importance to our readership.
Several updates will be provided monthly to the readership, and these
will be vetted by the other editors working with Dr. Abutalib. These
efforts will provide a path by which we can continue to expand and
improve the content provided within the text after the time of
publication. With this mechanism in place we have become a book
that can change and evolve over time. Please utilize these updates to
better evaluate the the massive wave of new information that we all
encounter.

After the completion of this seventh edition we still feel this book
is a work in progress. We are still seeking and considering the best
ways to provide timely information to our readership, and we remain
humbled by the complexity of this task in this age of rapid com-
munication. We will continue to modify this book and have enjoyed
the challenges we have encountered in its preparation. Over the years,
we have added additional members to our editorial team to create a
book that we can be proud of and that we have certainty will be of
use to our readership. We hope that this seventh edition meets our
joint expectations and the growing needs of our readership.

Ronald Hoffman, MD
Edward J. Benz, Jr., MD
Leslie E. Silberstein, MD

Helen E. Heslop, MD

Jeffrey I. Weitz, MD

John Anastasi, MDD
Mohammed E. Salama, MD
Syed Abutalib, MD
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CHAPTER

ANATOMY AND PHYSIOLOGY OF THE GENE

Andrew J. Wagner, Nancy Berliner, and Edward J. Benz, Jr.

Normal blood cells have limited life spans; they must be replenished
in precise numbers by a continuously renewing population of pro-
genitor cells. Homeostasis of the blood requires that proliferation
of these cells be efficient yet strictly constrained. Many distinctive
types of mature blood cells must arise from these progenitors by a
controlled process of commitment to, and execution of, complex
programs of differentiation. Thus, developing red blood cells must
produce large quantities of hemoglobin but not the myeloperoxidase
characteristic of granulocytes, the immunoglobulins characteristic of
lymphocytes, or the fibrinogen receptors characteristic of platelets.
Similarly, the maintenance of normal amounts of coagulant and
anticoagulant proteins in the circulation requires exquisitely regu-
lated production, destruction, and interaction of the components.
Understanding the basic biologic principles underlying cell growth,
differentiation, and protein biosynthesis requires a thorough knowl-
edge of the structure and regulated expression of genes because the
gene is now known to be the fundamental unit by which biologic
information is stored, transmitted, and expressed in a regulated
fashion.

Genes were originally characterized as mathematical units of
inheritance. They are now known to consist of molecules of deoxy-
ribonucleic acid (DNA). By virtue of their ability to store information
in the form of nucleotide sequences, to transmit it by means of
semiconservative replication to daughter cells during mitosis and
meiosis, and to express it by directing the incorporation of amino
acids into proteins, DNA molecules are the chemical transducers of
genetic information flow. Efforts to understand the biochemical
means by which this transduction is accomplished have given rise to
the discipline of molecular genetics.

THE GENETIC VIEW OF THE BIOSPHERE: THE CENTRAL
DOGMA OF MOLECULAR BIOLOGY

The fundamental premise of the molecular biologist is that the
magnificent diversity encountered in nature is ultimately governed
by genes. The capacity of genes to exert this control is in turn
determined by relatively simple stereochemical rules, first appreciated
by Watson and Crick in the 1950s. These rules constrain the types
of interactions that can occur between two molecules of DNA or
ribonucleic acid (RNA).

DNA and RNA are linear polymers consisting of four types of
nucleotide subunits. Proteins are linear unbranched polymers consist-
ing of 21 types of amino acid subunits. Each amino acid is distin-
guished from the others by the chemical nature of its side chain, the
moiety not involved in forming the peptide bond links of the chain.
The properties of cells, tissues, and organisms depend largely on the
aggregate structures and properties of their proteins. The central
dogma of molecular biology states that genes control these properties
by controlling the structures of proteins, the timing and amount of
their production, and the coordination of their synthesis with that of
other proteins. The information needed to achieve these ends is
transmitted by a class of nucleic acid molecules called RNA. Genetic
information thus flows in the direction DNA — RNA — protein.
This central dogma provides, in principle, a universal approach for
investigating the biologic properties and behavior of any given cell,
tissue, or organism by study of the controlling genes. Methods per-
mitting direct manipulation of DNA sequences should then be

universally applicable to the study of all living entities. Indeed, the
power of the molecular genetic approach lies in the universality of its
utility.

One exception to the central dogma of molecular biology that is
especially relevant to hematologists is the storage of genetic informa-
tion in RNA molecules in certain viruses, notably the retroviruses
associated with T-cell leukemia and lymphoma, and the human
immunodeficiency virus. When retroviruses enter the cell, the RNA
genome is copied into a DNA replica by an enzyme called reverse
transcriptase. This DNA representation of the viral genome is then
expressed according to the rules of the central dogma. Retroviruses
thus represent a variation on the theme rather than a true exception
to or violation of the rules.

ANATOMY AND PHYSIOLOGY OF GENES
DNA Structure

DNA molecules are extremely long, unbranched polymers of
nucleotide subunits. Each nucleotide contains a sugar moiety called
deoxyribose, a phosphate group attached to the 5" carbon position,
and a purine or pyrimidine base attached to the 1’ position (Fig.
1.1). The linkages in the chain are formed by phosphodiester bonds
between the 5” position of each sugar residue and the 3" position of
the adjacent residue in the chain (see Fig. 1.1). The sugar—phosphate
links form the backbone of the polymer, from which the purine or
pyrimidine bases project perpendicularly.

The haploid human genome consists of 23 long, double-stranded
DNA molecules tightly complexed with histones and other nuclear
proteins to form compact linear structures called chromosomes.
The genome contains 3 billion nucleotides; each chromosome is
thus 50 to 200 million bases in length. The individual genes are
aligned along each chromosome. The human genome contains about
30,000 genes. Blood cells, similar to most somatic cells, are diploid.
That is, each chromosome is present in two copies, so there are 46
chromosomes consisting of approximately 6 billion base pairs (bp)
of DNA.

The four nucleotide bases in DNA are the purines (adenosine
and guanosine) and the pyrimidines (thymine and cytosine).
The basic chemical configuration of the other nucleic acid found
in cells, RNA, is quite similar, except that the sugar is ribose
(having a hydroxyl group attached to the 2’ carbon rather than
the hydrogen found in deoxyribose) and the pyrimidine base uracil
is used in place of thymine. The bases are commonly referred to
by a shorthand notation: the letters A, C, T, G, and U are used
to refer to adenosine, cytosine, thymine, guanosine, and uracil,
respectively.

The ends of DNA and RNA strands are chemically distinct
because of the 3" — 5" phosphodiester bond linkage that ties adjacent
bases together (see Fig. 1.1). One end of the strand (the 3" end) has
an unlinked (free at the 3” carbon) sugar position and the other (the
5" end) has a free 5" position. There is thus a polarity to the sequence
of bases in a DNA strand: the same sequence of bases read in a 3" —
5" direction carries a different meaning than if read in a 5" — 3’
direction. Cellular enzymes can thus distinguish one end of a nucleic
acid from the other; most enzymes that “read” the DNA sequence
tend to do so only in one direction (3" — 5" or 5 — 3’ but not
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Fig. 1.1 STRUCTURE, BASE PAIRING, POLARITY, AND TEMPLATE PROPERTIES OF DNA. (A)
Structures of the four nitrogenous bases projecting from sugar phosphate backbones. The hydrogen bonds
between them form base pairs holding complementary strands of DNA together. Note that whereas A-T and
T—A base pairs have only two hydrogen bonds, C-G and G—C pairs have three. (B) The double helical structure
of DNA results from base pairing of strands to form a double-stranded molecule with the backbones on the
outside and the hydrogen-bonded bases stacked in the middle. Also shown schematically is the separation
(unwinding) of a region of the helix by mRNA polymerase, which is shown using one of the strands as a
template for the synthesis of an mRNA precursor molecule. Note that new bases added to the growing RNA
strand obey the rules of Watson—Crick base pairing (see text). Uracil (U) in RNA replaces T in DNA and,
like T, forms base pairs with A. (C) Diagram of the antiparallel nature of the strands, based on the stereochemi-
cal 3* = 5 polarity of the strands. The chemical differences between reading along the backbone in the
5" — 3’ and 3" — 5’ directions can be appreciated by reference to (A). A, Adenosine; C, cytosine; G, guanosine;
7, thymine; U, uracil.
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both). Most nucleic acid-synthesizing enzymes, for instance, add new
bases to the strand in a 5" — 3’ direction.

The ability of DNA molecules to store information resides in the
sequence of nucleotide bases arrayed along the polymer chain. Under
the physiologic conditions in living cells, DNA is thermodynamically
most stable when two strands coil around each other to form a
double-stranded helix. The strands are aligned in an “antiparallel”
direction, having opposite 3 — 5’ polarity (see Fig. 1.1). The DNA
strands are held together by hydrogen bonds between the bases on
one strand and the bases on the opposite (complementary) strand.
The stereochemistry of these interactions allows bonds to form
between the two strands only when adenine on one strand pairs with

thymine at the same position of the opposite strand, or guanine with
cytosine—the Watson—Crick rules of base pairing. Two strands joined
together in compliance with these rules are said to have “complemen-
tary” base sequences.

These thermodynamic rules imply that the sequence of bases
along one DNA strand immediately dictates the sequence of bases
that must be present along the complementary strand in the double
helix. For example, whenever an A occurs along one strand, a T must
be present at that exact position on the opposite strand; a G must
always be paired with a C, a T with an A, and a C with a G. In
RNA-RNA or RNA-DNA double-stranded molecules, U-A base
pairs replace T-A pairs.
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Fig. 1.2 SEMICONSERVATIVE REPLICATION OF DNA. (A) The process by which the DNA molecule
on the left is replicated into two daughter molecules, as occurs during cell division. Replication occurs by
separation of the parent molecule into the single-stranded form at one end, reading of each of the daughter
strands in the 3" — 5" direction by DNA polymerase, and addition of new bases to growing daughter strands
in the 5* — 3’ direction. (B) The replicated portions of the daughter molecules are identical to each other
(red). Each carries one of the two strands of the parent molecule, accounting for the term semiconservative
replication. Note the presence of the replication fork, the point at which the parent DNA is being unwound.
(C) The antiparallel nature of the DNA strands demands that replication proceed toward the fork in one
direction and away from the fork in the other (red). This means that replication is actually accomplished by
reading of short stretches of DNA followed by ligation of the short daughter strand regions to form an intact

daughter strand.

STORAGE AND TRANSMISSION OF GENETIC
INFORMATION

The rules of Watson—Crick base pairing apply to DNA-RNA,
RNA-RNA, and DNA-DNA double-stranded molecules. Enzymes
that replicate or polymerize DNA and RNA molecules obey the
base-pairing rules. By using an existing strand of DNA or RNA as
the template, a new (daughter) strand is copied (transcribed) by
reading processively along the base sequence of the template strand,
adding to the growing strand at each position only that base that is
complementary to the corresponding base in the template according
to the Watson—Crick rules. Thus, a DNA strand having the base
sequence 5-GCTATG-3’ could be copied by DNA polymerase only
into a daughter strand having the sequence 3’-CGATAC-5’". Note
that the sequence of the template strand provides all the information
needed to predict the nucleotide sequence of the complementary
daughter strand. Genetic information is thus stored in the form of
base-paired nucleotide sequences.

If a double-stranded DNA molecule is separated into its two
component strands and each strand is then used as a template to
synthesize a new daughter strand, the product will be two double-
stranded daughter DNA molecules, each identical to the original
parent molecule. This semiconservative replication process is exactly
what occurs during mitosis and meiosis as cell division proceeds (Fig.
1.2). The rules of Watson—Crick base pairing thus provide for the

faithful transmission of exact copies of the cellular genome to subse-
quent generations.

EXPRESSION OF GENETIC INFORMATION THROUGH THE
GENETIC CODE AND PROTEIN SYNTHESIS

The information stored in the DNA base sequence achieves its impact
on the structure, function, and behavior of organisms by governing
the structures, timing, and amounts of protein synthesized in the
cells. The primary structure (i.e., the amino acid sequence) of each
protein determines its three-dimensional conformation and therefore
its properties (e.g., shape, enzymatic activity, ability to interact with
other molecules, stability). In the aggregate, these proteins control
cell structure and metabolism. The process by which DNA achieves
its control of cells through protein synthesis is called gene
expression.

An outline of the basic pathway of gene expression in eukaryotic
cells is shown in Fig. 1.3. The DNA base sequence is first copied into
an RNA molecule, called premessenger RNA, by messenger RNA
(mRNA) polymerase. Premessenger RNA has a base sequence identi-
cal to the DNA coding strand. Genes in eukaryotic species consist of
tandem arrays of sequences encoding mRNA (exons); these sequences
alternate with sequences (introns) present in the initiall mRNA
transcript (premessenger RNA) but absent from the mature mRNA.
The entire gene is transcribed into the large precursor, which is then
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Fig. 1.3 SYNTHESIS OF mRNA AND PROTEIN—THE PATHWAY OF GENE EXPRESSION. The
diagram of the DNA gene shows the alternating array of exons (red) and introns (shaded color) typical of most
eukaryotic genes. Transcription of the mRNA precursor, addition of the 5’-CAP and 3’-poly (A) tail, splicing
and excision of introns, transport to the cytoplasm through the nuclear pores, translation into the amino acid
sequence of the apoprotein, and posttranslational processing of the protein are described in the text. Translation
proceeds from the initiator methionine codon near the 5" end of the mRNA, with incorporation of the amino
terminal end of the protein. As the mRNA is read in a 5" — 3’ direction, the nascent polypeptide is assembled

in an amino — carboxyl terminal direction.

further processed (spliced) in the nucleus. The introns are excised
from the final mature mRNA molecule, which is then exported to
the cytoplasm to be decoded (translated) into the amino acid sequence
of the protein by association with a biochemically complex group of
ribonucleoprotein structures called ribosomes. Ribosomes contain two
subunits: the 60S subunit contains a single, large (28S) ribosomal
RNA molecule complexed with multiple proteins, and the RNA

component of the 40S subunit is a smaller (18S) ribosomal RNA
molecule.

Ribosomes read mRNA sequence in a ticker tape fashion three
bases at a time, inserting the appropriate amino acid encoded by each
three-base code word or codon into the appropriate position of the
growing protein chain. This process is called mRNA translation. The
glossary used by cells to know which amino acids are encoded by each



The Genetic Code® Messenger RNA Codons for the

Amino Acids

Alanine Arginine Asparagine  Aspartic Acid Cysteine
5-GCU-3’ CGU AAU GAU UGU
GCC CGC AAC GAC UGC
GCA CGA
GCG AGA

AGG
Glutamic Acid Glutamine  Glycine Histidine Isoleucine
GAA CAA GGU CAU AUU
GAG CAG GGC CAC AUC

GGA AUA
GGG

Leucine Lysine Methionine Phenylalanine Proline®
UUA AAA AUG® uuu ccu
UuG AAG uuc Cccc
Ccuu CCA
cuc CCG
CUA
CUG
Serine Threonine  Tryptophan  Tyrosine Valine
ucu ACU UGG UAU GUU
ucc ACC UAC GUC
UCA ACA GUA
UCG ACG GUG
AGU
AGC

Chain Termination®

UAA
UAG
UGA

“Note that most of the degeneracy in the code is in the third base position (e.g.,
lysine, AA [G or CJ; asparagine, AA [C or UJ; valine, GUN [where N is any
base]).

PAUG is also used as the chain-initiation codon when surrounded by the Kozak
consensus sequence.

“Hydroxyproline, the 21st amino acid, is generated by posttranslational
modification of proline. It is almost exclusively confined to collagen subunits.
9The codons that signal the end of translation, also called nonsense or
termination codons, are described by their nicknames amber (UAG), ochre
(UAA), and opal (UGA).

A, Adenosine; C, cytosine; G, guanosine; T, thymine; U, uracil.

DNA codon is called the genetic code (Table 1.1). Each amino acid
is encoded by a sequence of three successive bases. Because there are
four code letters (A, C, G, and U), and because sequences read in the
5" — 3’ direction have a different biologic meaning than sequences
read in the 3" — 5" direction, there are 4%, or 64, possible codons
consisting of three bases.

There are 21 naturally occurring amino acids found in proteins.
Thus more codons are available than amino acids to be encoded. As
noted in Table 1.1, a consequence of this redundancy is that some
amino acids are encoded by more than one codon. For example, six
distinct codons can specify incorporation of arginine into a growing
amino acid chain, four codons can specify valine, two can specify
glutamic acid, and only one each methionine or tryptophan. In no case
does a single codon encode more than one amino acid. Codons thus
predict unambiguously the amino acid sequence they encode. However,
one cannot easily read backward from the amino acid sequence to
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decipher the exact encoding DNA sequence. These facts are summa-
rized by saying that the code is degenerate but not ambiguous.

Some specialized codons serve as punctuation points during
translation. The methionine codon (AUG), when surrounded by a
consensus sequence (the Kozak box) near the beginning (5" end) of
the mRNA, serves as the initiator codon signaling the first amino
acid to be incorporated. All proteins thus begin with a methionine
residue, but this is often removed later in the translational process.
Three codons, UAG, UAA, and UGA, serve as translation termina-
tors, signaling the end of translation.

The adaptor molecules mediating individual decoding events
during mRNA translation are small (40 bases long) RNA molecules
called transfer RNAs (tRNAs). When bound into a ribosome, each
tRNA exposes a three-base segment within its sequence called the
anticodon. These three bases attempt to pair with the three-base
codon exposed on the mRNA. If the anticodon is complementary in
sequence to the codon, a stable interaction among the mRNA, the
ribosome, and the tRNA molecule results. Each tRNA also contains
a separate region that is adapted for covalent binding to an amino
acid. The enzymes that catalyze the binding of each amino acid are
constrained in such a way that each tRNA species can bind only to
a single amino acid. For example, tRNA molecules containing the
anticodon 3’-AAA-5’, which is complementary to a 5-UUU-3’
(phenylalanine) codon in mRNA, can only be bound to or charged
with phenylalanine; tRNA containing the anticodon 3’-UAG-5" can
only be charged with isoleucine, and so forth.

Transfer RNAs and their amino acyl tRNA synthetases provide
for the coupling of nucleic acid information to protein information
needed to convert the genetic code to an amino acid sequence.
Ribosomes provide the structural matrix on which tRNA anticodons
and mRNA codons become properly exposed and aligned in an
orderly, linear, and sequential fashion. As each new codon is exposed,
the appropriate charged tRNA species is bound. A peptide bond is
then formed between the amino acid carried by this tRNA and the
C-terminal residue on the existing nascent protein chain. The growing
chain is transferred to the new tRNA in the process, so that it is held
in place as the next tRNA is brought in. This cycle is repeated until
completion of translation. The completed polypeptide chain is then
transferred to other organelles for further processing (e.g., to the
endoplasmic reticulum and the Golgi apparatus) or released into the
cytosol for association of the newly completed chain with other
subunits to form complex multimeric proteins (e.g., hemoglobin) and
so forth, as discussed in Chapter 5.

mRNA METABOLISM

In eukaryotic cells, mRNA is initially synthesized in the nucleus (see
Figs. 1.3 and 1.4). Before the initial transcript becomes suitable for
translation in the cytoplasm, mRNA processing and transport occur
by a complex series of events including excision of the portions of
the mRNA corresponding to the introns of the gene (mRNA splic-
ing), modification of the 5" and 3” ends of the mRNA to render them
more stable and translatable, and transport to the cytoplasm. More-
over, the amount of any particular mRNA moiety in both prokaryotic
and eukaryotic cells is governed not only by the composite rate of
mRNA synthesis (transcription, processing, and transport) but also
by its degradation by cytoplasmic ribonucleases (RNA degradation).
Many mRNA species of special importance in hematology (e.g.,
mRNAs for growth factors and their receptors, proto-oncogene
mRNAs, acute-phase reactants) are exquisitely regulated by control
of their stability (half-life) in the cytoplasm.

Posttranscriptional mRNA metabolism is complex. Only a few
relevant details are considered in this section.

mRNA Splicing

The initial transcript of eukaryotic genes contains several subregions
(see Fig. 1.4). Most striking is the tandem alignment of exons and
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introns. Precise excision of intron sequences and ligation of exons is
critical for production of mature mRNA. This process is called
mRNA splicing, and it occurs on complexes of small nuclear RNAs
and proteins called snRNPs; the term spliceosome is also used to
describe the intranuclear organelle that mediates mRNA splicing
reactions. The biochemical mechanism for splicing is complex. A
consensus sequence, which includes the dinucleotide GU, is recog-
nized as the donor site at the 5" end of the intron (5" end refers to
the polarity of the mRNA strand coding for protein); a second
consensus sequence ending in the dinucleotide AG is recognized as
the acceptor site, which marks the distal end of the intron (see Figs.
1.4 and 1.5). The splicecosome recognizes the donor and acceptor,
and forms an intermediate lariat structure that provides for both
excision of the intron and proper alignment of the cut ends of the
two exons for ligation in precise register.

mRNA splicing has proved to be an important mechanism for
greatly increasing the versatility and diversity of expression of a single
gene. For example, some genes contain an array of more exons than
are actually found in any mature mRNA species encoded by that
gene. Several different mRNA and protein products can arise from a
single gene by selective inclusion or exclusion of individual exons
from the mature mRNA products. This phenomenon is called
alternative mRNA splicing. It permits a single gene to code for multiple
mRNA and protein products with related but distinct structures and

functions. The mechanisms by which individual exons are selected or
rejected are complex and highly context-specific, varying among
different cell types, differentiation stages, and physiologic states. For
present purposes, it is sufficient to note that important physiologic
changes in cells can be regulated by altering the patterns of mRNA
splicing products arising from single genes.

Many inherited hematologic diseases arise from mutations that
derange mRNA splicing. For example, some of the most common
forms of the thalassemia syndromes and hemophilia (see Chapters 40
and 135) arise by mutations that alter normal splicing signals or
create splicing signals where they normally do not exist (activation of
cryptic splice sites). Conversely, mutations altering key protein factors
that modulate alternative splicing pathways are known to contribute
to the pathogenesis of bone marrow dyscrasias (see Chapters 58

and 60).

Modification of the Ends of the mRNA Molecule

Most eukaryotic mRNA species are polyadenylated at their 3" ends.
mRNA precursors are initially synthesized as large molecules that
extend farther downstream from the 3" end of the mature mRNA
molecule. Polyadenylation results in the addition of stretches of
100 to 150 A residues at the 3" end. Such an addition is often called



the poly-A tail and is of variable length. Polyadenylation facilitates
rapid early cleavage of the unwanted 3’ sequences from the transcript
and is also important for stability or transport of the mRNA out of
the nucleus. Signals near the 3” extremity of the mature mRNA mark
positions at which polyadenylation occurs. The consensus signal is
AUAAA (see Fig. 1.4). Mutations in the poly-A signal sequence have
been shown to cause thalassemia (see Chapter 40).

At the 5" end of the mRNA, a complex oligonucleotide having
unusual phosphodiester bonds is added. This structure contains the
nucleotide 7-methyl-guanosine and is called CAP (see Fig. 1.4). The
5’-CAP enhances both mRNA stability and the ability of the mRNA
to interact with protein translation factors and ribosomes.

5’ and 3’ Untranslated Sequences

The 5" and 3’ extremities of mRNA extend beyond the initiator and
terminator codons that mark the beginning and the end of the
sequences actually translated into proteins (see Figs. 1.4 and 1.5).
These so-called 5" and 3’ untranslated regions (5" UTRs and 3’
UTRY) are involved in determining mRNA stability and the efficiency
with which mRNA species can be translated. For example, if the 3
UTR of a very stable mRNA (e.g., globin mRNA) is swapped with
the 3" UTR of a highly unstable mRNA (e.g., the c-myc gene), the
c-myc mRNA becomes more stable. Conversely, attachment of the
3’ UTR of c-myc to a globin molecule renders it unstable. Instability
is often associated with repeated sequences rich in A and U in the 3’
UTR (see Fig. 1.4). The UTRs in mRNAs coding for proteins
involved in iron metabolism mediate altered mRNA stability or
translatability by binding iron-laden proteins and thus govern iron
storage and turnover (see Chapter 35).

Transport of mRNA From Nucleus to Cytoplasm:
mRNP Particles

An additional potential step for regulation or disruption of mRNA
metabolism occurs during the transport from nucleus to cytoplasm.
mRNA transport is an active, energy-consuming process. Moreover,
at least some mRNAs appear to enter the cytoplasm in the form of
complexes bound to proteins (mRNPs). mRNPs may regulate stabil-
ity of the mRNAs and their access to translational apparatus. Some
evidence indicates that certain mRNDs are present in the cytoplasm
but are not translated (masked message) until proper physiologic
signals are received.

GENE REGULATION

Virtually all cells of an organism receive a complete copy of the DNA
genome inherited at the time of conception. The panoply of distinct
cell types and tissues found in any complex organism is possible only
because different portions of the genome are selectively expressed or
repressed in each cell type. Each cell must “know” which genes to
express, how actively to express them, and when to express them. This
biologic necessity has come to be known as gene regulation or regulated
gene expression. Understanding gene regulation provides insight into
how pluripotent stem cells determine that they will express the proper
sets of genes in daughter progenitor cells that differentiate along each
lineage. Major hematologic disorders (e.g., the leukemias and lym-
phomas), immunodeficiency states, and myeloproliferative syndromes
result from derangements in the system of gene regulation. An
understanding of the ways that genes are selected for expression thus
remains one of the major frontiers of biology and medicine.

EPIGENETIC REGULATION OF GENE EXPRESSION

Most of the DNA in living cells is inactivated by formation of a
nucleoprotein complex called chromatin. The histone and nonhistone
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proteins in chromatin effectively sequester genes from enzymes
needed for expression. The most tightly compacted chromatin regions
are called exchromatin. Heterochromatin, less tightly packed, contains
actively transcribed genes. Activation of a gene for expression (i.e.,
transcription) requires that it become less compacted and more acces-
sible to the transcription apparatus. These processes involve both
cis-acting and trans-acting factors. Cis-acting elements are regulatory
DNA sequences within or flanking the genes. They are recognized by
trans-acting factors, which are nuclear DNA-binding proteins needed
for transcriptional regulation.

DNA sequence regions flanking genes are called cis-acting because
they influence expression of nearby genes only on the same chromo-
some. These sequences do not usually encode mRNA or protein
molecules. They alter the conformation of the gene within chromatin
in such a way as to facilitate or inhibit access to the factors that
modulate transcription. These interactions may twist or kink the
DNA in such a way as to control exposure to other molecules.
When exogenous nucleases are added in small amounts to nuclei,
these exposed sequence regions become especially sensitive to the
DNA-cutting action of the nucleases. Thus, nuclease-hypersensitive
sites in DNA have come to be appreciated as markers for regions
in or near genes that are interacting with regulatory nuclear
proteins.

Methylation is another structural feature that can be used to
recognize differences between actively transcribed and inactive genes.
Most eukaryotic DNA is heavily methylated; that is, the DNA is
modified by the addition of a methyl group to the 5 position of the
cytosine pyrimidine ring (5-methyl-C). In general, whereas heavily
methylated genes are inactive, active genes are relatively hypomethyl-
ated, especially in the 5" flanking regions containing the promoter
and other regulatory elements (see “Enhancers, Promoters, and
Silencers”). These flanking regions frequently include DNA sequences
with a high content of Cs and Gs (CpG islands). Hypomethylated
CpG islands (detectable by methylation-sensitive restriction endo-
nucleases) serve as markers of actively transcribed genes. For example,
a search for undermethylated CpG islands on chromosome 7 facili-
tated the search for the gene for cystic fibrosis.

DNA methylation is facilitated by DNA methyltransferases. DNA
replication incorporates unmethylated nucleotides into each nascent
strand, thus leading to demethylated DNA. For cytosines to become
methylated, the methyltransferases must act after each round of
replication. After an initial wave of demethylation early in embryonic
development, regulatory areas are methylated during various stages
of development and differentiation. Aberrant DNA methylation also
occurs as an early step during tumorigenesis, leading to silencing of
tumor suppressor genes and of genes related to differentiation. This
finding has led to induction of DNA demethylation as a target in
cancer therapy. Indeed, 5-azacytidine, a cytidine analog unable to be
methylated, and the related compound decitabine, are approved by
the United States Food and Drug Administration for use in myelo-
dysplastic syndromes, and their use in cases of other malignancies is
being investigated.

Although it is poorly understood how particular regions of DNA
are targeted for methylation, it is becoming increasingly apparent that
this modification targets further alterations in chromatin proteins
that in turn influence gene expression. Histone acetylation, phos-
phorylation, and methylation of the N-terminal tail are currently the
focus of intense study. Acetylation of lysine residues (catalyzed by
histone acetyltransferases), for example, is associated with transcrip-
tional activation. Conversely, histone deacetylation (catalyzed by
histone deacetylase) leads to gene silencing. Histone deacetylases are
recruited to areas of DNA methylation by DNA methyltransferases
and by methyl-DNA-binding proteins, thus linking DNA methyla-
tion to histone deacetylation. Drugs inhibiting these enzymes have
been demonstrated to be active anticancer agents and continue to be
the focus of ongoing studies. The regulation of histone acetylation
and deacetylation appears to be linked to gene expression, but the
roles of histone phosphorylation and methylation are less well under-
stood. Current research suggests that in addition to gene regulation,
histone modifications contribute to the “epigenetic code” and are
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thus a means by which information regarding chromatin structure is
passed to daughter cells after DNA replication occurs.

ENHANCERS, PROMOTERS, AND SILENCERS

Several types of cis-active DNA sequence elements have been defined
according to the presumed consequences of their interaction with
nuclear proteins (see Fig. 1.5). Promoters are found just upstream (to
the 5" side) of the start of mRNA transcription (the CAP). mRNA
polymerases appear to bind first to the promoter region and thereby
gain access to the structural gene sequences downstream. Promoters
thus serve a dual function of being binding sites for mRNA poly-
merase and marking for the polymerase the downstream point at
which transcription should start.

Enbancers are more complicated DNA sequence elements.
Enhancers can lie on either side of a gene or even within the gene.
Enhancers bind transcription factors and thereby stimulate expression
of genes nearby. The domain of influence of enhancers (i.e., the
number of genes to either side whose expression is stimulated) varies.
Some enhancers influence only the adjacent gene; others seem to
mark the boundaries of large multigene clusters (gene domains)
whose coordinated expression is appropriate to a particular tissue type
or a particular time. For example, the very high levels of globin gene
expression in erythroid cells depend on the function of an enhancer
that seems to activate the entire gene cluster and is thus called a
locus-activating region (see Fig. 1.5). The nuclear factors interacting
with enhancers are probably induced into synthesis or activation as
part of the process of differentiation. Chromosomal rearrangements
that place a gene that is usually tightly regulated under the control
of a highly active enhancer can lead to overexpression of that gene.
This commonly occurs in Burkitt lymphoma, for example, in which
the MYC proto-oncogene is juxtaposed and dysregulated by an
immunoglobulin enhancer.

Silencer sequences serve a function that is the obverse of enhancers.
When bound by the appropriate nuclear proteins, silencer sequences
cause repression of gene expression. Some evidence indicates that the
same sequence elements can act as enhancers or silencers under dif-
ferent conditions, presumably by being bound by different sets of
proteins having opposite effects on transcription. Insulators are
sequence domains that mark the “boundaries” of multigene clusters,
thereby preventing activation of one set of genes from “leaking” into
nearby genes.

TRANSCRIPTION FACTORS

Transcription factors are nuclear proteins that exhibit gene-specific
DNA binding. Considerable information is now available about these
nuclear proteins and their biochemical properties, but their physio-
logic behavior remains incompletely understood. Common structural
features have become apparent. Most transcription factors have
DNA-binding domains sharing homologous structural motifs
(cytosine-rich regions called zinc fingers, leucine-rich regions called
leucine zippers, and so on), but other regions appear to be unique.
Many factors implicated in the regulation of growth, differentiation,
and development (e.g., homeobox genes, proto-oncogenes, antionco-
genes) appear to be DNA-binding proteins and may be involved in
the steps needed for activation of a gene within chromatin. Others
bind to or modify DNA-binding proteins. These factors are discussed
in more detail in several other chapters.

REGULATION OF mRNA SPLICING, STABILITY, AND
TRANSLATION (POSTTRANSCRIPTIONAL REGULATION)

It has become increasingly apparent that posttranscriptional and
translational mechanisms are important strategies used by cells to
govern the amounts of mRNA and protein accumulating when a
particular gene is expressed. The major modes of posttranscriptional

regulation at the mRNA level are regulated alternative mRNA splic-
ing, control of mRNA stability, and control of translational efficiency.
As discussed elsewhere (see Chapter 5), additional regulation at the
protein level occurs by mechanisms modulating localization, stability,
activation, or export of the protein.

A cell can regulate the relative amounts of different protein iso-
forms arising from a given gene by altering the relative amounts of
an mRNA precursor that are spliced along one pathway or another
(alternative mRNA splicing). Many striking examples of this type of
regulation are known—for example, the ability of B lymphocytes to
make both IgM and IgD at the same developmental stage, changes
in the particular isoforms of cytoskeletal proteins produced during
red blood cell differentiation, and a switch from one isoform of the
¢-myb proto-oncogene product to another during red blood cell dif-
ferentiation. Abnormalities in mRNA splicing due to mutations at
the splice sites can lead to defective protein synthesis, as can occur in
B-globin, leading to a form of B-thalassemia. The effect of controlling
the pathway of mRNA processing used in a cell is to include or
exclude portions of the mRNA sequence. These portions encode
peptide sequences that influence the ultimate physiologic behavior
of the protein, or the RNA sequences that alter stability or
translatability.

The importance of the control of mRNA stability for gene regula-
tion is being increasingly appreciated. The steady-state level of any
given mRNA species ultimately depends on the balance between the
rate of its production (transcription and mRNA processing) and its
destruction. One means by which stability is regulated is the inherent
structure of the mRNA sequence, especially the 3" and 5" UTRs. As
already noted, these sequences appear to affect mRNA secondary
structure, recognition by nucleases, or both. Different mRNAs thus
have inherently longer or shorter half-lives, almost regardless of the
cell type in which they are expressed. Some mRNAs tend to be highly
unstable. In response to appropriate physiologic needs, they can thus
be produced quickly and removed from the cell quickly when a need
for them no longer exists. Globin mRNA, on the other hand, is
inherently quite stable, with a half-life measured in the range of
15 to 50 hours. This is appropriate for the need of reticulocytes to
continue to synthesize globin for 24 to 48 hours after the ability to
synthesize new mRNA has been lost by the terminally mature
erythroblasts.

The stability of mRNA can also be altered in response to changes
in the intracellular milieu. This phenomenon usually involves nucle-
ases capable of destroying one or more broad classes of mRNA
defined on the basis of their 3 or 5° UTR sequences. Thus, for
example, histone mRNAs are destabilized after the S-phase of the cell
cycle is complete. Presumably this occurs because histone synthesis is
no longer needed. Induction of cell activation, mitogenesis, or termi-
nal differentiation events often results in the induction of nucleases
that destabilize specific subsets of mRNAs. Selective stabilization of
mRNAs probably also occurs; ai-globin mRNA, for example, is sta-
bilized by the protective binding of a specific stabilizing protein to a
nuclease target sequence in its 3" UTR.

The amount of a given protein accumulating in a cell depends on
the amount of the mRNA present, the rate at which it is translated
into the protein, and the stability of the protein. Translational effi-
ciency depends on a number of variables, including polyadenylation
and presence of the 5" cap. The amounts and state of activation of
protein factors needed for translation are also crucial. The secondary
structure of the mRNA, particularly in the 5 UTR, greatly influences
the intrinsic translatability of an mRNA molecule by constraining
the access of translation factors and ribosomes to the translation
initiation signal in the mRNA. Secondary structures along the coding
sequence of the mRNA may also have some impact on the rate of
elongation of the peptide.

Changes in capping, polyadenylation, and translation factor effi-
ciency affect the overall rate of protein synthesis within each cell.
These effects tend to be global rather than specific to a particular
gene product. However, these effects influence the relative amounts
of different proteins made. mRNAs whose structures inherently lend
themselves to more efficient translation tend to compete better for



rate-limiting components of the translational apparatus, but mRNAs
that are inherently less translatable tend to be translated less efficiently
in the face of limited access to other translational components. For
example, the translation factor elF-4 tends to be produced in higher
amounts when cells encounter transforming or mitogenic events.
This causes an increase in overall rates of protein synthesis but also
leads to a selective increase in the synthesis of some proteins that were
underproduced before mitogenesis.

Translational regulation of individual mRNA species is critical for
some events important to blood cell homeostasis. For example, as
discussed in Chapter 35, the amount of iron entering a cell is an
exquisite regulator of the rate of ferritin mRNA translation. An
mRNA sequence called the iron response element is recognized by a
specific mRNA-binding protein but only when the protein lacks iron.
mRNA bound to the protein is translationally inactive. As iron
accumulates in the cell, the protein becomes iron bound and loses its
affinity for the mRNA, resulting in translation into apoferritin
molecules that bind the iron.

Tubulin synthesis involves coordinated regulation of translation
and mRNA stability. Tubulin regulates the stability of its own mRNA
by a feedback loop. As tubulin concentrations rise in the cell, it
interacts with its own mRNA through the intermediary of an mRNA-
binding protein. This results in the formation of an mRNA—protein
complex and nucleolytic cleavage of the mRNA. The mRNA is
destroyed, and further tubulin production is halted.

These few examples of posttranscriptional regulation emphasize
that cells tend to use every step in the complex pathway of gene
expression as points at which exquisite control over the amounts of
a particular protein can be regulated. In other chapters, additional
levels of regulation are described (e.g., regulation of the stability,
activity, localization, and access to other cellular components of the
proteins that are present in a cell).

SMALL INTERFERING RNA AND MICRO RNA

Another posttranscriptional mechanism of gene silencing utilizes
so-called “small RNAs”. One such process is carried out by small
interfering RNAs (siRNAs): short, double-stranded fragments of
RNA containing 21 to 23 bp (Fig. 1.6). The process is triggered by
perfectly complementary double-stranded RNA, which is cleaved by
Dicer, a member of the RNase III family, into siRNA fragments.
These small fragments of double-stranded RNA are unwound by a
helicase in the RNA-induced silencing complex (RISC). The anti-
sense strand anneals to mRNA transcripts in a sequence-specific
manner and in doing so brings the endonuclease activity within the
RISC to the targeted transcript. An RNA-dependent RNA poly-
merase in the RISC may then create new siRNAs to processively
degrade the mRNA, ultimately leading to complete degradation of
the mRNA transcript and abrogation of protein expression.
Although this endogenous process likely evolved to destroy invad-
ing viral RNA, the use of siRNA has become a commonly used tool
for evaluation of gene function. Sequence-specific synthetic siRNA
may be directly introduced into cells or introduced via gene transfec-
tion methods and targeted to an mRNA of a gene of interest. The
siRNA will lead to degradation of the mRNA transcript, and accord-
ingly prevent new protein translation. This technique is a relatively
simple, efficient, and inexpensive means to investigate cellular phe-
notypes after directed elimination of expression of a single gene. The
2006 Nobel Prize in Physiology or Medicine was awarded to two
discoverers of RNA interference, Andrew Fire and Craig Mello.
Micro RNAs (miRNAs, or MIRs) are 22-nucleotide small RNAs
encoded by the cellular genome that alter mRNA stability and protein
translation. These genes are transcribed by RNA polymerase II and
capped and polyadenylated similar to other RNA polymerase 11
transcripts. The precursor transcript of approximately 70 nucleotides
is cleaved into mature miRNA by the enzymes Drosha and Dicer.
One strand of the resulting duplex forms a complex with the RISC
that together binds the target mRNA with imperfect complementar-
ity. Through mechanisms that are still incompletely understood,
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Fig. 1.6 mRNA DEGRADATION BY siRNA. dsRNA is digested into
21- to 23-bp siRNAs by the Dicer RNase. These RNA fragments are unwound
by RISC and bring the endonucleolytic activity of RISC to mRNA transcripts
in a sequence-specific manner, leading to degradation of the mRNA. dsRNA,
Double-stranded RNA; mRNA, messenger RNA; RISC, RNA-induced silenc-
ing complex; siRNA, small interfering RNA.

miRNA suppresses gene expression, likely either through inhibition
of protein translation or through destabilization of mRNA. miRNAs
appear to have essential roles in development and differentiation, and
are aberrantly regulated in many types of cancer cells. The identifica-
tion of miRNA sequences, their regulation, and their target genes are
areas of intense study.

ADDITIONAL STRUCTURAL FEATURES OF GENOMIC DNA

Most DNA does not code for RNA or protein molecules. The vast
majority of nucleotides present in the human genome reside outside
structural genes. Structural genes are separated from one another by
as few as 1 to 5 kilobases or as many as several thousand kilobases of
DNA. Almost nothing is known about the reason for the erratic
clustering and spacing of genes along chromosomes. It is clear that
intergenic DNA contains a variegated landscape of structural features
that provide useful tools to localize genes, identify individual human
beings as unique from every other human being (DNA fingerprint-
ing), and diagnose human diseases by linkage. Only a brief introduc-
tion is provided here.

The rate of mutation in DNA under normal circumstances is
approximately 1/10°. In other words, one of 1 million bases of DNA
will be mutated during each round of DNA replication. A set of
enzymes called DNA proofieading enzymes corrects many but not all
of these mutations. When these enzymes are themselves altered by
mutation, the rate of mutation (and therefore the odds of neoplastic
transformation) increases considerably. If these mutations occur in
bases critical to the structure or function of a protein or gene, altered
function, disease, or a lethal condition can result. Most pathologic
mutations tend not to be preserved throughout many generations
because of their unfavorable phenotypes. Exceptions, such as the
hemoglobinopathies, occur when the heterozygous state for these
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mutations confers selective advantage in the face of unusual environ-
mental conditions, such as malaria epidemics. These “adaptive”
mutations drive the dynamic change in the genome with time
(evolution).

Most of the mutations that accumulate in the DNA of Homo
sapiens occur in either intergenic DNA or the “silent” bases of DNA,
such as the degenerate third bases of codons. They do not pathologi-
cally alter the function of the gene or its products. These clinically
harmless mutations are called DNA polymorphisms. DNA polymor-
phisms can be regarded in exactly the same way as other types of
polymorphisms that have been widely recognized for years (e.g., eye
and hair color, blood groups). They are variations in the population
that occur without apparent clinical impact. Each of us differs from
other humans in the precise number and type of DNA polymor-
phisms that we possess. Most polymorphisms represent single-
nucleotide changes and are called single-nucleotide polymorphisms
(SNPs).

Similar to other types of polymorphisms, DNA polymorphisms
breed true. In other words, if an individual’s DNA contains a G 1200
bases upstream from the oi-globin gene, instead of the C most com-
monly found in the population, that G will be transmitted to that
individual’s offspring. Note that if one had a means for distinguishing
the G at that position from a C, one would have a linked marker for
that individual’s o-globin gene.

Occasionally, a DNA polymorphism falls within a restriction
endonuclease site. (Restriction enzymes cut DNA molecules into
smaller pieces but only at limited sites, defined by short base sequences
recognized by each enzyme.) The change could abolish the site or
create a site where one did not exist before. These polymorphisms
change the array of fragments generated when the genome is digested
by that restriction endonuclease. This permits detection of the
polymorphism by use of the appropriate restriction enzyme. This
specific class of polymorphisms is thus called restriction fragment
length polymorphisms (RFLDs).

RFLPs are useful because the length of a restriction endonuclease
fragment on which a gene of interest resides provides a linked marker
for that gene. The exploitation of this fact for diagnosis of genetic
diseases and detection of specific genes is discussed in Chapters 2 and
3; Fig. 1.7 shows a simple example.

RFLPs have proved to be extraordinarily useful for the diagnosis
of genetic diseases, especially when the precise mutation is not
known. Recall that DNA polymorphisms breed true in the popula-
tion. For example, as discussed in Chapter 135, a mutation that
causes hemophilia will, when it occurs on the X chromosome, be
transmitted to subsequent generations attached to the pattern (often
called a framework or haplotype) of RFLPs that was present on that
same X chromosome. If the pattern of RFLPs in the parents is known,
the presence of the abnormal chromosome can be detected in the
offspring.

Genomic technologies (see Chapters 2 and 3) have made it pos-
sible to characterize SNPs scattered across the entire genome, whether
or not they alter restriction endonuclease sites. SN analysis is gaining
momentum as a means for characterizing genomes. The advent of
highly efficient, speedy, and increasingly cheap genome sequencing
technologies now permits one to identify SNPs almost at will, and is
rapidly replacing the use of RFLPs. The principles of choosing the
right comparison populations and of the “breeding true” through
generations, however, remain important principles in interpreting the
results.

An important feature of the DNA landscape is the high degree of
repeated DNA sequence. A DNA sequence is said to be repeated if
it or a sequence very similar (homologous) to it occurs more than
once in a genome. Some multicopy genes, such as the histone genes
and the ribosomal RNA genes, are repeated DNA sequences. Most
repeated DNA occurs outside genes, or within introns. Indeed,
30% to 45% of the human genome appears to consist of repeated
DNA sequences.

The function of repeated sequences remains unknown, but their
presence has inspired useful strategies for detecting and characterizing
individual genomes. For example, a pattern of short repeated DNA
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Fig. 1.7 TWO USEFUL FORMS OF SEQUENCE VARIATION AMONG
THE GENOMES OF NORMAL INDIVIDUALS. (A) Presence of a DNA
sequence polymorphism that falls within a restriction endonuclease site, thus
altering the pattern of restriction endonuclease digests obtained from this
region of DNA on Southern blot analysis. (Readers not familiar with South-
ern blot analysis should return to examine this figure after reading later sec-
tions of this chapter.) (B) A variable-number tandem repeat (VNTR) region
(defined and discussed in the text). Note that individuals can vary from one
to another in many ways according to how many repeated units of the VNTR
are located on their genomes, but restriction fragment length polymorphism
differences are in effect all-or-none differences, allowing for only two variables
(restriction site presence or absence).

sequences, characterized by the presence of flanking sites recognized
by the restriction endonuclease Alu-1 (called “Alu repeats”), occurs
approximately 300,000 times in a human genome. These sequences
are not present in the mouse genome. If one wishes to infect
mouse cells with human DNA and then identify the human DNA
sequences in the infected mouse cells, one simply probes for the
presence of Alu repeats. The Alu repeat thus serves as a signature of
human DNA.

Classes of highly repeated DNA sequences (tandem repeats) have
proved to be useful for distinguishing genomes of each human
individual. These short DNA sequences, usually less than a few
hundred bases long, tend to occur in clusters, with the number of
repeats varying among individuals (see Fig. 1.6). Alleles of a given
gene can therefore be associated with a variable number of tandem
repeats (VNTR) in different individuals or populations. For example,
there isa VNTR near the insulin gene. In some individuals or popula-
tions, it is present in only a few tandem copies, but in others, it is
present in many more. When the population as a whole is examined,
there is a wide degree of variability from individual to individual as
to the number of these repeats residing near the insulin gene. It can
readily be imagined that if probes were available to detect a dozen or
so distinct VNTR regions, each human individual would differ from
virtually all others with respect to the aggregate pattern of these
VNTRs. Indeed, it can be shown mathemartically that the probability
of any two human beings sharing exactly the same pattern of VNTRs
is exceedingly small if approximately 10 to 12 different VNTR ele-
ments are mapped for each person. A technique called DNA finger-
printing that is based on VN'TR analysis has become widely publicized
because of its forensic applications.

There are many other classes of repeated sequences in human
DNA. For example, human DNA has been invaded many times in
its history by retroviruses. Retroviruses tend to integrate into human
DNA and then “jump out” of the genome when they are reactivated,



to complete their life cycle. The proviral genomes often carry with
them nearby bits of the genomic DNA in which they sat. If the
retrovirus infects the DNA of another individual at another site, it
will insert this genomic bit. Through many cycles of infection, the
virus will act as a transposon, scattering its attached sequence
throughout the genome. These types of sequences are called long
interspersed elements. They represent footprints of ancient viral
infections.

KEY METHODS FOR GENE ANALYSIS

The foundation for the molecular understanding of gene structure
and expression is based on fundamental molecular biologic techniques
that were developed in the 1970s and 1980s. These techniques allow
for the reduction of the multibillion nucleotide genome into smaller
fragments that are more easily analyzed. Several key methods are
outlined here.

Restriction Endonucleases

Naturally occurring bacterial enzymes called restriction endonucleases
catalyze sequence-specific hydrolysis of phosphodiester bonds in the
DNA backbone. For example, EcoRI, a restriction endonuclease
isolated from Escherichia coli, cleaves DNA only at the sequence 5’-
GAATTC-3’. Thus, each DNA sample will be reproducibly reduced
to an array of fragments whose size ranges depend on the distribution
with which that sequence exists within the DNA. A specific six-
nucleotide sequence would be statistically expected to appear once
every 46 (or 4096) nucleotides, but in reality, the distance between
specific sequences varies greatly. Using combinations of restriction
endonucleases, DNA several hundred million base pairs in length can
be reproducibly reduced to fragments ranging from a few dozen to
tens of thousands of base pairs long. These smaller products of
enzymatic digestion are much more manageable experimentally.
Genetic “fingerprinting,” or restriction enzyme maps of genomes, can
be constructed by analyzing the DNA fragments resulting from
digestion. Many enzymes cleave DNA so as to leave short, single-
stranded overhanging regions that can be enzymatically linked to
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other similar fragments, generating artificially recombined, or recom-
binant, DNA molecules. These ligated gene fragments can then be
inserted into bacteria to produce more copies of the recombinant
molecules or to express the cloned genes. While still useful in a
number of contexts, restriction enzyme analysis is increasingly being
supplanted by direct DNA sequence analysis.

DNA, RNA, and Protein Blotting

There are many ways that a cloned DNA sequence can be exploited
to characterize the behavior of normal or pathologic genes. Blotting
methods deserve special mention because of their widespread use in
clinical and experimental hematology. A cloned DNA fragment can
be easily purified and tagged with a radioactive or nonradioactive
label. The fragment provides a pure and highly specific molecular
hybridization probe for the detection of complementary DNA
(cDNA) or RNA molecules in any specimen of DNA or RNA. One
set of assays that has proved particularly useful involves Southern
blotting, named after Dr. E. Southern, who invented the method
(Fig. 1.8). Southern blotting allows detection of a specific gene,
or region in or near a gene, in a DNA preparation. The DNA is
isolated and digested with one or more restriction endonucleases,
and the resulting fragments are denatured and separated according
to their molecular size by electrophoresis through agarose gels. By
means of capillary action in a high-salt buffer, the DNA fragments
are passively transferred to a nitrocellulose or nylon membrane.
Single-stranded DNA and RNA molecules attach noncovalently but
tightly to the membrane. In this fashion, the membrane becomes a
replica, or blot, of the gel. After the blotting procedure is complete,
the membrane is incubated in a hybridization buffer containing the
radioactively labeled probe. The probe hybridizes only to the gene of
interest and renders radioactive only one or a few bands containing
complementary sequences. After appropriate washing and drying, the
bands can be visualized by autoradiography.

Digestion of a DNA preparation with several different restriction
enzymes allows a restriction endonuclease map of a gene in the
human genome to be constructed. Southern blotting has thus become
a standard way of characterizing the configuration of genes in the
genome.
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Fig. 1.8 SOUTHERN GENE BLOTTING. Detection of a genomic gene (7ed) that resides on a 14-kilobase
Bam HI fragment. To identify the presence of a gene in the genome and the size of the restriction fragment
on which it resides, genomic DNA is digested with a restriction enzyme, and the fragments are separated by
agarose gel electrophoresis. Human genomes contain from several hundred thousand to 1 million sites for any

particular restriction enzyme, which results in a vast array of fragments and creates a blur or streak on the gel;
one fragment cannot be distinguished from another readily. If the DNA in the gel is transferred to nitrocellulose
by capillary blotting, however, it can be further analyzed by molecular hybridization to a radioactive cDNA
probe for the gene. Only the band containing the gene yields a positive autoradiography signal, as shown. If
a disease state were to result in loss of the gene, alteration of its structure, or mutation (altering recognition
sites for one or more restriction enzymes), the banding pattern would be changed. ¢DNA, Complementary

DNA.
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Northern blotting represents an analogous blotting procedure
used to detect RNA. RNA cannot be digested with restriction
enzymes (which cut only DNA); rather, the intact RNA molecules
can be separated according to molecular size by electrophoresis
through the gel (mRNAs are 0.5 to 12 kilobases in length), transferred
onto membranes, and probed with a DNA probe. In this fashion, the
presence, absence, molecular size, and number of individual species
of a particular mRNA species can be detected.

Western blotting is a similar method that can be used to examine
protein expression. Cellular lysates (or another source of proteins) can
be electrophoresed through a polyacrylamide gel so as to separate
proteins on the basis of their apparent molecular sizes. The resolved
proteins can then be electrically transferred to nitrocellulose mem-
branes and probed with specific antibodies directed against the
protein of interest. As with RNA analysis, the relative expression
levels and molecular sizes of proteins can be assessed with this method.

Polymerase Chain Reaction

The development of the polymerase chain reaction (PCR) was a
major breakthrough that has revolutionized the utility of a DNA-
based strategy for diagnosis and treatment. It permits the detection,
synthesis, and isolation of specific genes and allows differentiation of
alleles of a gene differing by as little as one base. It does not require
sophisticated equipment or unusual technical skills. A clinical speci-
men consisting of only minute amounts of tissue will suffice; in most
circumstances, no special preparation of the tissue is necessary. PCR
thus makes recombinant DNA techniques accessible to clinical labo-
ratories. This single advance has produced a quantum increase in the
use of direct gene analysis for diagnosis of human diseases. Indeed,
PCR analysis combined with direct DNA sequencing technologies
have largely supplanted restriction enzyme mapping and blotting
strategies for many research and diagnostic applications.

The PCR is based on the prerequisites for copying an existing
DNA strand by DNA polymerase: an existing denatured strand of
DNA to be used as the template and a primer. Primers are short
oligonucleotides, 12 to 100 bases in length, having a base sequence
complementary to the desired region of the existing DNA strand.
The enzyme requires the primer to “know” where to begin copying.
If the base sequence of the DNA of the gene under study is known,
two synthetic oligonucleotides complementary to sequences flanking
the region of interest can be prepared. If these are the only oligonucle-
otides present in the reaction mixture, then the DNA polymerase can
only copy daughter strands of DNA downstream from those oligo-
nucleotides. Recall that DNA is double stranded, that the strands are
held together by the rules of Watson—Crick base pairing, and that
they are aligned in antiparallel fashion. This implies that the effect of
incorporation of both oligonucleotides into the reaction mix will be
to synthesize two daughter strands of DNA, one originating upstream
of the gene and the other originating downstream. The net effect is
synthesis of only the DNA between the two primers, thus doubling
only the DNA containing the region of interest. If the DNA is now
heat denatured, allowing hybridization of the daughter strands to the
primers, and the polymerization is repeated, then the region of DNA
through the gene of interest is doubled again. Thus, two cycles of
denaturation, annealing, and elongation result in a selective quadru-
pling of the gene of interest. The cycle can be repeated 30-50 times,
resulting in a selective and geometric amplification of the sequence
of interest to the order of 2% to 2°° times. The result is a millionfold
or higher selective amplification of the gene of interest, yielding
microgram quantities of that DNA sequence.

PCR achieved practical utility when DNA polymerases from
thermophilic bacteria were discovered; when synthetic oligonucle-
otides of any desired sequence could be produced efficiently, repro-
ducibly, and cheaply by automated instrumentation; and when DNA
thermocycling machines were developed. Thermophilic bacteria live
in hot springs and other exceedingly warm environments, and their
DNA polymerases can tolerate 100°C (212°F) incubations without
substantial loss of activity. The advantage of these thermostable

polymerases is that they retain activity in a reaction mix that is
repeatedly heated to the high temperature needed to denature the
DNA strands into the single-stranded form. Microprocessor-driven
DNA thermocycler machines can be programmed to increase tem-
peratures to 95°C to 100°C (203°F to 212°F) (denaturation), to cool
the mix to 50°C (101°F) rapidly (a temperature that favors oligonucle-
otide annealing), and then to raise the temperature to 70°C to 75°C
(141.4°F to 151.5°F) (the temperature for optimal activity of the
thermophilic DNA polymerases). In a reaction containing the test
specimen, the thermophilic polymerase, the primers, and the chemi-
cal components (e.g., nucleotide subunits), the thermocycler can
conduct many cycles of denaturation, annealing, and polymerization
in a completely automated fashion. The gene of interest can thus be
amplified more than a millionfold in a matter of a few hours. The
DNA product is readily identified and isolated by routine agarose gel
electrophoresis. The DNA can then be analyzed by restriction endo-
nuclease, digestion, hybridization to specific probes, sequencing,
further amplification by cloning, and so forth.

USE OF TRANSGENIC AND KNOCKOUT MICE TO DEFINE
GENE FUNCTION

Recombinant DNA technology has resulted in the identification of
many disease-related genes. To advance the understanding of the
disease related to a previously unknown gene, the function of the
protein encoded by that gene must be verified or identified, and the
way changes in the gene’s expression influence the disease phenotype
must be characterized. Analysis of the role of these genes and their
encoded proteins has been made possible by the development of
recombinant DNA technology that allows the production of mice
that are genetically altered at the cloned locus. Mice can be produced
that express an exogenous gene and thereby provide an in vivo model
of its function. Linearized DNA is injected into a fertilized mouse
oocyte pronucleus and reimplanted in a pseudopregnant mouse. The
resultant transgenic mice can then be analyzed for the phenotype
induced by the injected transgene. Placing the gene under the control
of a strong promoter that stimulates expression of the exogenous gene
in all tissues allows the assessment of the effect of widespread over-
expression of the gene. Alternatively, placing the gene under the
control of a promoter that can function only in certain tissues (a
tissue-specific promoter) elucidates the function of that gene in a
particular tissue or cell type. A third approach is to study control
elements of the gene by testing their capacity to drive expression of
a “marker” gene that can be detected by chemical, immunologic, or
functional means. For example, the promoter region of a gene of
interest can be joined to the cDNA encoding green jellyfish protein
and activity of the gene assessed in various tissues of the resultant
transgenic mouse by fluorescence microscopy. Use of such a reporter
gene demonstrates the normal distribution and timing of expression
of the gene from which the promoter elements are derived. Transgenic
mice contain exogenous genes that insert randomly into the genome
of the recipient. Expression can thus depend as much on the location
of the insertion as it does on the properties of the injected DNA.
In contrast, any defined genetic locus can be specifically altered
by targeted recombination between the locus and a plasmid carrying
an altered version of that gene (Fig. 1.9). If a plasmid contains that
altered gene with enough flanking DNA identical to that of the
normal gene locus, homologous recombination can occur, and the
altered gene in the plasmid will replace the gene in the recipient cell.
Using a mutation that inactivates the gene allows the production of
a null mutation, in which the function of that gene is completely
lost. To induce such a mutation, the plasmid is introduced into an
embryonic stem cell, and the rare cells that undergo homologous
recombination are selected. The “knockout” embryonic stem cell is
then introduced into the blastocyst of a developing embryo. The
resultant animals are chimeric; only a fraction of the cells in the
animal contain the targeted gene. If the new gene is introduced into
some of the germline cells of the chimeric mouse, then some of the
offspring of that mouse will carry the mutation as a gene in all of
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Fig. 1.9 GENE “KNOCKOUT” BY HOMOLOGOUS RECOMBINA-
TION. A plasmid containing genomic DNA homologous to the gene of
interest is engineered to contain a selectable marker positioned so as to disrupt
expression of the native gene. The DNA is introduced into embryonic stem
cells, and cells resistant to the selectable marker are isolated and injected into
a mouse blastocyst, which is then implanted into a mouse. Offspring mice
that contain the knockout construct in their germ cells are then propagated,
yielding mice with heterozygous or homozygous inactivation of the gene of
interest.

their cells. These heterozygous mice can be further bred to produce
mice homozygous for the null allele. Such knockout mice reveal the
function of the targeted gene by the phenotype induced by its
absence. Genetically altered mice have been essential for discerning
the biologic and pathologic roles of large numbers of genes implicated
in the pathogenesis of human disease.

DNA-BASED THERAPIES
Gene Therapy

The application of gene therapy to genetic hematologic disorders is
an appealing idea. In most cases, this would involve isolating hema-
topoietic stem cells from patients with diseases with defined genetic
lesions, inserting normal genes into those cells, and reintroducing the
genetically engineered stem cells back into the patient. A few candi-
date diseases for such therapy include sickle cell disease, thalassemia,
hemophilia, and adenosine deaminase—deficient severe combined
immunodeficiency. The technology for separating hematopoietic
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stem cells and for performing gene transfer into those cells has
advanced rapidly, and clinical trials have begun to test the applicabil-
ity of these techniques. Despite the fact that gene therapy has pro-
gressed to the enrollment of patients in clinical protocols, major
technical problems still need to be solved. Presently, there are only
few (but increasing, such as severe combined immunodeficiency
syndromes, Wiskott—Aldrich disease, and others) proven therapeutic
successes from gene therapy.

Progress in this field continues rapidly and is likely to accelerate
as a consequence of the development of “gene editing” technologies.
Among these, “CRISPR” is the most prominent current example. It
is based on the discovery of enzyme systems used by microorganisms
to excise foreign DNA sequences (e.g., integrated viral genomes) from
the host genome. These systems can be adapted to insert, replace, or
delete, in principle, any desired DNA sequence in its naturally occur-
ring position in the host genome. For example, one could excise the
mutation causing sickle cell anemia and replace it with the normal
DNA sequence in the B-globin gene of a patient’s hematopoietic stem
cells, and then re-introduce them into the patient’s bone marrow
without introducing any foreign DNA. This exciting technology is
rapidly moving toward clinical trials. The scientific basis for gene
therapy and the clinical issues surrounding this approach are discussed
in Chapter 98.

Antisense Therapy

The recognition that abnormal expression of oncogenes plays a role
in malignancy has stimulated attempts to suppress oncogene expres-
sion to reverse the neoplastic phenotype. One way of blocking mRNA
expression is with antisense oligonucleotides. These are single-
stranded DNA sequences 17 to 20 bases long, having a sequence
complementary to the transcription or translation start of the mRNA.
These relatively small molecules freely enter the cell and complex to
the mRNA by their complementary DNA sequence. This often
results in a decrease in gene expression. The binding of the oligonucle-
otide may directly block translation and clearly enhances the rate of
mRNA degradation. This technique has been shown to be promising
in suppressing expression of bcr-abl and to suppress cell growth in
chronic myelogenous leukemia. The technique is being tried as a
therapeutic modality for the purging of tumor cells before autologous
transplantation in patients with chronic myelogenous leukemia.

FUTURE DIRECTIONS

The elegance of recombinant DNA technology and its successor
technologies of genomics, epigenomics, and proteomics resides in the
capacity they confer on investigators to examine each gene as a dis-
crete physical entity that can be purified, reduced to its basic building
blocks for decoding of its primary structure, analyzed for its patterns
of expression, and perturbed by alterations in sequence or molecular
environment so that the effects of changes in each region of the gene
can be assessed. Purified genes can be deliberately modified or
mutated to create novel genes not available in nature. These provide
the potential to generate useful new biologic entities, such as modi-
fied live virus or purified peptide vaccines, modified proteins custom-
ized for specific therapeutic purposes, and altered combinations of
regulatory and structural genes that allow for the assumption of new
functions by specific gene systems.

Purified genes facilitate the study of gene regulation in many ways.
First, a cloned gene provides characterized DNA probes for molecular
hybridization assays. Second, cloned genes provide the homogeneous
DNA moieties needed to determine the exact nucleotide sequence.
Sequencing techniques have become so reliable and efficient that it
is often easier to clone the gene encoding a protein of interest and
determine its DNA sequence than it is to purify the protein and
determine its amino acid sequence. The DNA sequence predicts
exactly the amino acid sequence of its protein product. By comparing
normal sequences with the sequences of alleles cloned from patients
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known to be abnormal, such as the globin genes in the thalassemia
or sickle cell syndromes, the normal and pathologic anatomy of genes
critical to major hematologic diseases can be established. In this
manner, it has been possible to identify many mutations responsible
for various forms of thalassemia, hemophilia, thrombasthenia, red
blood cell enzymopathies, porphyrias, and so forth. Similarly, single
base changes have been shown to be the difference between many
normally functioning proto-oncogenes and their cancer-promoting
oncogene derivatives.

Third, cloned genes can be manipulated for studies of gene expres-
sion. Many vectors allowing efficient transfer of genes into eukaryotic
cells have been perfected. Gene transfer technologies allow the gene
to be placed into the desired cellular environment and the expression
of that gene or the behavior of its products to be analyzed. These
surrogate or reverse genetics systems allow analysis of the normal
physiology of expression of a particular gene, as well as the patho-
physiology of abnormal gene expression resulting from mutations.

Fourth, cloned genes enhance study of their protein products. By
expressing fragments of the gene in microorganisms or eukaryotic
cells, customized regions of a protein can be produced for use as
an immunogen, thereby allowing preparation of a variety of useful
and powerful antibody probes. Alternatively, synthetic peptides
deduced from the DNA sequence can be prepared as the immu-
nogen. Controlled production of large amounts of the protein also
allows direct analysis of specific functions attributable to regions in
that protein.

Finally, all of the aforementioned techniques can be extended by
mutating the gene and examining the effects of those mutations on
the expression of or the properties of the encoded mRNAs and
proteins. By combining portions of one gene with another (chimeric
genes) or abutting structural regions of one gene with regulatory
sequences of another, the researcher can investigate in previously
inconceivable ways the complexities of gene regulation. These activist
approaches to modifying gene structure or expression create the
opportunity to generate new RNA and protein products whose
applications are limited only by the collective imagination of the
investigators.

The most important impact of the genetic approach to the analysis
of biologic phenomena is the most indirect. Diligent and repeated
application of the methods outlined in this chapter to the study of
many genes from diverse groups of organisms is beginning to reveal
the basic strategies used by nature for the regulation of cell and tissue
behavior. As our knowledge of these rules of regulation grows, our
ability to understand, detect, and correct pathologic phenomena will
increase substantially.
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Epigenetics can be defined as inheritance of variation above and
beyond changes in the DNA sequence. In other words, epigenetics
comprises the study of how cells sharing the same exhaustive DNA
blueprint can appear and function so distinctly as white blood cells,
hepatocytes, neurons, and so forth. Whereas the genome contains all
of an organism’s vital information, a cell’s epigenome dynamically
filters and organizes that information into highly coordinated pro-
grams of gene expression.

Within the nucleus, DNA interacts with a variety of proteins to
form chromatin, which can be broadly classified as highly compacted
and transcriptionally silent (heterochromatin) versus loosely com-
pacted and transcriptionally active (euchromatin). Heterochromatin
comprises two distinct classes of DNA: (1) noncoding, often repeti-
tive, “structural” DNA of centromeres and telomeres (constitutive
heterochromatin), and (2) gene-encoding and gene-regulatory “func-
tional” DNA that is selectively rendered inactive in different cell types
(facultative heterochromatin). When euchromatin is described as
loosely compacted, the information content of its DNA is readily
accessible to binding the protein and RNA machinery that regulate
gene expression. The aim of the study of epigenetics and chromatin
therefore is to describe and understand the chromatin dynamics that
orchestrate the four-dimensional symphony of molecular and cellular
biology from the (seemingly) one-dimensional score that is the
genome.

The information contained within chromatin can be grossly
divided into two main categories: (1) the structural genes themselves,
which are transcribed and translated into proteins or act as functional
RNAs, and (2) gene-regulatory regions, which control the timing and
amount of transcription (Fig. 2.1A). The information contained in
transcribed and translated regions can be interpreted using the
“genetic code,” wherein the DNA sequence of the gene specifies,
through a messenger RNA (mRNA) intermediate, the amino acid
sequences of resulting proteins. Although there is no genetic code for
functional RNAs that are not translated into proteins, some, such as
ribosomal RNA and transfer RNA genes, have well understood func-
tions. There are in addition a number of other types of functional
RNA genes whose functions are only partially elucidated. Transcribed
regions comprise approximately 3% of the genome. In contrast, the
information contained in gene-regulatory regions is the “epigenetic
code,” which has yet to be fully deciphered and is based on the
accessibility of those regions to dynamic protein-DNA interactions,
the identity of those interacting proteins, and the identity of the
gene(s) whose expression is being modulated.

The most dramatic example of chromatin compaction is the
condensation that occurs during mitosis, making individual chromo-
somes visible by light microscopy and allowing segregation of repli-
cates equally among daughter cells. A condensed or compacted
chromosome is folded many times upon itself and is highly protein
bound, affording little or no access to genomic information and
remaining transcriptionally silent (Fig. 2.1B). Contrast this with the
“decondensed” chromatin state that is necessary for DNA replication
during the synthesis phase of the cell cycle. DNA replication requires
unfolding of chromatin, disruption of its protein—-DNA interactions,
and “unzipping” the double helix to allow every base in the genome
to be copied. When not dividing, cells maintain their chromatin in
intermediate states of compaction. Actively transcribed genes and
their associated regulatory chromatin regions are “open” and “acces-
sible” insofar as the underlying protein—-DNA interactions are readily
modified and disrupted to accommodate binding of transcription
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factors, cofactors, RNA polymerases, and the totality of functional
components underlying gene expression.

It is important to remember some key differences between
genomic and epigenomic research. Whereas the genome is an essen-
tially unvarying feature of every cell in an organism (with the
important exception of T and B cells that rearrange and mutate their
antigen receptor genes), the epigenome of each cell within that organ-
ism is unique. Moreover, epigenomes are fluid throughout a cell’s life
span, integrating intrinsic cellular “identity” with contextual signals
to specify a program of gene expression. Finally, the mechanics of
DNA replication and cell division necessarily disrupt the protein—
DNA interactions that comprise the epigenome. How cells reestablish
their epigenetic identity after cell division is not well understood.

FUNCTIONAL CHROMATIN DOMAINS

Regulatory, noncoding DNA regions can have a variety of different
functions (illustrated in Fig. 2.1A), variously classified as promoters,
enhancers/silencers, superenhancers, and insulators. Promoters are
typically located within 1 to 2 kb of the transcriptional start site
(TSS) of a gene. At a minimum, RNA polymerase II-dependent
promoters contain binding sites for the general transcription factors
TATA box-binding protein (TBP) and transcription factor IIB
(TFIIB), which form the core of the transcriptional complex. Tran-
scription factor binding sites within the promoter modulate gene
expression by recruiting histone-modifying enzymes and transcrip-
tional coactivators or corepressors.

An enhancer/silencer is a short (50- to 1500-bp) region of DNA
that can be bound by transcription factors to increase/decrease the
likelihood that transcription of a particular gene will occur. Enhancers/
silencers can act both in ¢/s (within a chromosome) and rarely in #rans
(between chromosomes), can be located up to 1 Mb away from the
gene, and can be upstream or downstream from the TSS. Promoters
physically interact with their associated enhancers or silencers via
three-dimensional chromatin “looping” facilitated by Mediator and
cohesin protein complexes (Fig. 2.1D). Genes may be regulated by
several enhancers/silencers, and each enhancer/silencer may modulate
expression of one or more genes. A superenhancer is a cluster of
physically and functionally associated enhancers that regulates genes
critical for cell identity. Superenhancers are marked by high levels of
enhancer-associated histone modification and bind high levels of cell
type-specific and lineage-defining transcription factors (known as
“master” transcription factors).

Insulators help to restrict the set of genes that can be modulated
by an enhancer by blocking the physical interactions between enhanc-
ers and promoters. Insulators are bound by cohesin and CTCF
proteins and form boundaries between silenced and active genes.
Clusters of insulators separate heterochromatin from euchromatin,
and the segments of active chromatin bounded by these clusters are
known as topologic domains—genomic regions within which regula-
tion occurs.

DNA METHYLATION
Methylation of cytosine by DNA methyltransferases (DNMTs)

occurs at 60% to 90% of CpG dinucleotides in the mammalian
genome. Methylated DNA is bound by methyl-CpG-binding domain
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Fig. 2.1 CHROMATIN STRUCTURE. (A) Functional chromatin domains and their characteristic histone
modifications and protein-binding features. (B) Higher-order chromatin structure, from least condensed (z0p)
to most condensed (bozzom). (C) Schematic of nucleosome with DNA (/ight blue) wrapped around histone
octamer (H2A, H2B, H3, H4) having protruding histone tails. (D) Three-dimensional chromatin looping
brings enhancers into close proximity with promoters via interactions with cohesin and Mediator protein
complexes. ¢RNA, Enhancer RNA; mRNA, messenger RNA; TE transcription factor.

proteins (MBDs) that recruit histone-modifying enzymes and chro-
matin remodeling proteins, resulting in highly condensed het-
erochromatin. Methylation of promoter regions thereby represses
transcription. Patterns of DNA methylation are replicated during
DNA synthesis and cell division and can be used to distinguish cell
types and stages of differentiation.

The genome-wide pattern of DNA methylation, known as the
methylome, has been characterized for a wide variety of tissues.
Approximately 75% of the methylome is consistent across all cell
types. The remaining 25% is differentially hypo- or hypermethylated
in a cell type—specific manner. Cell type-specific hypomethylated
regions are enriched for nucleosomes with modifications associated
with active regions and transcription factor-binding sites, whereas

cell type—specific hypermethylation is associated with transcription
factor silencing during differentiation. Aberrant DNA methylation is
an extremely common feature of cancers, where hypermethylation of
tumor suppressor genes and hypomethylation of oncogenes may play
important roles in oncogenesis and tumor progression.

HISTONES AND HISTONE VARIANTS

Histones H2A, H2B, H3, and H4 are known as the core histones,
and histones H1 and H5 are known as the linker histones. The core
histones all exist as dimers, and the four dimers come together to
form one octameric nucleosome core. The smallest unit of chromatin



structure is the nucleosome, consisting of 147 bp of DNA double
helix wrapped around the core histone octamer (Fig. 2.1C). Linker
histones, primarily H1, bind the nucleosome at the entry and exit
sites of the DNA and allow the formation of higher-order structure.
Histone N-terminal domains are rich in lysine and arginine residues
that are subject to a variety of posttranslational modifications (see
later).

In addition to these major histones, dozens of minor histone
variants have been identified and are highly evolutionarily conserved.
Some minor variants have very specific roles in chromatin regulation.
For example, histone H3-like centromere protein A (CENPA) is
associated with centromeres. H2A.Z is associated with the promoters
and enhancers of actively transcribed genes. Histone H3.3 is associ-
ated with the body of actively transcribed genes. Phosphorylated
H2A X is found in regions around double-stranded DNA breaks and
recruits DNA repair machinery.

COVALENT HISTONE MODIFICATIONS

Histones undergo a variety of posttranslational modifications (in-
cluding methylation, acetylation, phosphorylation, SUMOylation,
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citrullination, ubiquitination, and ADP-ribosylation) that alter their
interactions with DNA and nuclear proteins (Fig. 2.2). Histone-
modifying enzymes are broadly classified as “writers,” such as histone
methyltransferases (HMTs) and histone acetyltransferases (HATs)
that add functional groups, or “erasers,” such as histone demethylases
(HDMs) and histone deacetylases (HDACs). DNA-binding proteins
contain a variety of “reader” protein domains (including bromodo-
mains, chromodomains, tudor domains, SANT domains) that have
increased affinity for modified histones. In this way, covalently modi-
fied histones constitute a “histone code” that is a defining feature of
the dynamic epigenome. Each of the eight histones in a nucleosome
can harbor multiple covalent modifications, giving the histone code
tremendous combinatorial complexity.

Trimethylation of H3 lysine 4 (H3K4me3) and trimethylation of
H3 lysine 36 (H3K36me3) are both associated with transcriptional
activation. H3K4me3 occurs at the promoter of active genes, and
the degree of trimethylation is broadly correlated with transcrip-
tional activity of the gene. H3K36me3 is deposited by the lysine
methyltransferase KMT2A (also known as MLL1) component of the
Mediator complex and occurs in the body of active genes. H3K36me3
associates with elongating RNA polymerase 1II, thus marking
actively transcribed genes. Mono- and dimethylation of H3 lysine
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Fig. 2.2 HISTONE MODIFICATIONS AND HISTONE-MODIFYING ENZYMES. (A) The N-terminal
tails of core histones contain lysine (K), arginine (R), serine (S), and threonine (T) residues that are common
targets for a variety of posttranslational modifications, including methylation (Me), acetylation (Ac), phos-
phorylation (P), and ubiquitination (Ub). (B) Histone-modifying enzymes can be broadly classified as either
“writers” or “erasers” based upon addition or removal of functional groups, respectively. Moreover, many
DNA-binding proteins contain “reader” protein domains (bromodomains, SANT domains, tudor domains,
or chromodomains) having increased affinity for acetylated, phosphorylated, methylarginine, and methyllysine
modified nucleosomes, respectively. AT, Histone acetyltransferase; HDAC, histone deacetylase; KDM, lysine
demethylase; KM7T, lysine methyltransferase; PAD, peptidylarginine deiminase; PP7ase, protein phosphatase;

PRMT, protein arginine methyltransferase.
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4 (H3K4mel/2) and acetylation of H3 lysine 27 (H3K27ac) are
marks of active enhancers, and the degree of H3K27ac is broadly
correlated with enhancer activation. H3K27ac is the enhancer mark
most commonly used to define superenhancers.

Several histone modifications are particularly associated with
repressed genes: trimethylation of H3 lysine 27 (H3K27me3), di-
and trimethylation of H3 lysine 9 (H3K9me2/3), and trimethylation
of H4 lysine 20 (H4K20me3). H3K27me3 is deposited at both
promoters and enhancers by the polycomb repressive complex 2
(PRC2) and mediates recruitment of PRCI1, resulting in chromatin
condensation and transcriptional repression. H3K9me2/3 and
H4K20me3 are both highly associated with heterochromatin.
H3K9me2/3 serves as a binding site for heterochromatin protein 1
(HP1). HP1 recruits additional histone-modifying enzymes, includ-
ing the lysine methyltransferases KMT5B and KMT5C that produce
H4K20me3.

Stem cells harbor promoters marked by both activating H3K4me3
and repressive H3K27me3. Upon cellular differentation, these
“bivalent” or “poised” promoters are rapidly converted to either an
activated or a repressed state.

The Aurora B kinase phosphorylates histone H3 at serine 10
(phospho-H3S10), triggering chromosome condensation during
mitosis. Phosphorylation of H2B at serine 14 (phospho-H2BS14)
mediates chromatin condensation during apoptosis.

TRANSCRIPTION FACTORS

A transcription factor is a protein that binds to specific DNA sequences
and contributes to modulation of gene expression. Transcription
factors are the key determinants of the epigenetic state of the cell.
They are modular in structure and contain the following domains:

* A DNA-binding domain (DBD), having high affinity for specific
sequences of DNA

* A tans-activating domain (TAD) or #rans-repressive domain
(TRD), mediating protein—protein interactions with transcrip-
tional coregulators

* An optional signal-sensing domain (SSD) (e.g., a ligand binding
domain), which can modulate DNA-binding and/or protein-
binding activity in response to cellular cues

DNA sequences having high affinity for transcription factor binding
are often referred to as response elements. Transcription factor binding
to accessible promoters and enhancers recruits additional proteins,
such as coactivators/corepressors, chromatin remodelers, histone-
modifying enzymes, and RNA polymerases, to modulate gene
expression.

Although sequence-specific DNA binding is a defining feature of
transcription factors, chromatin accessibility is a key determinant of
transcription factor binding. Most transcription factors preferentially
bind nucleosome-free DNA. In many cases, a transcription factor
needs to compete for DNA binding with other transcription factors,
histones, and nonhistone chromatin proteins. The competitive
balance between nucleosome and transcription factor binding is
critically affected by chromatin remodeling complexes (see later). In
practice, only a small fraction of potential response elements is actu-
ally bound, and many experimentally detected transcription factor
binding sites (TFBS) lack canonical response elements. The genome-
wide pattern of transcription factor binding can be determined
experimentally using chromatin immunoprecipitation (ChIP) and
next-generation sequencing (ChIP-Seq; see later) and is known as the
transcription factor cistrome.

Different cell types typically express both common and distinct
transcription factors. Moreover, the cistrome of a transcription factor
differs among cell types, reflecting differences in chromatin accessibil-
ity and helping to define active promoters and enhancers. Master
transcription factors are a special subset of lineage-defining transcrip-
tion factors having expression restricted to specific cell types and
demonstrating very high binding at superenhancers.

CHROMATIN REMODELERS

Chromatin remodeling alters the position, occupancy, or histone
composition of a nucleosome within chromatin. Adenosine triphos-
phate (ATP)-dependent changes in nucleosome position and occu-
pancy are mediated by the multisubunit chromatin remodeling
complexes, which fall into four families: switch/sucrose nonferment-
able (SWI/SNF), imitation SWI (ISWI), chromodomain helicase
DNA binding (CHD), and INO80. ATP-independent changes in
nucleosome position and occupancy can occur in response to tran-
scription factor binding or through the action of histone chaperones
that can deposit, remove, or exchange histones. Each of these activi-
ties alters the accessibility of DNA to transcription factors and other
DNA-binding proteins.

Complexes in the SWI/SNF family include the Brgl/Brm-associ-
ated factor (BAF) complex, polybromo-associated BAF (PBAF)
complex, and Williams syndrome transcription factor including
nucleosome assembly complex (WINAC). They contribute to tran-
scriptional regulation and DNA repair. In addition to nucleosome
sliding, SWI/SNF complexes have been implicated in chromatin
looping as well as in eviction of H2A/H2B dimers from the nucleo-
some. Members of the INO80 family of complexes participate in
transcription and DNA repair, but they can also catalyze the exchange
of histones from the nucleosome structure. For example, SRCAP can
exchange the H2A/H2B histone dimer for a variant H2A.Z/H2B
dimer, which is associated with actively transcribed promoters. The
CHD nucleosome remodeling family is the largest, and its best-
characterized member is the nucleosome remodeling deacetylase
(NURD) complex. A subset of NURD complexes incorporates the
MBD?2 subunit, which preferentially binds methylated DNA, and
promotes the repression of genes through its remodeling and HDAC
activities. Many alternative NURD complexes incorporate different
DNA-binding proteins and can contribute to transcriptional activa-
tion. ISWI family chromatin remodeling complexes catalyze the
sliding of nucleosomes in short increments and participate in nucleo-
some spacing after DNA replication, RNA polymerase elongation,
transcriptional regulation, and DNA damage repair.

Remarkably, cancer genome sequencing studies have identified
frequent inactivating mutations in chromatin remodelers in a variety
of human cancers. The SWI/SNF complex has particularly emerged
as a powerful tumor suppressor whose disruption occurs in nearly
20% of primary human tumors.

EXPERIMENTAL APPROACHES IN EPIGENETICS

As dramatically as high-throughput sequencing has impacted the
ability to understand the genome, its facilitation of epigenomic
research has been equally profound. A wide variety of experimental
approaches are in use and in development for epigenomic research,
but most are predicated on detecting (1) DNA methylation, (2)
protein—DNA interactions, (3) chromatin accessibility, and (4) three-
dimensional chromatin structure/looping (Fig. 2.3).

A key feature of all of these techniques is the ability to isolate a
subset of DNA sequences from the larger genome on the basis of a
specific chromatin feature. This has several practical implications for
experiments. First, many techniques rely on cross-linking agents such
as formaldehyde to covalently link proteins to each other and to the
DNA they bind. Cross-linking rapidly kills cells and “freezes” chro-
matin. Second, all of these experimental techniques involve fragment-
ing chromosomes into much smaller pieces, either by physical
disruption (sonication) or by endonuclease treatment. Third, the
chromatin subset of interest is extracted and enriched by immuno-
precipitation, isolation of chromatin fragments of specific sizes, and/
or sequence-specific amplification via polymerase chain reaction
(PCR). Finally, DNA is isolated from this chromatin subset and
subjected to next-generation sequencing,.

A common technique for determining the genome-wide methy-
lome is bisulfite-sequencing. Treatment of DNA with bisulfite con-
verts cytosine residues to uracil but leaves 5-methylcytosine (5mC)
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residues unaffected. Comparing results of bisulfite-treated and
bisulfite-untreated DNA sequencing permits genome-wide differen-
tiation of methylated and unmethylated cytosines. Alternatively,
methylated DNA immunoprecipitation sequencing uses an antibody
recognizing 5mC to enrich for methylated segments of the genome
before next-generation sequencing.

DNA binding by transcription factors, transcriptional machinery,
structural proteins, and covalently modified histones can all be
mapped in genome-wide fashion using ChIP-Seq. ChIP-Seq typically
requires cross-linking of proteins to DNA using formaldehyde or
other chemical fixation techniques. Chromatin is then fragmented,
antibodies are used to enrich for a protein of interest, and the associ-
ated DNA fragments are then identified by next-generation sequenc-
ing. ChIP-Seq is the most versatile technique in epigenomic research.
For example, genome-wide maps of histone modifications (such as
H3K27ac or H3K36me3), active RNA polymerase 1I, insulator
protein CTCE superenhancer-associated Mediator complex, and
transcription factors can all be accomplished via ChIP-Seq using
different antibodies.

DNase-Seq and assay for transposase-accessible chromatin
sequencing (ATAC-Seq) are two common techniques used to assess
genome-wide chromatin accessibility. DNase-Seq exposes native
chromatin to cleavage by the DNase I endonuclease, the activity of
which is inversely related to protein binding by DNA. Chromatin

regions most sensitive to DNase I cleavage are termed DNase hyper-
sensitive sites (DHSs) and are highly enriched for transcriptionally
active and gene-regulatory segments of the genome. ATAC-Seq is an
alternative measure of chromatin accessibility based upon susceptibil-
ity of chromatin regions to the activity of a hyperactive transposase.
Transposase activity is highest in nucleosome-free regions, and ATAC-
Seq typically identifies transcriptionally active and gene-regulatory
regions largely similar to those identified by DNase-Seq. Importantly,
DNase-Seq and ATAC-Seq provide genome-wide snapshots of active
chromatin regions without regard to the involved transcription
factors or chromatin regulators.

Chromosome conformation capture (3C) techniques aim to
identify three-dimensional chromatin loops, such as those bringing
promoters in close proximity to enhancers. All 3C-based methods
begin with chromatin cross-linking. Following DNA fragmentation,
a random DNA ligation step is performed to generate circular DNA
molecules. Sequencing these DNA loops yields fragment pairs that,
although separated by many kilobases in linearly organized DNA, are
physically approximated in functional chromatin. 3C-based methods
have tremendous potential to map enhancers to the genes whose
activity they modulate.

The fundamental challenge in epigenomic research is integrating
the results of many different experiments to understand how myriad
chromatin features interact in regulating transcription and cellular
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behavior (Fig. 2.4). Thus, interpreting the epigenetic code requires
measuring transcriptional activity in addition to chromatin features.
Measurement of global transcript levels by mRNA sequencing (RNA-
Seq) is now the most common technique used to study gene expres-
sion, but interest is growing in the related genomic run-on sequencing
(GRO-Seq) technique. GRO-Seq measures active transcription rather
than total cellular transcript level and therefore holds promise for
improved correlation with epigenomic data.

Several collaborative research consortia are dedicated to generating
and curating genome-wide epigenetic data for public use, including
the National Human Genome Research Institute (NHGRI)
ENCODE and Roadmap Epigenomics projects. These resources
include results of histone modifications and transcription factor
ChIP-Seq, DNase-Seq, DNA methylation sequencing, and RNA-Seq
experiments for hundreds of human cancer cell lines and primary
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Fig. 2.4 DNA-PROTEIN INTERACTIONS IN EUCHROMATIN AND
HETEROCHROMATIN.

human tissues, respectively. The most versatile and widely available
tool for visualizing epigenomic data is the UCSC Genome Browser,
which incorporates easy access to ENCODE, Roadmap, and other
data sources for integrative analysis of epigenomic and gene expres-
sion data (Fig. 2.5).

MECHANISMS OF DISEASE

The mechanisms of disease described in this chapter are not strictly
epigenetic, insofar as they are all predicated on changes in genome
sequence or structure (genetic mutations). Nonetheless, insights into
disease pathogenesis and development of novel therapeutic targets
have been vastly informed by understanding the ways in which these
genetic changes drive aberrant chromatin regulation and gene
expression.

Sickle cell anemia has long been known to result from a point
mutation in the hemoglobin beta gene. The severity of this often
life-threatening hemoglobinopathy is attenuated in patients having
increased expression of the fetal gamma hemoglobin variant, a trait
known as hereditary persistence of fetal hemoglobin (HFPH).
Genome-wide association studies in patients with HFPH identified
frequent single-nucleotide polymorphisms (SNPs) in a small number
of noncoding regions near the BCLIIA gene on chromosome 2.
Subsequent studies have elegantly demonstrated that these SNPs are
located in erythroid-specific enhancers modulating BCL11A expres-
sion. The HFPH-associated SNPs diminish binding of transcription
factors GATA-binding protein 1 (GATAL) and T-cell acute lympho-
cytic leukemia protein 1 (TAL1), which results in decreased expres-
sion of BCLI1A. Because BCL11A is required for efficient silencing
of fetal hemoglobin expression, patients with sickle cell anemia
having these common variant SNPs demonstrate elevated fetal
hemoglobin throughout adulthood and are often protected from the
most severe manifestations of the disease. Just as sickle cell anemia is
among the most striking examples of disease caused by a point
mutation in the coding region of a gene, these BCLIIA enhancer
SNPs demonstrate the power of gene-regulatory elements to modulate
the sickle cell disease phenotype.

Chromosomal translocations that result in aberrant expression
of oncogenes or leukemogenic transcription factors are another
common mechanism of disease. The classical example of this is
Burkitt lymphoma, in which t(8;13) translocations juxtapose the
highly active immunoglobulin heavy chain enhancers and the c-myc
oncogene, driving myc overexpression and oncogenic transformation
of mature B cells. Similarly, many different translocations have been
identified in T-cell acute lymphoblastic leukemia (T-ALL) whereby
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overexpression of master transcription factors such as 7AL1, LIM
domain only 1 (LMO1), LMO2, and HOX11 is driven by chromo-
somal rearrangements involving the T-cell receptor loci.

An alternate mechanism driving 7AL! overexpression in T-ALL
has recently been described in which small genomic insertions
(2-18 bp) upstream of the 7ALI coding region introduce novel
binding sites for the myeloblastosis (MYB) transcription factor. This
aberrant MYB binding recruits additional transcription factors Runt-
related transcription factor 1 (RUNX1), GATA3, and TAL1, as well
as the HAT CREB-binding protein (CBP), and forms a superen-
hancer driving leukemogenic 7AL1I overexpression.

Many different translocations resulting in fusion of the mixed-
lineage leukemia (MLL1/KMT2A) gene, located on chromosome
11923, with over 70 different partner proteins have been identified
in infant ALL and therapy-associated acute myeloid leukemia (AML).
The mechanisms underlying the leukemogenic nature of these
translocations have been elucidated only recently. Leukemogenic
MLL1 fusion proteins fuse the N-terminal targeting domain with a
transcription elongation factor such as ENL or AF9. The resulting
fusion protein drives overexpression of common MLLI targets by
recruiting the DOT1L complex (having H3K79 methyltransferase
activity) and the positive transcription elongation factor b (P-TEFb)
complex (containing CDK9 and phosphorylating RNA polymerase
II). Moreover, a subset of leukemogenic MLL1 fusions can inhibit
the transcriptional repressive activity of PRCI. In summary, MLL
translocations in ALL and AML define a paradigm of leukemia
development based upon transcriptional dysregulation through aber-
rant targeting and control of transcription elongation activity.

As noted earlier, inactivating mutations in components of chro-
matin remodeling complexes such as SWI/SNF have been identified
in a wide variety of human cancers. For example, researchers in a
recent study found mutations in the ARID1A subunit of SWI/SNF
in 17% of patients with Waldenstrom macroglobulinemia, and
patients with ARID1A mutations had more aggressive disease fea-
tures. In addition to their nucleosome remodeling activities, chroma-
tin remodeling complexes contribute to three-dimensional chromatin
structure, participate in DNA damage repair, modulate transcription
factor binding, and recruit histone-modifying enzymes. Precisely how
disruption of these many chromatin regulatory activities contributes
to disease is an extremely active area of research.

In addition to these epigenetic contributions to disease develop-
ment, much interest has evolved in potential epigenetic mechanisms
of resistance to existing cancer therapies. One example of this is
resistance of T-ALL to y-secretase inhibitors (GSIs), used to target
abnormal NOTCHI1 activation. Treatment of T-ALL cell lines with
GSIs in vitro kills a large proportion of cells, but it leaves behind
a “persister” population of GSI-resistant cells. If GSI treatment is
removed, these persister cells revert to their prior GSI-sensitive state,
suggesting an epigenetic mechanism of drug resistance. A screen of
chromatin regulators required for persister cell viability identified
the bromodomain-containing 4 protein (BRD4), a key factor in
activating transcriptional elongation. This study and many others
have ignited broad interest in other potential epigenetic mechanisms
of therapy resistance as well as BRD4 as a specific therapeutic
target.

EPIGENETIC THERAPIES

Epigenetic therapies are among the most active areas of preclinical
and clinical cancer research because of their potential to specifically
target chromatin-mediated disease mechanisms and the expectation
that these therapies will have fewer side effects than conventional
cytotoxic chemotherapies. As seen in Table 2.1, several classes of
drugs have emerged, and the rationales for their ongoing develop-
ment are briefly discussed next.

The first class of epigenetic drugs to show significant clinical
benefit is the DNMT inhibitors, particularly 5-azacytidine and its
analogue decitabine. As discussed earlier, abnormal DNA methyla-
tion is a common feature of many cancers. However, azacytidine is
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Emerging Epigenetic Therapies

Class Target Disease
DNA Methylation DNMTs MDS, AML
Inhibitors

Histone-modifying
enzymes

HMT inhibitors DOTI1L, EZH2, MLL-rearranged leukemias,
nonspecific NHL, MDS, AML

HDAC inhibitors HDAC®6, nonspecific MM, CLL, lymphoma

HMT activators SIRT1, SIRT5 MM

HDM inhibitors KDM1A AML

BET Bromodomain
Inhibitors

AML, Acute myeloid leukemia; BET, bromodomain and extra-terminal motif;
CLL, chronic lymphocytic leukemia; DNMTs, DNA methyltransferases;
HDAC, histone deacetylase; HDM, histone demethylase; HMT, histone
methyltransferase; MDS, myelodysplastic syndrome; MLL, mixed-lineage
leukemia; MM, multiple myeloma; NHL, non-Hodgkin lymphoma.

BRD4, nonspecific Hematologic malignancies

beneficial primarily in treating myelodysplastic syndromes and AML.
The theoretical basis for this therapeutic effect is reactivation of key
tumor suppressor genes by disruption of DNA methylation at their
promoters. However, this mechanism has not yet been confirmed in
azacytidine-treated patients, and alternate mechanisms of action are
under investigation.

By far the largest class of epigenetic therapies is inhibitors of
histone-modifying enzymes. Drugs inhibiting HMTs and HDAC:s
are most prevalent, though several compounds that activate HDACs
or inhibit HDMs are also being developed. For example, inhibitors
of the H3K79 methyltransferase DOT1L are in clinical trials for
MLL-rearranged leukemias. Alternatively, inhibitors of the H3K27
methyltransferase EZH2 (the catalytic component of the PRC2
complex) are being tested in non-Hodgkin lymphoma. Specific
inhibitors of HDACG are being used in trials for multiple myeloma,
and drugs having broad HDAC inhibitory activity are in ongoing
trials for a wide variety of hematologic malignancies.

The newest class of epigenetic therapies includes the bromodo-
main and extra-terminal motif (BET) bromodomain inhibitors. As
discussed briefly earlier, bromodomains are an extremely common
feature of DNA-binding proteins and preferentially recognize acety-
lated chromatin. The abundance of bromodomain-containing DNA-
binding proteins makes development of substrate-specific drugs
extremely challenging. However, initial clinical trials using BET
bromodomain inhibitors having broad binding specificity have been
very promising in a wide variety of advanced hematologic and non-
hematologic malignancies. The likely therapeutic targets of these
drugs are the transcriptional machinery itself, though many additional
mechanisms plausibly contribute.

FUTURE DIRECTIONS

Interpreting the epigenetic code holds great potential for bridging the
gaps between the molecular biology of the genome, cellular biology,
and physiology of health and disease. The application of next-
generation sequencing technology and development of novel tech-
niques to interrogate chromatin have produced a profusion of new
epigenetic data. Collaborative epigenomic projects such as ENCODE
and the Epigenome Roadmap, as well as genomics efforts such as the
1000 Genomes Project and The Cancer Genome Atlas, make these
vast data widely available to researchers. The substantial challenge
remains integrating and interpreting these data to generate novel
insights into human health and disease. Substantial collaboration
between biomedical scientists, computational biologists, and
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physicians will be necessary to design, execute, and analyze projects
with high relevance to medical progress.

SUGGESTED READINGS

Allis CD, Jenuwein T, Reinberg D, et al, editors: Epigenetics, Cold Spring
Harbor, NY, 2007, Cold Spring Harbor Laboratory Press.

Bauer DE, Kamran SC, Lessard S, et al: An erythroid enhancer of BCL11A
subject to genetic variation determines fetal hemoglobin level. Science
342:253, 2013.

Chadwick LH: The NIH Roadmap Epigenomics Program data resource.
Epigenomics 4:317, 2012.

Chaidos A, Caputo V, Karadimitris A: Inhibition of bromodomain and
extra-terminal proteins (BET) as a potential therapeutic approach in
haematological malignancies: emerging preclinical and clinical evidence.
Ther Adv Hematol 6:128, 2015.

Clarke L, Zheng-Bradley X, Smith R, et al: The 1000 Genomes Project: data
management and community access. Naz Methods 9:459, 2012.

ENCODE Project Consortium: A user’s guide to the Encyclopedia of DNA
Elements (ENCODE). PLoS Biol 9:e1001046, 2011.

Karolchik D, Barber GP Casper ], et al: The UCSC Genome Browser
database: 2014 update. Nucleic Acids Res 42:D764, 2014.

Knoechel B, Roderick JE, Williamson KE, et al: An epigenetic mechanism
of resistance to targeted therapy in T cell acute lymphoblastic leukemia.
Nat Genet 46:364, 2014.

Mansour MR, Abraham BJ, Anders L, et al: An oncogenic super-enhancer
formed through somatic mutation of a noncoding intergenic element.
Science 346:1373, 2014.

Stratton MR, Campbell PJ, Futreal PA: The cancer genome. Nazure 458:719,
2009.

Slany RK: The molecular mechanics of mixed lineage leukemia. Oncogene
35:5215, 2016.

Treon SP, Xu L, Yang G, et al: MYD88 L265P somatic mutation in Walden-
strém’s macroglobulinemia. IV Engl ] Med 367:826, 2012.

The Cancer Genome Atlas Research Network, Weinstein JN, Collisson EA,
et al: The Cancer Genome Atlas Pan-Cancer analysis project. Nat Genet
45:1113, 2013.



CHAPTER

GENOMIC APPROACHES TO HEMATOLOGY
Jens G. Lohr, Birgit Knoechel, and Todd R. Golub

The publication of the initial draft sequence of the human genome
in 2001 heralded a new era of biomedical research. Just as molecular
biology changed the face of research in the 1970s and 1980s, genom-
ics has promised a novel perspective into the biologic basis of human
disease. Genomics involves the systematic study of biologic systems,
typically focusing on aspects of the genome (e.g., DNA and its
derivatives RNA and protein). However, a major tenet of genomic
research involves hypothesis-generating data collection as opposed to
hypothesis-testing experimentation. The latter has formed the basis of
biomedical research, whereby existing knowledge and insight guide
the testing of a particular hypothesis. In contrast, genome-based
research tends to make few prior assumptions, favoring unbiased data
generation and analysis as a path to discovery. Clearly, both approaches
are powerful and essential, and both should continue at full force in
the future. Although still associated with substantial cost, sequencing
approaches such as whole genome and whole exome DNA sequenc-
ing or whole-transcriptome RNA sequencing have become available
at most academic institutions, either through in-house services or
through a number of commercial providers. Large-scale national and
multinational genomic profiling efforts such as The Cancer Genome
Atlas have led to the establishment of repositories of genomic variants
for the most common malignancies. Next-generation sequencing
approaches are being integrated into clinical routine and are used as
both prognostic and predictive biomarkers. The latter are proving
particularly useful as more drugs become available that target specific
genomic variants (e.g., BRAF inhibitors targeting BRAF VG00E
mutations). The assignment of a particular therapeutic agent to a
specific genomic finding has gained momentum over the past several
years and was recently termed precision medicine.

However, with the ability to generate data of unprecedented
scale, including sequencing of the whole genome, comes the chal-
lenge of data analysis. This has driven an entirely new generation
of computer scientists to focus on new approaches to genomic data
analysis, leading to new methods of pattern recognition and large-
scale data processing. Translating these data into useful knowledge
that provides biologic insight and clinical udlity is an ongoing
challenge.

This chapter describes the principles underlying common genomic
approaches in the study of hematologic and other diseases, focusing
more on concepts than on technical detail. Undoubtedly, there will
be continuous acceleration of the pace of use of genomic approaches
in clinical research and clinical care in the years ahead.

PRINCIPLES OF GENOMIC APPROACHES
Measurements and Perturbations

A common feature of many genomic approaches is the systematic
nature of the approach (e.g., interrogating a// kinases for their poten-
tial role in a particular biologic system). A more traditional approach
would be to first determine (on the basis of prior knowledge) the
kinase (or kinases) most likely to be important and then develop
highly validated assays for that particular kinase. On one hand, a
strength of the traditional approach is that the quality of the final
assay is often high, given the attention paid to the one (or a couple
of) kinase(s) of interest. On the other hand, such an approach is
limited by the quality of the initial hypothesis. In contrast, a genomic
approach would be more systematic and comprehensive, attempting

to screen all kinases for the phenotype of interest. Although this is
compelling, it also comes with an important limitation—the quality
of the assay for each kinase’s activity may not be uniformly high. For
example, a screen for kinase phosphorylation as a surrogate for kinase
activity has been reported. Such an approach is limited by the sensi-
tivity and specificity of kinase-directed antibodies, which can be
enormously variable across kinase family members.

Although genomics is most commonly associated with systematic
observational studies, the same principles can also be applied to per-
turbational studies (i.e., systematic modulation of proteins followed
by a phenotypic read-out). In this manner, all genes within a particu-
lar class (e.g., kinases) can be mutated, knocked down (e.g. by RNA
interference), or completely knocked out (e.g., by genome editing),
and the phenotypic consequence of each can be assessed. A number
of genomic perturbational technologies have been developed recently,
most notably the discovery of clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-
mediated genome editing, as described later. Use of these perturba-
tional technologies in combination with high-throughput sequencing
will yield great insight into the biology of hematologic diseases in the
years ahead.

Importance of Sample Acquisition

Acquisition of the appropriate samples for a genomic experiment is
arguably the most crucial step for the generation of a dataset expected
to be rich with biologic information. This is particularly true for gene
expression analysis, in which a number of processes may affect data
quality. Because gene expression is a dynamic process that can be
affected by any type of cellular manipulation, RNA abundance
measurements are potentially complicated by changes that occur
between the time that the biopsy is taken and the time that the RNA
is isolated from the specimen. In general, the highest-quality RNA is
obtained if, as soon as possible after harvesting a sample, cells are
dissolved in a solution such as TRIzol reagent that inactivates RNase
enzymes and the sample is stored at —80°C until RNA can be
extracted. Procedures for measuring gene expression in formalin-
fixed, paraffin-embedded (FFPE) tissues (in which messenger RNA
[mRNA] is degraded to less than 100 nucleotides) have been used,
but the lack of robustness of these methods may preclude routine
clinical implementation.

Another extremely important but complicated issue is the com-
plexity of cell types (e.g., tumor cells, normal cells of the same lineage,
stromal cells, immune cells) present in the sample. This may be less
of an issue for bone marrow samples taken from patients with newly
diagnosed leukemia, in whom the number of blasts often approaches
90% or greater. In the relapsed leukemia setting (where the percent-
age of blast cells may be low) or in other tumor types, however, the
admixture of multiple cell types may be vexing for gene expression
studies. Multiple methods are available for enrichment and selection
of cells of interest from a biopsy sample; these methods include flow
cytometry, immunomagnetic bead sorting, and laser-capture micro-
dissection. All have the benefit of enrichment of the cell of interest
but also increase the amount of processing time and sample manipu-
lation. Although in principle “contaminating,” nonmalignant cells
may reflect informative aspects of the tumor environment, the high
degree of sample-to-sample variability makes such interpretations
challenging. A promising new approach to the problem of cell-type

25



Part I Molecular and Cellular Basis of Hematology

heterogeneity involves analyzing cells at the single-cell level, as
described later.

At the level of DNA analysis (as opposed to RNA analysis), the
admixture of nonmalignant cells within a tumor may not obscure the
presence of mutations in the tumor cells, even if those cells represent
a minority population. However, the detection of mutations in a
subset of cells within a sample requires extra depth of sequencing
beyond what would be required to sequence, for example, a normal
diploid genome. Thus it becomes critical to have a rough estimate of
the purity of a given sample so that the appropriate genomic approach
can be used subsequently.

Analytical Considerations

Unsupervised learning approaches (often referred to as clustering)
have become an important part of the discovery process in genomic
analysis. This type of analysis involves grouping samples solely on the
basis of data obtained without regard to any prior knowledge of the
samples or the disease. Thus one can obtain the predominant “struc-
ture” of the dataset without imposing any prior bias. For example,
unsupervised learning approaches have been used to cluster leukemia
or lymphoma samples on the basis of their gene expression profiles
with the goal of uncovering the most robust classification schemes.
Clustering algorithms can also cluster genes that have a similar expres-
sion profile in a gene expression dataset. There are a number of
methods for clustering genes and samples, all of which have compu-
tational strengths and weaknesses. Comparison of the clustering
methods is beyond the scope of this chapter, but suffice it to say that

all of these methods identify major associations within a given dataset
if the signature is strong and robust. Great care must be taken in the
interpretation of clustering results because clusters with distinct gene
expression profiles may be caused not only by biologically important
distinctions but also by artefacts of sample processing. Unsupervised
learning methods that have been used include hierarchical clustering,
principal component analysis, nonnegative matrix factorization, -
means clustering, and #distributed stochastic neighbor embedding.

Supervised learning approaches are best suited for comparing data
between two or more classes of samples that can be distinguished by
some known property (or class distinction), such as biologic subtype
or clinical outcome. For example, to determine the gene expression
differences between different leukemia subtypes with distinct genetic
abnormalities, one would use a supervised approach (Fig. 3.1). The
same genes might be clustered together on the basis of unsupervised
approaches already described, but they might also be obscured by a
more dominant gene expression signature that is unrelated to the
distinction of interest. For example, if there were another major
signature within the data (i.e., a stage of differentiation signature),
the differences that the investigator was searching for might be lost.
A number of metrics can be used to identify genes that are differen-
tially expressed between two groups of samples, all of which are best
suited to identification of genes that are uniformly highly expressed
in one group. Although the different metrics may generate slightly
different lists of gene expression differences, if the gene expression
difference is robust, all should give comparable results.

With the ability to generate large-scale genomic datasets come
a number of analytical issues that are unique to what has come to
be known as “big data.” In particular, when the number of features
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Fig. 3.1 COMPARISON OF GENE EXPRESSION IN ACUTE LYMPHOBLASTIC LEUKEMIA (ALL),
MIXED-LINEAGE LEUKEMIA (MLL)-REARRANGED ALL (DESIGNATED MLL), AND ACUTE
MYELOGENOUS LEUKEMIA (AML) SAMPLES USING A SUPERVISED LEARNING APPROACH.
Gene expression in leukemia samples was analyzed using Affymetrix microarrays containing 12,600 unique
probe sets. Genes that are highly expressed in one type of leukemia relative to the other two are shown. Each
column represents a patient sample, and each row represents a gene. Red represents relative high-level expression
and blue relative low-level expression. (From Armstrong SA, Staunton JE, Silverman LB, et al: MLL translocations
specify a distinct gene expression profile thar distinguishes a unique leukemia. Nat Genet 30:41, 2002.)



analyzed in an experiment (e.g., the expression of each of 22,000
mRNA transcripts) exceeds the number of samples (e.g., 50 patients
with a particular type of lymphoma), there is potential for finding
patterns in the data simply by chance. The more features analyzed
and the fewer the number of samples, the more likely such a phe-
nomenon is to be encountered. For this reason, the use of nominal
p-values to estimate statistical significance of an observed observation
is generally discouraged. Rather, some approach to correcting for
multiple hypothesis testing is in order. (In the present example,
22,000 hypotheses are effectively being tested.) In the absence of such
penalization, the significance of observations is likely to be grossly
overestimated. Indeed, such misinterpretations of data were at the
root of many of the early uses of gene expression profiling data in
biomedical research.

Related to the challenges with high-dimensional data described,
special considerations of pattern-matching algorithms must be made.
With the availability of high-dimensional gene expression profiling
data in the late 1990s came a flood of computational innovation from
computer scientists looking to find biologically meaningful patterns
amid biologic data. With that early wave of computational analysis
came the realization that with often limited numbers of samples
(compared with the number of features analyzed) comes the possibil-
ity of “overfitting” a computational model to a particular dataset—that
is, defining a pattern (e.g., a spectrum of genes that are differentially
expressed) that is correlated with a phenotype of interest (e.g., sur-
vival) in an initial dataset but then does not predict accurately when
applied to an independent dataset. This failure to reproduce initial
findings was variously attributed to technical defects in the genomic
data itself, insufficiently complex algorithms, and the possibility that
perhaps the most important features were not being analyzed in the
first place (e.g., noncoding RNAs). In fact, however, nearly all of
the early failures of pattern recognition algorithms to validate when
applied to new datasets were attributable to overfitting of the models
to an initial, small dataset. The solution to this problem is to ensure
that discovery datasets are sufficiently large to avoid overfitting and
to insist that, before any clinical or biologic claims are made, the
model be tested on completely independent samples.

NEXT-GENERATION SEQUENCING TECHNOLOGY

Beginning around 2006, a number of new approaches to DNA
sequencing burst onto the scene. These technical advances have
transformed the field of genomics and will likely equally transform
the diagnostics field in the years to come. A number of novel sequenc-
ing approaches have been commercialized, and their details are
beyond the scope of this chapter. However, they differ fundamentally
from traditional Sanger sequencing, which has been the mainstay for
the past several decades. First, and most well recognized, is the dra-
matically lower cost of current sequencing methods compared with
Sanger sequencing. Costs have dropped by nearly 1 million—fold
compared with the sequencing of the first human genome. This drop
in cost has transformed genome sequencing from the work of an
entire community over the course of more than a decade (the initial
sequencing of the human genome took 15 years and approximately
$3 billion) to a routine experiment that can be done for hundreds of
samples by major sequencing centers in the course of a week in 2016.
These exponential cost reductions have come about not through
dramatic drops in reagent costs but rather through dramatic increases
in data output. A single lane on a modern sequencer generates vastly
more data than a lane of conventional sequencing. This is relevant
because to realize the lower costs of contemporary sequencing, large-
scale projects must be undertaken. That is, devoting a single lane of
sequencing to the sequencing of a plasmid, for example, is more
expensive with current technologies than with traditional Sanger
sequencing; the cost savings are realized only when large data outputs
are required (e.g., the sequencing of entire genomes or of isolated
genes across large numbers of patients).

When executed and analyzed properly, next-generation sequenc-
ing technologies can yield nearly perfect fidelity of sequence. At the
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same time, the error rates for any given sequencing read can be as
high as 1%, depending on the sequencing platform. How can these
two statements both be correct? Although a 1% error rate (99%
accurate) may seem low, when taken in the context of sequencing all
3 billion bases of the human genome, that would in principle result
in 30 million errors! Thankfully, this is not the case, because most
sequencing errors are idiosyncratic—that is, they are not a function
of a particular DNA sequence. The consequence of this is that by
simply resequencing the same region multiple times and taking the
consensus read, such idiosyncratic errors are lost; it is highly unlikely
for them to occur over and over again at the same spot.

For normal, diploid genomes, sequencing is typically done at least
30-fold over (referred to as 30X coverage). The consensus obtained by
observing a given nucleotide 30 times is generally sufficient for ren-
dering the correct read of that nucleotide. However, things get more
complicated when dealing with (1) tumors containing gene copy
number alterations (e.g., aneuploidy or regions or gene deletion or
amplification) or (2) admixture of normal cells within the tumor
sample. To compensate for copy number variation and normal cell
contamination seen in most samples, typical cancer genome sequenc-
ing projects aim for a depth of coverage of at least 100X. Sequencing
for diagnostic purposes may require even greater depth of coverage.
In addition, the analysis of samples containing only rare tumor cells
(e.g., 10%) would require ultradeep sequencing; otherwise, any
tumor-specific mutations would likely become false negatives. Impor-
tantly, the frequency of cancer-associated mutations in studies per-
formed using traditional Sanger sequencing methods may have been
underestimated because of the lack of power to detect mutations in
tumors with significant normal cell contamination. Whereas Sanger
sequencing delivers the average allele observed in a sample, next-
generation sequencing methods deliver a distribution of observed
alleles, allowing for mutant alleles to be identified even if they repre-
sent a minority population.

Future of Sequencing Technologies

No one could have predicted the dramatic advances that have come
to DNA sequencing technologies over the past decade. Costs have
dropped dramatically, and it is predicted that costs will continue to
drop, although less precipitously. The cost of whole-genome sequenc-
ing was estimated to be $1000 in 2016; however, this cost can be
achieved only when sequencing many samples from large cohorts of
patients, not on an individual sample-by-sample basis. Also, in addi-
tion to sequence generation, there is a high cost associated with
sequence analysis. The cost of storage of genome sequence and analysis
may exceed the cost of generating the data in the first place, and a
detailed analysis is far from straightforward. Nevertheless, it is likely
that, over the decade ahead, genome sequencing will become a
routine component of both clinical research and routine clinical care.

DNA-LEVEL CHARACTERIZATION
Somatic Versus Germline Events

It is important to recognize the fundamental difference between
germline variants and somatic variants in genome sequences. Germline
variants are present in all cells of the body (with the exception of rare
mosaicism), and these variants can contribute to the risk of future
disease. Germline variants can be common (i.e., seen in =5% of the
human population), or they can be rare (in principle, unique to a
single individual). Each individual also carries de novo variants that
are present in neither of the individual’s parents’ genomes. It has been
demonstrated recently by genetic analyses of large populations that
aging individuals without evidence of hematologic disease acquire
mutations over time in genes that are associated with leukemia. This
observation has been named clonal hematopoiesis of indeterminate
potential. This indicates that expansion of particular clones occurs
that is associated with an increased risk of myeloid and lymphoid
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neoplasia. Similarly, monoclonal gammopathy of undetermined sig-
nificance and monoclonal B-cell lymphocytosis are characterized by
clonal expansion of lymphoid clones that are usually associated with
multiple myeloma and chronic lymphocytic leukemia, respectively.
Because only a minority of individuals go on to develop a clinically
symptomatic neoplasm, an important goal is to identify additional
variants that promote the development of overt malignancy. Also of
great interest is the question of the extent to which hematologic
diseases (whether malignant or otherwise) are caused by germline
genetic variation. Although it is clear that certain disorders (e.g.,
hemophilia) have a highly penetrant, Mendelian basis, it is less certain
whether genetic variation substantially contributes to diseases that
have been historically considered “sporadic” in the large majority of
cases, such as multiple myeloma.

In contrast, mutations present in tumors but absent in the normal
cells from that individual are referred to as somatic. Somatic muta-
tions are thought to be a major driver of cancer behavior. However,
all somatic mutations are not causal drivers of cancer. Indeed, the
majority of somatic mutations observed in any individual tumor are
likely passenger mutations—that is, they play no functional role in
the pathogenesis of the tumor but rather were present in a cell that
subsequently acquired a driver mutation that resulted in the cell’s
clonal outgrowth. The proportion of passengers to drivers differs
dramatically from tumor type to tumor type. For example, tumors
associated with tobacco (e.g., lung cancer) or sunlight exposure (e.g.,
melanoma) have very high mutation frequencies, with the majority
of the observed mutations being “passengers.” In contrast, many
hematologic malignancies (e.g., acute myeloid leukemia) have rela-
tively low mutation rates, and some cancers such as infant leukemias
have extraordinarily low rates, with only a handful of protein-coding
somatic mutations seen per patient.

Distinguishing passenger mutations from driver mutations is a
major focus of cancer genome research. The complete delineation of
the biologically important mutations in cancer requires both large-
scale sequencing studies (enabling the identification of recurrent
mutations) and the functional characterization of observed mutations.

Point Mutations

The most common type of genetic variants (both germline and
somatic) are single-nucleotide variants (SNVs), also known as point
mutations. As more individuals are sequenced and deposited into
databases, it is becoming possible to catalog all common SNVs in the
human population. Still, it is estimated that every individual will
harbor 50 to 100 coding mutations not present in any database. For
these reasons, it is particularly important to compare the somatic
genome of a tumor with its matched normal germline sequence;
otherwise, “private” germline variants may be mistaken for somatic
mutations.

Certain patterns of point mutation are characteristic of particular
environmental exposures. For example, G>T/C>A transversions are
characteristic of tobacco-associated lung cancer, and C>T/G>A
transitions are characteristic of ultraviolet radiation—associated skin
cancers. Most hematologic malignancies lack a particular pattern of
mutation, although B-cell lymphomas demonstrate a characteristic
pattern of hot spots of mutations caused by activation-induced,
adenosine deaminase-mediated.

Although not as common as point mutations, small somatic inser-
tions or deletions (referred to collectively as indels) are also observed
in tumors. These generally consist of the loss or gain of one or a few
nucleotides that, when they occur within protein-coding regions,
result in translational frameshifts that generally yield loss-of-function
alleles.

Copy Number

Gains (amplifications) or losses (deletions) of genetic material at
specific loci are recognized as playing an important role in the

pathophysiology of disease. Trisomy 21, for example, predisposes
individuals to transient myeloproliferative disorders and acute mega-
karyoblastic leukemia. Deletions at the RBI locus encoding the reti-
noblastoma gene or deletions of the 7P53 gene encoding the p53
tumor suppressor predispose individuals to the development of solid
cancers, although only rarely to hematologic malignancies. In a
landmark set of studies, it was shown that tumors from patients who
inherit a mutant copy of the retinoblastoma tumor suppressor gene
often have deletions of the remaining allele. This process has been
termed Joss of heterozygosity, and the search for genetic loci showing
loss of heterozygosity in tumor samples has identified a number of
genes that are involved in critical cellular processes and are important
for cancer progression. Similarly, amplification of genomic loci can
play an important role in oncogenesis and cancer biology. For
example, amplification of the ERBB2 (HER2) oncogene in human
breast cancer predicts a poor prognosis, and ERBB2 has been shown
to be an important therapeutic target in this disease.

The search for gains and losses of genetic material can be carried
out using a number of techniques that require various levels of
expertise and allow assessment of genomic integrity at various resolu-
tions. The first method developed to assess genomic integrity, cyroge-
netic analysis, is still used today, but it allows identification only of
abnormalities that encompass large regions of the genome. Neverthe-
less, cytogenetic analysis has provided tremendous insight into the
pathophysiology of disease, particularly for leukemogenesis. Cytoge-
netic analysis remains a key part of the diagnostic workup for new
cases of leukemia. It is likely, however, that over time it will be
replaced by next-generation sequencing methods that have the ability
to detect point mutations, deletions/insertions, copy number changes,
and chromosomal translocations, all at high resolution.

More recently developed methods for assessing copy number
variation include comparative genomic hybridization (CGH) and
high-density single-nucleotide polymorphism (SNP) arrays. Although
CGH and SNP arrays are falling out of favor, massively parallel
genome sequencing can be used for copy number variant detection.
Special note should be made of the analysis of copy number data. At
the level of the individual sample (e.g., a tumor), one can easily
visualize regions of aberration using tools such as the Integrative
Genomics Viewer (IGV) (Fig. 3.2). Although this type of analysis
highlights those aberrations in a particular sample, it does not reflect
copy number abnormalities that are commonly observed across a
collection of samples. Such recurrent copy number gains or losses tend
to indicate biologically important events as opposed to copy number
aberrations that simply reflect genomic instability but do not con-
tribute to cancer pathogenesis (and therefore are nonrecurrent). To
identify statistically significant regions of copy number abnormalities,
algorithms such as the genomic identification of significant targets in
cancer (GISTIC) method can be applied, yielding a plot of regions
of amplification and deletion that are commonly observed in a set of
samples (as shown in Fig. 3.3 for 24 patients with multiple myeloma).

Rearrangements

Chromosomal rearrangements (including balanced and unbalanced
translocations, inversions, and more complex aberrations) are particu-
larly important in the hematologic malignancies. Translocations were
among the very first genomic defects to be discovered in cancer
because cytogenetic analysis of metaphase chromosome spreads was
feasible for the acute leukemias long before more technically advanced
methods became available. Two basic types of translocations are
common: those that result in fusion proteins involving two distinct
genes and those that result in overexpression of an otherwise structur-
ally normal gene. Translocations resulting in fusion transcripts (e.g.,
ETVG6/RUNXI in acute lymphoblastic leukemia [ALL]) generally
involve chromosomal breakage within intronic regions of the two
genes, with in-frame fusion being a result of the normal process of
RNA splicing. In contrast, translocations resulting in overexpression
typically involve the juxtaposition of a coding region next to a highly
active promoter or enhancer region such as an immunoglobulin
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Fig. 3.2 GENOME DELETION IN A PATIENT WITH DIFFUSE LARGE B-CELL LYMPHOMA
(DLBCL). Genome sequencing of a patient with DLBCL revealed a clear region of genome deletion within
the T7NFRS14 gene, as visualized in the Integrative Genomics Viewer. The gray bars indicate the extent of the
sequence read, with this region being interrogated multiple times. The white block in the middle (bracketed
by arrows) indicates the region of genome deletion captured by all of the reads in the tumor but in none of
the reads from the matched normal DNA sample (bottom portion of figure).

region in B cells. For example, in follicular lymphoma, translocations
frequently involve juxtaposition of the antiapoptotic gene BCL2 to
the immunoglobulin heavy chain enhancer region, leading to massive
overexpression of BCL2 RNA and protein.

Translocations are best detected by either whole-genome sequenc-
ing or RNA sequencing (RNA-Seq), although their detection requires
advanced computational analysis to distinguish them from artefactual
errors in aligning sequence reads to a reference genome. For reasons
that remain unclear, some tumors contain few, if any, translocations,
but others contain hundreds, often involving multiple complex rear-
rangements. A particularly interesting phenomenon, termed chro-
mothripsis, involves extensive complex genome rearrangements
thought to occur via a single “big bang” genomic catastrophe
(Fig. 3.4). It has been speculated that chromothripsis may represent
a mechanism by which a cell can acquire multiple oncogenic events
required for cellular transformation in a single event rather than in a
stepwise manner.

SEQUENCING APPROACHES TO EPIGENOMICS

Sequencing approaches to epigenomics include chromatin immuno-
precipitation followed by sequencing (ChIP-Seq), micrococcal
nuclease (MNase) sequencing, DNAse sequencing (DNAse-Seq),
bisulfite sequencing and assay for transposase-accessible chromatin
with high-throughput sequencing (ATAC-Seq). Although the major-
ity of information encoded in the genome is thought to emanate from
its primary DNA sequence, the importance of epigenetic gene regula-
tory mechanisms has become increasingly evident over the past few
years. Epigenetic modifications play a critical role in the regulation
of transcription, DNA repair, and replication. For example, DNA
methylation can occur, particularly in CpG-rich regions of the
genome, and such methylation can lead to the silencing of gene

expression at that locus. Widespread methylation appears frequently
in cancer and may serve as an important mechanism of silencing
tumor suppressor genes. Massively parallel sequencing, coupled with
bisulfite sequencing approaches, allows for genome-wide assessment
of DNA methylation in development and disease. DNA methylation
is an effective mechanism of silencing genes, for example, as is
required to specify cell type, but with relatively few dynamic changes
over time. In contrast, open chromatin regions may be analyzed by
technologies that are based on sequencing of DNA regions that are
accessible for certain DNA-cutting enzymes such as DNase, micro-
coccal nuclease, or transposase that preferentially cut at open chro-
matin regions. Several large-scale profiling efforts (e.g., through the
National Institutes of Health ENCODE project) have used these
technologies to annotate cancer cell lines and normal human and
murine tissues, including hematopoietic subsets.

Modifications to histones are orchestrated and tightly regulated
by a group of enzymes called chromatin regulators. Perhaps one of the
most striking results derived from genome-wide sequencing analyses
in cancer is the frequency of somatic mutations in chromatin regula-
tors, which account for up to 25% of all cancer drivers. Detailed
mechanistic analysis of epigenetic modifications and the contribution
of individual chromatin regulators to these modifications have long
been hindered by a lack of effective technologies. With the use
of next-generation sequencing techniques combined with chroma-
tin immunoprecipitation, it is now possible to comprehensively
investigate the molecular mechanisms of epigenetic alterations and
define their disease relevance. ChIP-Seq can be used to map histone
modifications that are associated with actively transcribed regions,
repressed regions, or regions found at distal regulatory elements.
Optimized technologies now allow for ChIP-Seq with small input of
samples or with FFPE samples, which has significant implications for
translating this technology to approaches for the analysis of clinical
specimens.
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Fig. 3.3 RECURRENT COPY NUMBER ABERRATIONS IN MULTIPLE MYELOMA. Output of the
genomic identification of significant targets in cancer (GISTIC) algorithm indicates recurrent regions of gene
copy number gain and loss. Recurrent gains are shown in 7ed (including the MYC gene at 8q24), and recurrent
losses are shown in blue (including the RB gene at 13q14). The height of each peak indicates the statistical
significance of the event (a function of frequency and the rate expected by chance).

RNA-LEVEL CHARACTERIZATION
mRNA Profiling

The most well-developed and widely used genomic technology is
genome-wide expression profiling of protein-coding RNAs (mRNAs).
Since the late 1990s profiling has been done using an array format
in which sequence-specific probes are immobilized onto a solid
surface (or are synthesized in situ). mRNA is isolated from a sample
of interest (e.g., a tumor biopsy or a cell line). The mRNA is then
labeled in some fashion, often with a fluorescent tag, and the extent
of hybridization of the mRNA to the array is captured by a laser-
scanning device. This technology enables the interrogation of all
22,000 or so mRNAs in the human and mouse transcriptomes.
Expression profiling of FFPE tissues deserves special mention
because formalin fixation causes the degradation of mRNAs into
fragments of only about 80 nucleotides in length. Conventional
array-based profiling approaches therefore do not work well, particu-
larly those that involve labeling of the mRNAs by priming of the 3’
polyadenylation tail; however, approaches have been developed that
allow for the profiling of FFPE-derived tissues. These include modi-
fication of standard arrays involving the use of 3’-biased probes for
each mRNA transcript, such that even degraded mRNAs can be
profiled. Although it is likely that any method applied to FFPE
samples will yield noisier data than frozen samples, the ability to
analyze archived material, particularly those samples with long-term
clinical outcome data, will prove invaluable. Array-based approaches
do not give absolute quantitation, but often this is not required.

Rather, researchers wish to compare the expression level of a gene (or
genes) in one sample with another (or one group of samples with
another). Most gene expression profiling thus requires the relative
assessment of expression across a set of samples, and absolute quan-
titation (e.g., number of mRNA copies per cell) is neither possible
nor in most cases necessary.

More recent sequencing-based approaches to expression profiling
(RNA-Seq), however, provide the opportunity to provide a count of
the number of transcripts in a given sample. In addition, RNA
sequencing allows for the profiling of previously unknown genes (i.e.,
those not previously recognized to encode a transcript) as well as of
alternative splice forms of known mRNAs. Furthermore, gene fusions
within coding regions and SNVs can be detected simultaneously with
gene expression. One advantage of hybridization-based (microarray)
methods is that they effectively measure both abundant and non-
abundant transcripts. RNA sequencing, however, favors abundant
transcripts. The consequence of this is that, in order to capture less
abundant mRNAs, deep sequencing is required, resulting in increased
costs.

Noncoding RNA Profiling

Although the focus within the family of RNAs is often on those that
code for proteins, a wealth of noncoding RNAs exist in mammalian
cells. Two major classes of noncoding RNAs are short RNAs, known
as microRNAs (miRNAs), and large intergenic noncoding RNAs
(lincRNAs), as described later.



Fig. 3.4 CHROMOTHRIPSIS. Circos plot showing the extensive genomic
rearrangements in a glioblastoma tumor. Each of the human chromosomes
is displayed around the circle of the plot. Purple lines indicate rearrangements
between different chromosomes, and green lines indicate intrachromosomal
rearrangements. In this tumor, chromosome 1p has nearly 100 chromosomal
rearrangements, indicative of a single-step genomic catastrophe mechanism
known as chromothripsis.

miRNAs are small (approximately 22-nucleotide) RNAs that do
not encode for proteins but bind to mRNA transcripts to regulate
translation and mRNA stability. Several hundred miRNAs are
thought to exist in the human genome. In Caenorhabditis elegans,
zebrafish, and other model organisms, miRNAs play a critical role in
development through regulation of translation of key proteins. In
mammalian cells, a role for miRNAs has been recognized in the
regulation of cellular differentiation. Not only are many miRNAs
differentially expressed across hematopoietic lineages, but several
miRNAs have also been demonstrated to play key functional roles in
hematopoietic lineage specification and differentiation. Moreover, the
expression or function of several miRNAs is altered by chromosomal
translocations, deletions, or mutations in leukemia. In addition,
members of the protein complex (including the protein DICER) that
process the maturation of miRNAs from longer RNA forms have
been implicated in malignancy.

Noncoding lincRNAs are approximately 1000 nucleotides in
length and number approximately 5000 in the human genome. The
widespread existence of lincRNAs was only discovered in 2009, and
their function remains largely unknown. However, recent evidence
suggests that they may play important roles in establishing and
maintaining cell fate and may play key roles in regulation of the
epigenome. Their role in the pathogenesis of disease is heavily inves-
tigated. Interestingly, lincRNAs appear to have exquisite tissue-specific
patterns of expression, suggesting that they may have diagnostic
potential. Evidence is also mounting that some RNAs encode short
peptide sequences (less than 100 amino acids), which may eventually
require reclassification from lincRNA to protein-coding RNA.

SINGLE-CELL RNA AND DNA SEQUENCING

Next-generation sequencing applications in hematology and oncol-
ogy have typically focused on interrogating populations of cells.
Although computational methods have been developed to decipher
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the relative contribution of individual genetic subclones to the entire
tumor, these approaches usually have limited resolution and are not
able to detect very small subclones that comprise few tumor cells.
Several novel technologies have been developed that allow DNA and
RNA sequencing of single tumor cells as well as of single cells from
the tumor microenvironment. Advances in microfluidic approaches
make it possible to generate RNA sequencing data from thousands
of cells simultaneously, and several different technological concepts
have emerged for highly parallel sample preparation. For example,
the entire sample processing workflow, from isolating single cells to
generating sequencing libraries, can be generated in multiwell plates
in order to perform multiple reactions at the same time. This can be
done with typical multiwell plates, or the entire experimental work-
flow can take place in a fully integrated microfluidic “lab on a chip.”
Another approach uses microdroplet technology. To this end, a single
cell is packaged into an emulsion droplet, and thousands of droplets
are generated. Although the single cells are segregated into individual
droplets, a molecular barcoding step takes place with which every
RNA molecule in each cell is labeled with a unique molecular tag.
After this step, the droplets are dissolved and RNA sequencing prepa-
ration is performed in a single tube. The barcodes can later be used
to precisely assign each RNA molecule to the correct cell, making it
possible to determine the gene expression profile of each single cell.
These technologies currently enable sequencing of thousands of
single cells simultaneously, but that number will undoubtedly increase
with rapid progress in technology development. Having a methodol-
ogy in hand that allows RNA sequencing with single-cell resolution
is particularly useful to precisely define the composition of the tumor
microenvironment in addition to the tumor itself. These novel
technologies and their ability to successfully sequence even minimal
amounts of DNA and RNA are not only useful for sequencing tumor
tissue with single-cell resolution but also empower “blood biopsy”
approaches. This approach is based on the discovery that various
types of tumor-derived material can be detected in the blood of
patients with cancer, including circulating tumor cells (CTCs), cir-
culating tumor DNA, or cell-free DNA (cfDNA), as well as various
types of circulating microvesicles, such as exosomes and apoptotic
bodies. There is increasing evidence that interrogation of these
materials from the blood provides a representation of the tumor
simply by drawing a vial of blood. In some cancers, the entire genome
or the entire exome can be reproduced by genomic sequencing of
cfDNA or CTCs. Because blood draws are safer, less complicated,
and less expensive than tissue biopsy, and because they can easily be
done at many time points, there is great interest in genomic approaches
to blood-derived materials, including DNA and RNA sequencing,.

PROTEIN-LEVEL CHARACTERIZATION

Unlike the characterization of DNA and RNA, which has become
routine, the systematic, genome-wide characterization of proteins
remains extremely technically challenging. Not long ago, comparative
proteomic experiments consisted largely of the comparison of single
proteins across various conditions or samples. However, a number of
new advances in technology have made for a dramatic acceleration
of the pace at which the abundance of proteins can be measured and
their posttranslational modification (e.g., phosphorylation) can be
assessed.

Mass Spectrometry

The workhorse of proteomics remains mass spectrometry. The fun-
damental principles of mass spectrometry have not changed over the
years, but technical advances (the details of which are beyond the
scope of this chapter) have led to increased ability to detect proteins
in complex mixtures. Previously, extensive biochemical fractionation
of the proteome was required to render mixtures of proteins suffi-
ciently limited in number and with sufficient abundance to be reliably
detected and identified. Such fractionation required extensive time,
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expertise, and instrumentation as well as a large amount of starting
material, all of which tended to make systematic proteomic experi-
ments difficult to perform routinely. However, newer instruments
and methods allow for the analysis of significantly more complex
mixtures, with increased sensitivity and speed. Sequence assignment
confidence, especially for modified peptides, has also been markedly
improved owing to the increase in both resolution and mass accuracy.
For example, in mammalian cells, it is possible to confidently detect
more than 8000 unique proteins and more than 15,000 phospho-
peptides in a few days using a single instrument. Efforts to perform
proteome-wide analysis of complex samples such as cells and tissues
without extensive fractionation represent one end of the spectrum;
proteomic analysis with single-cell resolution represents the other
end. Although these methods (single-cell Western blot analysis and
flow cytometry for intracellular proteins) can currently interrogate
only one or a few analytes at the same time, these methods will evolve
with ongoing technological progress.

Reverse Phase Lysates

An attractive alternative to mass spectrometry involves the use of
reverse phase protein arrays (RPPAs). RPPAs involve the robotic spot-
ting of minute amounts of total cell protein lysates onto glass slides
(thus creating an array of lysates derived from different samples) (Fig.
3.5). The slides can then be probed with antibodies against particular
proteins of interest, including phosphorylation-specific antibodies.
The advantage of RPPAs is that only a tiny amount of cellular
material is required, and hundreds of samples can be tested on a single
array. The downside is that the method requires the availability of
high-quality antibodies that are both sensitive and specific for the
protein of interest. Unfortunately, such high-quality antibodies are
available for only a minority of human proteins. In addition, RPPAs

Labeled secondary antibody

Primary antibody

Printed lysates,
cells, or serum

Fig. 3.5 REVERSE PHASE PROTEIN ARRAYS (RPPAs). Schematic
illustrating the concept of RPPA. Cellular lysates derived from patient samples
or cell lines are robotically spotted onto a glass slide. Next, a primary antibody
specific for a protein of interest is added to the slide, with the antibody
sticking to the array in proportion to the abundance of the protein in ques-
tion. To visualize the antibody-binding event, a secondary antibody that
recognizes the primary antibody (generally fluorescently labeled) is added,
and the slide is examined by microscopy or using a laser-scanning
instrument.

are not suitable for the analysis of large numbers of proteins, because
each protein to be interrogated requires a separate slide. Nevertheless,
RPPA remains a useful tool in the armamentarium of proteomic
research and may prove particularly useful for the comparison of
proteins of interest across a large panel of samples (e.g., across a
collection of patient samples or cell lines).

Bead-Based Profiling

Another proteomic method involves the multiplexed analysis of
protein abundance or phosphorylation. Phosphorylation involves the
use of microspheres (beads). In this approach, a different protein-
specific antibody is coupled to beads of distinct color. A mixture of
antibody-coupled beads is then mixed with protein lysate, and then
binding events are detected with a labeled secondary antibody (e.g.,
antiphosphotyrosine antibody). Multiple analytes are thereby simul-
taneously profiled in a single sample. This approach was successfully
used to profile the tyrosine phosphorylation status of nearly all
protein tyrosine kinases across a panel of cell lines. The advantage of
this approach is that multiple proteins (as many as 100 or more) can
be assessed simultaneously in a single sample. Similar to RPPA,
however, the method depends on the availability of high-quality
antibodies, and this limitation makes the approach difficult to gen-
eralize broadly. Nevertheless, the method may prove useful for
interrogating particular classes of proteins, such as kinases, for which
suitable antibodies exist.

METABOLITE-LEVEL CHARACTERIZATION

Beyond nucleic acid and protein characterization, systematic profiling
of small-molecule metabolites has also recently become possible. Such
unbiased approaches to the assessment of metabolite levels have
yielded new insights into the pathogenesis of metabolic diseases such
as diabetes. In addition, the discovery of mutations in metabolic
enzymes in acute myeloid leukemia has spurred interest in the meta-
bolic consequences of these mutations on the “metabolome.”
Metabolite profiling is at present not routinely used in biomedical
research, but it is likely that the years ahead will see a significant surge
in its use.

FUNCTIONAL GENOMICS

Although the bulk of genomic research takes the form of observational
studies (i.e., determining the spectrum of mutations in a tumor),
functional approaches to genomic research are increasingly becoming
feasible. Several discoveries have led to technologies that allow gene-
specific perturbation. Zinc finger nucleases, transcription activator—
like effector nucleases (TALENs), RNA interference (RNAi), and
random chemical mutagenesis with agents such as N-ethyl-N-
nitrosourea have been used to functionally perturb genes. For
example, RNAi technology made it possible to knock down the
expression of all genes in a given cell line and measure the conse-
quences. This approach has been used most extensively in the area of
cancer, where the complete set of genes that are essential for the
survival of a cancer cell line was identified via genome-wide RNAi
screens (Fig. 3.6). In addition to loss-of-function RNAI screens, it
has become possible to perform systematic gain-of-function screens
by overexpressing a library of complementary DNAs and then select-
ing for a phenotype of interest. Zinc finger nucleases and TALENs
are much more precise genomic tools that enable genetic mutations,
insertions, and deletions. Although very powerful, all of these
approaches have substantial disadvantages. Although RNAI is techni-
cally relatively easy to perform, it enables “knockdown” of genes but
not complete “knockout” in most cases. It can be associated with
off-target effects (i.e., perturbation of random genes that are not
intended to be targeted). Insertion of precise genetic defects, such as
single-nucleotide variants, is not possible with RNAi but can be done
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Fig. 3.6 SYSTEMATIC RNA INTERFERENCE SCREENS. Lineage-specific dependencies are illustrated
in this heatmap of differentially antiproliferative short hairpin RNAs (shRNAs) in cell lines from individual
cancer lineages in comparison with all others. The top 20 shRNAs that distinguish each lineage from the
others are displayed. GBM, Glioblastoma multiforme; NSCLC, non—small cell lung cancer; SCLC, small cell
lung cancer. (From Cheung HW, Cowley GS, Weir BA, et al: Systematic investigation of genetic vulnerabilities across
cancer cell lines reveals lineage-specific dependencies in ovarian cancer. Proc Natl Acad Sci U S A 108:12372, 2011.)

with zinc finger nucleases and TALENs. However, these latter two
technologies are difficult to perform and expensive. In hematology
and cancer research in general, all of these technologies have largely
been superseded by the recent development of the transformative
CRISPR/Cas9 technology. CRISPR/Cas9 technology combines the
strengths of all of these approaches: The technology is relatively easy
to use and allows precise and efficient editing of the genome. The
method can be used to introduce specific genetic alterations in
eukaryotic cells, and the consequences of these alterations can be
identified by genomic approaches. CRISPR tools have been developed
using programmable transcription factors that may activate targeted
genes, or alternatively genes can be silenced without causing

double-stranded DNA breaks. The method can be used in cells from
different species, and it can be used to create mouse models of human
diseases faster and more efficiently than are possible with well-
established homologous recombination to generate genetically engi-
neered mouse models, allowing genetic modification of multiple loci
at the same time. In 2015, another nuclease, Cpfl, was discovered
with properties different from those of Cas9, including a different
DNA cutting pattern, and requiring fewer components. Progress in
this field is being made at a rapid pace, and the technology will
undoubtedly develop rapidly. Although immensely powerful, there
are several drawbacks of the technology that have to be addressed in
the coming years, such as a genomic copy number bias that causes a
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gene-independent cell response to CRISPR/Cas9 targeting. More-
over, the ability to express Cas9 or related nucleases is not consistent
across cell types. As with every genome-editing technology, off-target
effects exist, which may lead to editing of the wrong gene. Because
of the ease of use, libraries have been created targeting the entire
protein-coding region of the genome (i.e., exome), as well as many
noncoding regions of the genome, which will allow scientists to
perform comprehensive functional genetics. The combination of
genomics with CRISPR/Cas9-mediated perturbation provides an
unprecedented opportunity to understand the consequences of the
genetic defects encountered in patients. In addition to pointing to
new potential therapeutic targets for cancer, screens using these
technologies hold the promise of identifying genetic predictors of
gene dependency. Such predictors will be key for the translation of
these in vitro approaches to use in the clinic.

PHARMACOGENOMICS

The use of the genome to study drug response deserves special
mention and is the subject of an entire chapter of this book (see
Chapter 8). As the cost of genome sequencing continues to fall, it
will become increasingly feasible to perform population-scale genetic
studies to identify genetic determinants of drug toxicity and response.
Although some examples of such pharmacogenomic markers have
been discovered (e.g., genetic predictors of antimetabolite chemo-
therapy), the field awaits truly large-scale, systematic studies of large
numbers of patients with known drug response data.

CLINICAL USE OF GENOMICS

Sequencing-Based Diagnostics and Precision
Medicine

With the falling cost of genome sequencing and streamlined work-
flows, next-generation sequencing has entered into routine clinical
diagnostic use. Sequencing panels that target the genes commonly
mutated in cancer are available at many academic centers and are
actively being used to triage patients to specific treatments. Genomic
variants in such a “precision medicine” approach either suggest a
therapeutic agent that directly targets the variant itself (e.g., a BRAF
inhibitor in a patient with a BRAF V600E mutated neoplasm) or
inform therapeutic decisions that are less directly related (e.g., not
using epidermal growth factor receptor inhibitors in colon cancers
harboring KRAS-activating mutations). Similarly, genomic variants
may predict an individual’s response to immunotherapy. In particular,
it has been observed that tumors with high mutation burden tend to
have more favorable responses to programmed death 1/programmed
death ligand 1 (PD1/PDL1) blockade than in patients whose tumors
have fewer mutations, presumably reflecting a lower neoantigen load.

Compared with RNA-based analysis, DNA-based diagnostics
have the advantage of being more definitive in that one is looking,
for example, for the presence of a mutation (an A, G, C, or T) as
opposed to a relative abundance of a particular transcript or tran-
scripts, the latter being confounded by an admixture of cell types
within tumors or tissues. Because modern sequencing approaches
allow for allele separation, the admixture of tumors with normal cells
can be addressed at the DNA level simply by increasing the depth of
sequencing coverage, as described earlier. Whether single-cell RNA
sequencing approaches (which combat the issue of cellular heteroge-
neity) have the potential to be introduced into the routine clinical
setting remains to be determined. Currently, their technical complex-
ity precludes routine use. Similarly, if the cost of sequencing continues
to drop, this will likely give way to more systematic approaches that
include whole exome sequencing and whole-genome sequencing
rather than just sequencing a limited number of loci. However, the
pace of technology advancement will likely outstrip understanding of
clinical utility and financial reimbursement by health insurance

payers, so demonstrating utility and measurable patient benefit of
these approaches is of utmost importance.

Sequencing-based diagnostics will also likely have an increasingly
important role in nonmalignant conditions, such as blood-clotting
disorders, in which it will become possible to systematically rese-
quence all genes in the coagulation cascade, thereby identifying either
common or highly rare sequence variants that might explain or
predict disease. The widespread use of germline sequencing to predict
disease also raises a large set of ethical questions that must be
addressed, particularly those relating to children and family members
of individuals undergoing sequence analysis. Whether whole-genome
sequencing will become a routine part of health care in the future
remains to be determined, but it is almost certain that much of the
current diagnostic approach to medicine will eventually be supplanted
by DNA-level analysis.

Minimal Residual Disease Diagnostics

Combination therapies using multiple therapeutic agents have been
a great success in hematologic malignancies. For instance, childhood
ALL has been associated with very high cure rates for a long time.
The therapy of multiple myeloma has been transformed over the last
15 years with the advent of many new therapeutic agents. Both of
these are examples of diseases for which deep remissions can be
achieved, and therefore the ability to detect minimal residual disease
(MRD) is of increasing importance. Traditional approaches to detect
MRD include quantitative PCR, as is used for the detection of the
Bcr-Abl fusion in patients with chronic myeloid leukemia undergoing
treatment with tyrosine kinase inhibitors, or multiparametric flow
cytometry, which is used for MRD detection in multiple myeloma.
Deep next-generation sequencing of T-cell receptors and B-cell recep-
tors is now being used to detect MRD in B-cell and T-cell malignan-
cies. This sequencing approach targets a limited number of genomic
regions that are involved in VD] recombination of the T-cell and
B-cell receptors, thus allowing identification of monoclonal B and T
cells, which define the malignant tumor cells. Because these regions
are sequenced many times over (i.e., with great “depth”), malignant
clones can be detected even if they occur with a frequency of only 1
in 10° to 10° The advances in sequencing of very small cell numbers
down to the single-cell level, as described earlier, allow for compre-
hensive detection of genomic alterations as well as interrogation of
transcriptional profiles. Combining these sequencing approaches
with highly sensitive cell isolation and cell-sorting technology holds
great promise to better characterize what types of tumor cells remain
viable at the stage of MRD.

Expression-Based Diagnostics

It has been over a decade since the first proof-of-principle studies were
published demonstrating the possibility of using gene expression
profiling to classify diseases such as cancer. Those studies raised the
possibility that such promising gene expression signatures might be
further validated and then implemented in the routine clinical setting
as powerful diagnostic tests. The reality is that few such transitions
to clinical practice have been made. One of these is the Oncotype
Dx Breast Cancer Assay test, which consists of a tumor gene expres-
sion signature of 21 genes capable of determining the requirement
for chemotherapy in women with early-stage breast cancer. This test
has now become part of the standard of care at many cancer centers
in the United States.

One should ask, however, why, despite thousands of papers being
published on potential diagnostic applications of gene expression
profiling, so few have progressed to routine clinical implementation.
There are likely several reasons to explain the slow pace of advance-
ment. First, to develop truly valid diagnostic tests, the test must be
applied to large numbers of patients with known clinical outcomes,
and in many cases, such cohorts of patients simply do not exist,
making validation challenging. Second, because gene expression



signatures are based on relative transcript abundance (as opposed to,
for example, genome sequencing), it is subject to technical variation
such as stromal admixture of tumors that can distort a diagnostic
signature. Third, although the academic publishing system tends to
reward initial discoveries (which are often published in high-profile
journals), the essential follow-up wvalidation studies tend to be valued
less, and therefore investigators do not have an incentive to follow up
on their initial observations. Fourth, the economics of molecular
diagnostics have in general not been favorable, thus discouraging
companies from making major investments in the validation and
commercialization of promising diagnostic tests. It is likely that
diagnostic tests will command more of a premium in the future as a
mechanism to use expensive therapeutics only in patients likely to
benefit, but the time required for this to evolve is uncertain.

However, the potential utility of clinically relevant gene expression
signatures has regained interest with the progress and greater avail-
ability of sophisticated RNA sequencing technology. Whether RNA
sequencing provides data sufficiently robust to be used in clinical
routine remains to be established.

FUTURE DIRECTIONS

The field of genomics has matured greatly over the past decade. Major
analytical advances have made it possible to analyze and interpret
complex datasets beyond what was previously possible. In addition,
dropping costs have made it possible to generate data at a scale that
was never before imaginable. DNA sequencing is now routine at
many academic centers and is increasingly being used to drive preci-
sion medicine by suggesting potential therapies based on individual
patients’ genetic profiles. Nevertheless, such approaches are still in
their infancy; the majority of patients do not receive direct benefit
from such precision medicine approaches. The future will also hold
an explosion of functional genomic studies, particularly using genome
editing methods such as CRISPR/Cas9. With deep genomic, tran-
scriptomic, and epigenetic data already available for the most common
hematologic and malignant diseases, and with new data being gener-
ated at an ever-increasing rate, there will be great opportunity for
diagnostic and therapeutic development. The integration of genomic
and other high-throughput sequencing approaches into clinical
research and routine clinical care will continue to be one of the
greatest challenges and opportunities in medicine in the decade

ahead.
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REGULATION OF GENE EXPRESSION, TRANSCRIPTION, SPLICING,

INTRODUCTION TO GENE REGULATION IN HEMATOLOGY

The function of a cell is governed by the sum of the specific proteins
expressed. Protein expression is most commonly regulated at the level
of gene transcription into RNA, which is then processed and trans-
lated. The life of a cell is the life of its RNA. Therefore, to understand
how a cell behaves, one must understand the expression of a gene
through RNA.

Transcription of DNA into RNA controls cellular differentiation,
proliferation, and apoptosis in all differentiating cell systems, but
especially in hematopoiesis. For example, through regulation of
transcription, hematopoietic stem cells maintain a balance between
quiescence and differentiation to mature blood cell types. Regulation
of transcription is also necessary for erythroid progenitors to produce
vast quantities of hemoglobin, for myeloid cells to generate granules
of immune responses, for lymphocytes to control immunoglobulin
levels, and for platelets to regulate levels of thrombotic receptors.

Aberrant gene expression can result in hematologic disorders
such as lymphomas, leukemias, and myelodysplastic and myelopro-
liferative syndromes, as will be discussed later. Understanding the
process behind RNA synthesis is also crucial for the diagnosis and
treatment of hematologic disorders. Converting genetic information
contained in the DNA sequence of a gene into a finished protein
product is a complex process consisting of several steps, with each
step involving distinct regulatory mechanisms. Beginning with the
basics of gene structure, this chapter will present the foundation
necessary to understand the process of gene expression through RNA
synthesis and processing, including transcription, splicing, posttran-
scriptional modification, and nuclear export. Subsequent chapters
will present regulation of protein translation and posttranslational
modifications.

The first step of gene expression is transcription, where RNA
polymerases decode the DNA using specific start and stop signals to
synthesize RNA. In the subsequent step, splicing removes portions
of the RNA that do not code for protein. Next, the spliced RNA is
modified for export out of the nucleus and into the cytoplasm, where
ribosomes translate the RNA into protein products.

HOW GENES ARE ORGANIZED IN DNA

The gene is the fundamental unit for storage and expression of
genetic information. Genes are made up of nucleotide sequences of
DNA, and are transferred to daughter cells during mitosis (and
meiosis in gametes) via semi-conservative replication. Each cell in the
human body contains about 25,000 genes, which are distributed
unevenly across the 46 individual chromosomes found within the
nucleus. Chromosomes are dense DNA—protein complexes that are
made up of individual linear DNA helices packed tightly together by
specific protein repeats. Unwound completely and stretched out, the
largest chromosome is about 1 m in length, demonstrating that the
cell, to even exist, must be an expert at packaging.

Only 1% to 2% of human DNA actually serves as genes, which
are the templates for protein production. Most genes are broken
down into separated coding sections known as exons (Fig. 4.1). These
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exons are separated from each other by intervening, noncoding
sequences known as introns. Genes also have other noncoding DNA,
typically short sequences near or within genes that function as regula-
tory sequences critical for controlling gene expression. Together these
regulatory sequences determine in which cell, at what time, and in
what amount the gene is converted into the corresponding protein.

In order for transcription to begin, RNA polymerase must attach
to a specific DNA region at the beginning of a gene. These regions,
known as promoters, contain specific nucleotide sequences and
response elements. These provide a secure initial binding site on the
gene for RNA polymerase. RNA polymerase often requires other
proteins called zranscription factors for proper recruitment to a given
gene. Not all transcription factors are activating; some may inhibit
RNA polymerase, and repress gene expression by attaching to specific
promoters and blocking binding of RNA polymerase. Promoters can
additionally function together with other more distant regulatory
DNA regions (termed enbancers, silencers, boundary elements, or
insulators) to direct the level of transcription of a given gene. Unlike
RNA polymerase, transcription factors are not limited to the pro-
moter region, but can be directed by these other regulatory DNA
sequences to either promote or repress transcription. The minimum
essential transcription factors needed for transcription to occur are
termed basal transcription factors and include transcription factor (TF)
ITA, TFIIB, TFIID, TFIIE, TFIIE and TFIIH. These ubiquitous
proteins bind to the recognition sequence in the promoter, forming
a transcription initiation complex that recruits the RNA polymerase.
Basal transcription factors cannot by themselves increase or decrease
the rate of transcription but may be linked to activators by coactivator
proteins that can.

The promoter is a regulatory sequence located near the start of
the gene, to provide the exact start site recognized by the transcription
machinery where conversion of the DNA template into intermediary
molecules begins. The promoter contains the consensus sequence to
bind the transcription factors and then the RNA polymerase needed
to initiate transcription. The best known example of this sequence is
the TATA box sequence, TATAAA, which binds RNA polymerase
and associated transcription factors. However, more than 80% of
mammalian protein-coding genes are driven by TATA-less promoters,
which contain different recognition sequences—often GC boxes. The
GC promoters are repeats of guanine and cytosine nucleotides, fre-
quently have multiple transcriptional start sites, and require alterna-
tive transcription factors, like Specificity Protein 1 (Spl).

Genes can have more than one promoter. This results in different-
sized mRNAs, depending on how far the promoter is from the 5" end
of the gene. The binding strength between a promoter and the
transcription factors determines the avidity of RNA polymerase
binding, and subsequently of transcription. Some genetic diseases are
associated with mutations in promoters, such as 3-thalassemia, which
can involve single nucleotide substitutions, small deletions, or inser-
tions in the B-globin promoter sequence. The promoter mutations
in B-thalassemias result in decreased RNA polymerase binding to
the transcriptional start site, and thereby reduce B-globin gene
expression.

Globin gene expression in erythroid cells is also dependent on
another regulatory unit: the enhancer. Unlike promoters, which are
situated close to the start site of the gene, enhancers can be positioned
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Fig. 4.1 OVERVIEW OF GENE TRANSCRIPTION FROM DNA TO RNA AND THEN TRANSLA-
TION FROM RNA TO PROTEIN. Protein synthesis requires multiple processes and regulatory steps
including transcript of DNA into RNA, splicing and posttranscription modification of RNA, translation of
RNA into protein, and posttranslational protein modification.

far from either side of the gene, or even within it. This means that
there may be several signals determining whether a certain gene can
be transcribed. In fact, multiple enhancer sites may be linked to one
gene, and each enhancer may be bound by more than one transcrip-
tion factor. Whether or not such a gene is transcribed is the sum of
the activity of these transcription factors bound to the different
enhancers. Enhancers can compensate for a weak promoter by
binding activator transcription factors. For instance, regulation of
gene expression during T-lymphocyte differentiation requires multiple
activating transcription factors, such as lymphocyte enhancer factor
(LEF-1), GATA-3, and ETS-1, binding to the T-cell receptor alpha
gene (TCRA) enhancer.

Transcription factors can also influence multiple genes in coordi-
nation, like the globin family. Enhancers are often the major deter-
minant of transcription of developmental genes in the differing
lineages and stages of hematopoiesis. They can also inhibit transcrip-
tion of specific genes in one cell type while at the same time activating
it in another cell type. When gene sequences routinely negatively
regulate gene transcription, they are termed silencers, not enhancers.
Another type of DNA regulatory sequence is called insulators. These
define borders of multigene clusters to prevent activation of one set
of genes from affecting a nearby set of genes in another cluster.

TRANSCRIPTION OF GENES

The first phase of gene expression occurs when the RNA polymerase
synthesizes RNA from a DNA gene template, which, as described
in the previous section, is called transcription. The encoded material
on the transcribed gene determines the kind of RNA synthesized.
For example, proteins are coded for by messenger RNA (mRNA),
which will later undergo the process of translation. Alternatively, the
transcribed gene may encode transfer RNA (tRNA), which carries
specific amino acids to the ribosome for incorporation into the
growing protein chain during translation. Another type of RNA
synthesized from genes in DNA is ribosomal RNA (rRNA), which
serves as the backbone of ribosomes and interacts with tRNA during
translation. Ribosomes catalyze the formation of proteins using the
mRNA as the code and the tRNA to obtain the amino acids to build
the proteins. Each amino acid is attached to the previous one by
hydrolysis and aminotransferase activity residing within the ribosome.

Transcription of the different classes of RNAs in eukaryotes is carried
out by three different RNA polymerase enzymes. RNA polymerase
I synthesizes the rRNAs, except for the 5S species. RNA polymerase
IT synthesizes the mRNAs and some small nuclear RNAs (snRNAs)
involved in RNA splicing. RNA polymerase III synthesizes 55 rRNA
and tRNAs.

The most intricate controls of eukaryotic genes are those that
govern the expression of RNA polymerase II-transcribed genes, the
genes that encode mRNA. Most eukaryotic mRNA genes contain a
basic structure consisting of alternating coding exons and noncoding
introns, and have one of two major types of basal promoters, as
defined earlier. These protein-coding genes also can have a variety of
transcriptional regulatory domains, such as the enhancers or silencers
mentioned previously. In addition to management of gene expression
by the binding strength of the RNA polymerase promoters at the
beginning of a given gene, the interaction between activator and
inhibitor transcription factor proteins binding to the given promoter
also exerts regulatory action on transcription.

To initiate transcription, the RNA polymerase must bind to the
promoter sequence. However, as mentioned eatlier, this can only
happen with help from gene-specific transcription factors that
mediate RNA polymerase binding to the promoter. These transcrip-
tion factors are sequence-specific DNA binding proteins that can be
modified by cell signals. Many transcription factors, such as signal
transducer and activator of transcription (STAT) proteins, require
phosphorylation in order to bind DNA. Because transcription factors
can be targeted by kinases and phosphatases, phosphorylation can
effectively integrate information carried by multiple signal transduc-
tion pathways, thus providing versatility and flexibility in gene regula-
tion. For example, the Janus kinase (JAK)-STAT pathway is widely
used by members of the cytokine receptor superfamily, including
those for granulocyte colony-stimulating factor (G-CSF), erythropoi-
etin, thrombopoietin, interferons, and interleukins. Normally,
ligand-bound growth factor receptors lead to JAK2 phosphorylation,
which then activates STAT, also by phosphorylation. Activated STAT
then dimerizes, translocates to the hematopoietic cell nucleus, binds
DNA, and promotes transcription of genes for hematopoiesis. Altera-
tion of JAK2, such as a V617F mutation, results in a constitutively
active kinase capable of driving STAT activation. This leads to con-
stitutive transcription of STAT target genes, and results in myelopro-
liferative disorders such as polycythemia vera.
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Fig. 42 ROLE OF TRANSCRIPTION FACTOR BINDING SITES IN THE REGULATION OF
EUKARYOTIC GENE EXPRESSION. (A) Schematic diagram of a eukaryotic promoter showing transcrip-
tion factor binding sites in the promoter region before the factor IX gene, the TATA box, and the start site
of transcription (7ed x). Not shown are histones, coregulators, mediators, or chromatin remodeling complexes.
(B) Effect of a mutation in the HNF4oul binding site on expression of the blood coagulation gene factor IX.
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Fig. 4.3 CHROMATIN STRUCTURE. (A) The nucleosome is the fundamental unit of chromatin and is
made up of DNA coiled around histone proteins. In a condensed state, the DNA is tightly wrapped around
histone complexes and target genes are inaccessible to transcription machinery. (B) Histones and DNA can
be epigenetically modified by acetylation and methylation, rendering the target genes more accessible to

transcription machinery.

Mutations in promoter sequences that result in decreased tran-
scription factor binding, and therefore less RNA polymerase binding,
result in decreased gene expression. One of the best examples of a
mutation in a transcription factor binding site associated with a
human disease is in the factor IX gene. The transcription factor
HNF4a is required to bind to the factor IX promoter before this
gene can be transcribed. Patients with a mutation in the HNF4o
binding site can develop hemophilia B, an X-linked recessive bleeding
disorder primarily affecting males (Fig. 4.2).

The ability of transcription factors and RNA polymerases to access
specific promoters and transcribe genes is also regulated by the
packaging of DNA into discrete packets by proteins generically
termed chromatin. Chromatin can package DNA tightly or loosely,
and this regulates the availability of a gene for transcription. Several

factors affect the openness of chromatin, and therefore regulate avail-
ability of the DNA to transcription factors and RNA polymerases.
There are two types of chromatin: euchromatin and heterochromatin.
Euchromatin refers to loosely packaged DNA, where RNA polymer-
ases can freely bind to DNA and genes are actively transcribed.
Heterochromatin refers to tightly packaged DNA, protected from
transcription machinery, sequestering genes away from transcription.
The basic unit of chromatin is the nucleosome, which contains eight
histone proteins packaging 146 base pairs of DNA wound 1.7 times
around the histone complex (Fig. 4.3).

These histones can be extensively modified to regulate the acces-
sibility of the DNA to the transcriptional apparatus. Histones can be
chemically modified by acetylation, methylation, phosphorylation, or
ubiquitination. In general, acetylation opens the nucleosome to



Part I Molecular and Cellular Basis of Hematology

increase transcription, while phosphorylation marks damaged DNA.
Histone methylation can either open chromatin to increase transcrip-
tion, or close it to repress transcription, depending on where the
histone is methylated. Ubiquitination is the enzymatic addition or
removal of the ubiquitin moiety from histones. Transcription factors
can themselves recruit histone-modifying enzymes that can regulate
transcription. In hematopoiesis, transcription factors including
GATA-1, ELKFE, NF-E2 and PU.1 recruit histone acetyltransferases
(HATs) and histone deacetylases (HDACs) to promoters of target
genes, leading to addition or subtraction of acetyl groups from his-
tones, thereby affecting chromatin structure and the openness of
DNA to transcription. A gene essential to erythroid maturation and
survival, GATA-1, for instance, directly recruits HAT complexes to
the B-globin locus to stimulate transcription activation.

Chromatin usually tightly packages DNA, which is essential for
the cell to have a functional size and shape. Therefore, for transcrip-
tion to take place, the DNA must be unwound from the chromatin.
This process of unpackaging is called chromatin remodeling and is
mediated by a family of proteins with switch/sucrose nonfermentable
SWI/SNF domains. These proteins use ATP hydrolysis to shift the
nucleosome core along the length of the DNA, a process also known
as nucleosome sliding. By sliding nucleosomes away from a gene
sequence, SWI/SNF complexes can activate gene transcription.

SWI/SNF proteins also contain helicase enzyme activity, which
unwinds the DNA by breaking hydrogen bonds between the comple-
mentary nucleotides on opposite strands. By unwinding the DNA
into two single strands, the DNA can then be read by RNA poly-
merases in the direction 3’ to 5”. A new antiparallel RNA strand, 5’
to 3’, is produced by RNA polymerases to mirror the coding strand
of the DNA, with the exception of all thymine nucleotides replaced
by uracil nucleotides. SWI/SNF proteins have the ability to utilize
Brahma (BRM) or Brahma-related gene 1 (BRG1) as alternative cata-
lytic subunits with ATPase activity to remodel chromatin. The SW1/
SNF complex has been shown to be active in the DNA damage
response and is also responsible for tumor suppression. More recently,
BRM and BRG1 have been proposed as independent tumor suppres-
sors; however, their role in hematologic malignancies is not known.

DNA itself can be chemically modified to amplify or suppress
transcription. CpG sites with gene promoter regions can be chemi-
cally modified by methylation enzymes DNA methyltransferases
(DNMTs), which subsequently decrease binding of RNA polymerase
and associated transcription factors. Hypermethylation has been
observed in bone marrow cells of patients with myelodysplastic
syndromes (MDS) and the degree of DNA hypermethylation cor-
relates with disease stage. In MDS the promoters of genes that are
important for myeloid differentiation are hypermethylated, repress-
ing their transcription, and inhibiting proper maturation of the
myeloid lineages. Hypomethylating agents such as azacitidine and
decitabine can induce remission and prolonged survival in MDS
patients. The regulation of gene expression by modification of chro-
matin or DNA itself is termed epigenetic, as it alters cell function
without altering the nucleotide sequence of the DNA.

Such epigenetic modifications are crucial to the behavior of
hematologic diseases. Mutation of the DNMT3 genes may have
indirect effects on gene expression without altered DNA methylation,
as have been observed in 20% of acute myeloid leukemia (AML) cases
and are correlated with poor clinical outcome. The Ten-Eleven-
Translocation oncogene member, TET2, which plays a role in DNA
methylation and therefore epigenetic stability, is mutated in AML,
MDS, chronic myelomonocytic leukemia (CMML), and other
myeloproliferative neoplasms (MPNs). Another recurring observa-
tion in blood malignancies is aberrant histone methylation, for
example at H3K27, seen in myelodysplasia. This is associated with
altered gene expression affecting cell cycle, cell death, and cell adhe-
sion pathways.

Before a final mRNA product is made that can be translated,
several proofreading regulatory steps must take place. The RNA
polymerase may not even clear the promoter and slip off, producing
truncated transcripts. Once the transcript reaches approximately
23 nucleotides, the RNA polymerase no longer slips off, and full

transcript elongation can occur. RNA polymerase then continues to
traverse the template DNA strand, using ATP while complementarily
pairing bases and forming the phosphodiester—ribose backbone.
Many RNA transcripts may be rapidly produced from a single copy
of a gene, as multiple RNA polymerases may be transcribing the gene
simultaneously, spaced out from one another. An important proof-
reading mechanism during elongation allows the substitution of
incorrectly incorporated bases, usually by permitting short pauses
during which the appropriate RNA editing factors can bind. RNA
editing mechanisms in mRNAs include nucleoside modifications of
cytidine to uridine (C-U) and adenosine to inosine (A-I) by deamina-
tion, as well as nucleotide insertions and additions without a DNA
template by proteins called edizosomes.

Another repair mechanism is transcription-coupled nucleotide
excision repair, where RNA polymerase stops transcribing when it
comes to a bulky lesion in one of the nucleotides in the gene. A large
protein complex excises the DNA segment containing the bulky
lesion, and a new DNA segment is synthesized to replace it, using
the opposite strand as a template. The RNA polymerase then resumes
transcribing the gene. However, in general, RNA proofreading
mechanisms are not as effective as in DNA replication, and transcrip-
tion fidelity is lower.

After a gene is transcribed, mRNA is modified to protect it and
target it for translation to protein. These modifications include
capping and polyadenylation. Capping occurs shortly after the start
of transcription, when a modified guanine nucleotide is added to the
5" end of the mRNA. This terminal 7-methylguanosine residue is
necessary for proper attachment to the ribosome during translation.
It also protects the RNA from endogenous ribonucleases that degrade
uncapped RNA, which is often viral in origin.

RNA polymerases do not terminate transcription in an orderly
manner. They tend to be processive, yet the cell cannot tolerate a
population of mRNAs that are enormous in size. Therefore, mRNAs
have a signal, the sequence AAUAA, that defines the end of the
transcript. Ribonucleases cut mRNAs shortly after that signal, and a
chain of several hundred adenosine residues is added to that free 3’
transcript end. Synthesis of this poly(A) tail and termination of
transcription requires binding of specific proteins, including cleavage/
polyadenylation specificity factor (CPSF), cleavage stimulation factor
(CstF), polyadenylate polymerase (PAP), polyadenylate binding
protein 2 (PAB2), cleavage factor I (CFI), and cleavage factor 1I
(CFII), that function to catalyze cleavage and protect the mRNA
from exoribonucleases. The poly(A) tail also assists in export of the
mRNA from the nucleus and translation. Mutations in the poly(A)
signal can result in hematologic disease. For example, there are
thrombophilic patients with a mutation in the polyadenylation signal
in the prothrombin gene that increases the stabilization of this
mRNA, resulting in higher prothrombin protein levels and increased
thrombosis.

RNA SPLICING

Before the mRNA can be translated into protein, introns must be
removed and the exons re-connected (Fig. 4.4). This process, termed
splicing, requires a series of reactions mediated by the spliceosome,
a complex of small nuclear ribonucleoproteins (snRNPs). The types
of snRNPs in the spliceosome determine the mechanism of splicing,.
Canonical splicing, also called the lariat pathway, utilizes the major
spliceosome and accounts for more than 99% of splicing. The major
spliceosome is composed of the nuclear active snRNPs U1, U2, U4,
U5, and U6 along with specific accessory proteins, U2AF and SF1.
This complex recognizes the dinucleotide GU at the 5" end of an
intron, and an AG at the 3’ end. Intermediately a lariat structure
forms, connecting these ends, providing for both excision of the
intron and proper alignment of the ends of the two bordering exons
to allow precise ligation. When the intronic flanking sequences do
not follow the GU-AG rule, noncanonical splicing removes these rare
introns with different splice site sequences using the minor spliceo-
some. The same U5 snRNP is found in the minor spliceosome, in
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Fig. 4.4 RNA SPLICING. Introns from pre-mRNA are removed by snRNPs,
which form a protein complex called a spliceosome. The spliceosome loops
introns into a lariat, excises them, and then joins exons. The mature mRNA
is then ready for further posttranscriptional processing. s#RNP, Small nuclear
ribonucleoprotein.

addition to the unique yet functionally similar U11, U12, U4atac,
and UGatac. Furthermore, there are splicing mechanisms, includ-
ing tRNA splicing and self-splicing, that function without any
spliceosome.

Splicing is central to proper gene expression, and therefore is
required for appropriate hematopoietic development. One of the best
examples of inappropriate splicing leading to hematologic disease is
[B-thalassemia, where there are a number of different mutations that
occur in the GU-AG splicing signals, resulting in aberrant -globin
mRNAs. Abnormal splicing can also lead to AML and other hema-
tologic disorders. Translocated in liposarcoma (TLS) is a protein that
recruits splicing complexes to mRNAs, and it is involved in the
TLS-ERG fusion oncogene in t(16;21) in AML. This fusion of TLS
with the transcription factor ERG alters the splicing profile of imma-
ture myeloid cells, blocking the expression of genes required for
proper differentiation.

Trans-splicing is a form of splicing that joins two exons that are
not within the same mRNA transcript. Some trans-splicing events
occur when the intron splice donor sites are not filled by spliceosomes.
They can lead to mRNAs displaying exon repetitions or chimeric
fusion RNAs, which can mimic the presence of a chromosomal
translocation in normal cells. For example, specific chimeric fusion
mRNA seen in acute leukemias, such as MLL-AF4, BCR-ABL, TEL-
AMLI, AML1-ETO, PML-RAR, NPM-ALK, and ATIC-ALK, have
been found in blood cells of healthy individuals with normal chromo-
some karyotype. Interestingly, these individuals do not develop leu-
kemia, indicating that these fusion oncoproteins must be heritable
(in DNA) and that they must occur in the appropriate hematopoietic
precursor cell for leukemogenesis.

Alternative splicing can enhance the versatility and diversity of a
single gene. By alternatively excising different introns along with the
intervening exons, a wide range of unique proteins of differing sizes
can be generated. These alternative proteins, termed isoforms, come
from one gene that generates a variety of mRNA with varying exon
composition. Alternative splicing is common, and essential for the
proper function of almost all hematopoietic cells. For example, B cells
are able to produce both IgM and IgD at the same developmental
stage using alternative splicing. Additionally, erythrocytes use alterna-
tive splicing to produce differing isoforms of cytoskeletal proteins.
However, alternative splicing does not always give beneficial results.
The mutations in the splicing signals in the 3-globin gene mentioned
carlier for (-thalassemia result in abnormal alternative splicing. In
addition, in patients with chronic myelogenous leukemia (CML)
resistance to tyrosine kinase inhibitor therapy has been linked to
alternative splicing of the BCR-ABL transcript.
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Fig. 4.5 NUCLEAR EXPORT OF RNA THROUGH NUCLEAR PORE
COMPLEXES. The central core of the nuclear pore complex consists of a
ring structure embedded in the nuclear envelope. Radiating in toward the
nucleus is a nuclear basket that extends filamentous proteins in surveillance
for mRNA. The central ring structure also radiates cytosolic protein filaments,
which act to facilitate release of cargo into the cytoplasm.

Because RNA splicing is central to proper gene expression, muta-
tions in spliceosomes can result in MDS and other related hematologic
disorders. Mutations in the RNA splicecosome splicing factor 3b,
subunit 1 (SF3B1) has been observed in 68% to 75% and 81% of
RARS and RARS-T patients, respectively. The molecular conse-
quences of altered SF3B1 splicing activity are yet to be determined.

Additional spliceosomal mutations that are associated with MDS
include U2 small nuclear RNA auxiliary factor I (U2AF1) and serine/
arginine-rich splicing factor 2 (SRSF2). U2AF1 is a subunit of the
U2AF heterodimer, which is also composed of a 65-kDa subunit
(U2AF2). While U2AF2 contacts the pyrimidine site, U2AF1 inter-
acts with the AG splice acceptor of the target intron. Mutations in
the U2AF1 gene are associated with a number of myeloid malignan-
cies and occur in 8.7% to 11.6% of de-novo cases of MDS.

SRSF2 is a member of the serine/arginine-rich pre-mRNA splic-
ing factors. SRSF2 appears to play an important role in the acetylation/
phosphorylation processes of RNA splicing and may be vital to
alternative mRNA splicing. Mutations in the SRSF2 gene are associ-
ated with MDS and related diseases, particularly CMML. Frequencies
of mutations in CMML have been reported to occur in up to 47%
of patients. While the overall consequences of these spliccosomal
mutations are not fully understood, they each contribute to the
overall survival outcomes of MDS and other hematologic disorders.

NUCLEAR EXPORT OF RNA

The nuclear envelope serves as a major regulator of gene expression
by controlling the flow of RNA to the cytoplasm for translation.
Nuclear pore complexes (NPCs) inserted within the nuclear envelope
regulate the transport of molecules in and out of the nucleus. Ions,
small metabolites, and proteins under 40 kDa passively diffuse across
NPC channels. However, larger proteins and mRNA are transported
through NPCs via energy-dependent (GTP) and signal-mediated
processes that require chaperoning transport proteins.

NPCs are composed of three major parts: (1) a central core con-
taining a 10-nm channel, (2) a nuclear basket that can dilate in
response to large cargoes, and (3) flexible fibrils that extend from the
central core into the cytoplasm (Fig. 4.5). These large NPCs are
composed of nucleoporins (Nups). Demonstrating how crucial
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nuclear export of mRNA is for correct hematopoietic development,
mutations or deletions in Nups can result in MDS and leukemia. For
example, point mutations of Nup98 in hematopoietic precursors
results in myelodysplasia and eventual AML. Furthermore, multiple
translocations involving Nup98 (up to 29 recognized partners) have
been found in patients with MDS and AML as the sole cytogenetic
abnormality.

Naked RNA cannot be exported through NPC channels. Rather,
RNA export from the nucleus requires that newly synthesized RNAs
undergo the previously described processing steps: 5" capping, splic-
ing, and 3’ polyadenylation. In addition, RNA binding proteins are
required to fold and shuttle the modified RNA through NPCs.
Several of these RNA binding proteins have been identified as
important in hematopoiesis. For example, the eukaryotic translation
initiation factor 4E (eIlF4E) enhances nuclear export of specific RNA
transcripts and is critical for proper granulocyte differentiation.
Overexpression of elF4E impedes myeloid maturation and can result
in AML. Inhibiting eIF4E with ribavirin has shown activity in early-
phase clinical trials of AML and may represent a promising novel
class of leukemia therapy.

RNA METABOLISM

RNA does not live forever, and that is a good thing. In mammalian
cells, mRNA lifetimes range from several minutes to days. The
limited lifetime of mRNA enables a cell to alter protein synthesis in
response to its changing needs. The stability of mRNA is regulated
by the untranslated regions (UTRs) of mRNA. UTRs are sections of
the mRNA before the start codon (5") and after the stop codon (3)
that are not translated. These regions govern mRNA half-life, local-
ization, and translational efficiency. Translational efficiency—both
enhancement and inhibition—can be controlled by UTRs. Both
proteins and small RNA species can bind to either the 5" or 3" UTRs,
and these can either regulate translation or influence survival of the
transcript. There are several fascinating mechanisms by which this
occurs, and these will be described later. UTR sequence regulation of
mRNA survival is essential for proper hematopoietic differentiation.
The best example of this is globin synthesis, where its mRNA is quite
stable because of UTR sequences. This long half-life meets the needs
of reticulocytes to synthesize globin for up to 2 days after terminally
mature erythroblasts lose the ability to make new mRNA.

Some of the elements contained in UTRs form a characteristic
secondary structure that alters the survival of the mRNA transcript.
One class of these mRNA elements, the riboswitches, directly bind
the small molecules that their mRNA encodes enzymes that regulate
its synthesis. For example, the mRNA for several enzymes in the
cobalamine pathway has riboswitches that bind adenosylcobalamine,
and this regulates the survival of these mRNAs. Thus, in states of
high cobalamine, there is decreased survival of the mRNA for enzymes
used in this synthetic pathway.

Another class of UTR secondary structures that regulate stability
is exemplified by the prothrombin 3" UTR. This mRNA is constitu-
tively polyadenylated at seven or more positions, and the 3° UTR
folds into at least two distinct stem-loop conformations. These
alternate structures expose a consensus binding site for trans-acting
factors, like heterogeneous nuclear ribonucleoprotein 1 (hnRNP-I),
polypyrimidine tract-binding protein-1 (PTB-1), and nucleolinin,
with translational regulatory properties. Another type of 3 UTR
regulatory sequence involves selenocysteine insertion sequence
(SECIS) elements. These represent another stem-loop RNA structure
found in mRNA transcripts that serve as protein binding sites on
UTR segments that direct the ribosome to translate the codon UGA
as selenocysteines rather than as a stop codon. An example of this
regulation can be found in selenoprotein P in plasma.

Another class of UTR binding site that affects the stability of the
mRNA is the AU-rich elements (AREs). AREs are lengths of mRNA
consisting mostly of adenine and uracil nucleotides. These sequences
destabilize those transcripts attached to them through the action of
riboendonucleases that stimulate poly(A) tail removal. Loss of the

poly(A) tail is thought to promote mRNA degradation by facilitating
attack by both the exosome complex and the decapping complex.
Rapid mRNA degradation via AU-rich elements is a critical mecha-
nism for preventing the overproduction of potent cytokines such as
tumor necrosis factor (TNF) and GM-CSFE. AU-rich elements also
regulate the synthesis of mRNA for proto-oncogenic transcription
factors like c-Jun and c-Fos. The AU elements in the mRNA of these
genes mediate destruction of their transcripts in quiescent cells,
preventing inappropriate cell proliferation that would occur if Fos/
Jun were still active.

Eukaryotic mRNA messages are also subject to surveillance for
accuracy by a mechanism termed nonsense-mediated decay (NMD).
The NMD complex surveys the transcript for the presence of prema-
ture stop codons (nonsense codons) in the message. These premature
stop codons can arise via either incomplete splicing mutations in
DNA, transcription errors, or leaky scanning by the ribosome,
causing frame shifts. Detection of a premature stop codon by NMD
triggers mRNA degradation by 5" decapping, 3" poly(A) tail removal,
or endonucleolytic cleavage.

Translational efficiency can be regulated by cellular factors that
bind mRNA in a sequence-specific manner. Iron metabolism is an
excellent example of how cells coordinate uptake and sequestration
of an essential metabolite in response to availability. Transferrin is a
plasma protein that carries iron. Receptors for transferrin (TfR) are
expressed on cells requiring iron for maturation, such as erythroid
progenitor cells. They mediate internalization of transferrin loaded
with iron into the cytoplasm through receptor-mediated endocytosis.
When a cell becomes iron deficient, a Kreb cycle enzyme, aconitase,
is structurally altered, becoming an iron-responsive protein (IRP) so
that it can bind to iron-responsive elements (IREs) in the UTR of
transferrin receptor (TfR) mRNA (Fig. 4.6). UTR binding leads to
stabilization of the TfR mRNA transcript, thus allowing greater
availability for translation, which results in increased protein expres-
sion. However, when a cell has sufficient iron, aconitase is not altered,
and TfR mRNA becomes unstable and prone to degradation. There-
fore, in that situation, TR receptor expression is low and the fewer
receptors import less iron.

MICRO-RNA

In the last two decades another powerful mechanism of regulation of
gene expression at the RNA level has been discovered. In this mecha-
nism small RNA molecules, termed micro-RNA (miRNA), bind to
complementary sequences on target mRNA transcripts. This binding
results in either degradation or inhibition of translation, and conse-
quent silencing of gene expression. There are roughly 1000 miRNA
molecules coded in the human genome, indicating how robust this
regulatory mechanism is. These miRNAs usually contain 18 to 25
nucleotides, and each miRNA has the potential to target about 500
genes. Conversely, an estimated 60% of all mnRNAs have one or more
sequences that are predicted to interact with miRNAs. This principle,
often termed RNA interference (RNAI), has also been very useful in
the laboratory, allowing investigators to repress the expression of
specific genes to study artificially induced phenotypes. In these
studies, small interfering RNAs (siRNA) are synthetically created to
bind to homologous sequences within specific mRNAs. These are
then transfected into cells, where they mediate destruction of their
target mRNA through endogenous ribonucleases. Repression of gene
expression in this manner has become known as “gene knock-down,”
and is widely used to define the function of genes by assessing what
function the cell lacks in the absence of the expression of the target
ene.
¢ miRNAs are produced from transcripts that form stem-loop
structures, whereas siRNAs are produced from long double-stranded
RNA (dsRNA) precursors (Fig. 4.7). Similarly, both miRNAs and
siRNAs are processed in the nucleus by a multiprotein complex called
the RNA-induced silencing complex (RISC), which contains the
RNase I1I enzyme Dicer, DGCRS, and Argonaute. The specificity of
miRNA and siRNA interactions with their target mRNAs mediates
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Fig. 4.7 RNA INTERFERENCE AND CONTROL OF GENE EXPRESSION. The stem-loop of the
pri-miRNA gene transcript is first cleaved through the action of the Class 2 ribonuclease IIT enzyme called
Drosha, which takes place in the nucleus and generates the pre-miRNA. In the siRNA pathway the duplex
RNAs are cleaved into 22 to 25 nucleotide pieces through the action of the enzyme Dicer in the cytosol.
Processed miRNA stem-loop structures are transported from the nucleus to the cytosol via the activity of
exportin 5. In the cytosol the processed miRNA stem-loop is targeted by Dicer, which removes the loop
portion. The nomenclature of the mature miRNA duplex is miRNA : miRNA*, where the miRNA* strand is
the nonfunctional half of the duplex. Ultimately, fully processed miRNAs and siRNAs are engaged by the
RISC, which separates the two RNA strands. The active strand of RNA derived cither from the miRNA or
siRNA pathway is complementary or antisense to a region of the target mRNA. RNA interference results in
blockade of translation by ribosomes and/or degradation of mRNA. Pre-miRNA, Recursor miRNA; Pri-
miRNA, primary miRNA; RISC, RNA-induced silencing complex; siRNA, small interfering RNA.
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how they regulate gene expression. For example, the specificity of
miRNA targeting is ruled by Watson—Crick complementarities
between positions 2 and 8 at the 5" end of the miRNA and the 3’
UTR of their target mRNAs.

Two models have been proposed to explain how miRNAs and
siRNAs interfere with the expression of target genes. These models
are: directed degradation of the target mRNA, or interference with
the translation of a target mRNA. In the case of directed mRNA
degradation, the proposed model involves miRNA-mRNA binding
and recruitment of RISC, which ultimately leads to degradation of
the target mRNA. In the interference model it is believed that the
interaction of miRNA, RISC, and mRNA blocks the ribosomal
machinery along the mRNA transcript, preventing translation yet
sparing the mRNA from degradation. This latter model was hypoth-
esized based on work on the Caenorhabditis elegans gene lin-14. In
this example the amount of lin-14 mRNA does not decrease, but the
protein product of the lin-14 mRNA is reduced. In the degradation
model, the paired miRNA-mRNA becomes a target for double-
stranded ribonucleases, which are thought to be part of the innate
immune system as a defense against dsRNA viruses, like rotavirus.

Various disease states have aberrant expression of miRNA. One
example in chronic lymphocytic leukemia (CLL) is the miR-15a4/
miR16-1 cluster (located on chromosome 13q). When this cluster is
deleted in B lymphocytes, there are higher levels of antiapoptotic
proteins such as BCL2 and MCL1, but also higher levels of the tumor
suppressor protein TP53. High levels of antiapoptosis yet with an
intact TP53 tumor suppressor pathway could explain why 13q dele-
tions in CLL are associated with an indolent form of the disease.
Patterns of miRNA expression are correlated with disease progression
in CML, although it is not clear whether these changes are causative
or epiphenomena. An example of the prognostic information that
can be provided by changes in miRNA levels is miR328, whose
expression levels fall significantly when CML begins to progress to
blast crisis.

SUMMARY

In summary, control of gene expression is a highly regulated process
with several steps including: (1) DNA transcription into RNA, (2)
splicing of mRNA into translatable transcripts, (3) modifying the

mRNA transcripts for stability, (4) packaging the mRNA for export
from the nucleus to the cytoplasm, and (5) regulation by miRNA.
The ultimate goal of most posttranscriptional modifications is to
make the mRNA available for translation into proteins. Perturbations
in any of these steps can result in hematologic disease. However, while
the regulation of RNA has risk of disease at every step, it also possesses
the promise of therapeutic intervention. Indeed, RNA metabolism
has been an under-explored pathway for drug development in hema-
tology, but that deficit is rapidly being overcome as more attention
is being paid to targeting aberrant RNA pathways in an effort to
restore normal gene expression.
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CHAPTER

PROTEIN SYNTHESIS, PROCESSING, AND TRAFFICKING

The final step in the transfer of the genetic information stored in
DNA into proteins is the translation of the intermediary messenger
molecules, mRNAs (see Chapter 1). Protein synthesis occurs in the
cytoplasm and generates a great variety of products endowed with a
wide spectrum of functions. The complete set of proteins produced
by a cell is called the prozeome and is responsible for the remarkable
diversity in cell specialization that is typical of metazoan organisms.
To be functional, proteins need to be propetly folded, assembled,
often modified and transported to the final destination. The cell has
in its interior several membrane-bound compartments, termed
organelles, such as the mitochondria, the peroxisomes, the nucleus
and the endoplasmic reticulum to which the proteins may be targeted.
Since each compartment serves a particular purpose, protein transport
is crucial to maintain the identity and functions of each organelle.
Intracellular physiology depends on the proper and coordinated
functioning of the organelles. In many cases protein folding and
processing are coupled with protein trafficking so that the targeting
process is unidirectional and irreversible.

This chapter briefly describes how proteins are synthesized and
then focuses on their processing and delivery to their appropriate
destinations within the cell. An understanding of the machines that
catalyze protein folding, assembly, processing, and targeting is relevant
to the study of hematology providing a basis for an explanation of
how malfunctions in these processes can cause hematologic
disorders.

PROTEIN SYNTHESIS

Among the biosynthesis of macromolecules occurring in a cell,
protein synthesis is the most important in quantitative terms. It is a
highly energy-consuming process and proceeds through a mechanism
that has been conserved during evolution. Proteins are synthesized by
the joining of amino acids, each of which has characteristic physico-
chemical properties (see Table 5.1 for single letter designations).
Peptide bonds are created by the condensation of the o-carboxyl
group (COOH) of one amino acid with the 0-amino group (NH,)
of another. The free NH, and COOH groups of the terminal amino
acids define the amino- or N-terminal end and the carboxyl- or
C-terminal end of the resulting polypeptide chain, respectively. In
many cases multiple polypeptide chains assemble into a functional
protein. For example, hemoglobin is formed by four polypeptide
chains, two 0-globin chains and two B-globin chains that assemble
with heme, an iron-containing prosthetic group, to yield the func-
tional protein designed to deliver molecular oxygen to all cells and
tissues.

The whole process of protein synthesis is orchestrated by a large
ribonucleoprotein complex, called the ribosome. The ribosome 80S
(S stands for Svedberg unit, and refers to the rate of sedimentation)
is typical of mammalian cells and is constituted by a large subunit of
60S and a small one of 40S. Additional components are messenger
RNAs (mRNAs), transfer RNAs (tRNAs), amino acids, soluble
factors, ATP and GTP. Activation of amino acids by coupling to their
cognate tRNAs occurs before polypeptide chain initation. This
crucial function is carried out by 20 different aminoacyl-tRNA
synthetases, one for each amino acid, which generate aminoacyl-
tRNAs at the expense of ATP and operate a quality control on the
coupling reaction. Eukaryotic mRNA molecules typically contain a
5’-untranslated region (5° UTR), a protein coding sequence that
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begins with the initiation codon AUG and ends with one of three
stop codons (UAA, UAG, UGA), and a 3’-untranslated region (3
UTR). The 5"-end carries a 7-methylguanosine structure called a
“cap” (m’GpppN mRNA) whereas the 3’-end is polyadenylated.
These modifications are required to protect the mRNA from degrada-
tion, for export out of the nucleus, and for efficient recruitment of
ribosomes for translation. Once in the cytoplasm, the 40S ribosomal
subunit binds to the cap and then scans the mRNA toward the 3"-end
until a translation start codon is encountered, usually the first AUG
(underlined) located in a nucleotide context optimal for translation
initiation which is called the Kozak consensus sequence (A/
GNNAUGG). The assembly of the 60S subunit with the 40S pro-
duces an 80S ribosome. A special tRNA specific for methionine,
called the initiator (tRNAM®) is required for the initiation of protein
synthesis at the initiation codon. Aminoacyl-tRNAs ferry amino acids
to the ribosome for joining together in sequence as the ribosome
moves toward the 3”-end of the mRNA. The codons in the mRNA
interact by base-pairing with the anticodon of the tRNAs so that
amino acids are incorporated into the nascent polypeptide chain in
the right order. Translation is terminated when the ribosome encoun-
ters a stop codon where the polypeptide is released. Typically, multiple
ribosomes are engaged in the translation of a single mnRNA molecule
in a complex termed a polyribosome or polysome.

Protein synthesis is divided into three phases: initiation, elonga-
tion and termination. Each phase requires a set of soluble proteins
(or factors) which transiently associate with the ribosomes and are
called initiation, elongation and termination (or release) factors that
are termed elFs, eEFs, and eRFs, respectively, where the prefix “¢”
indicates their eukaryotic origin. Many soluble factors required for
protein synthesis belong to the G-protein (guanine nucleotide-
binding proteins) superfamily which are regulatory molecules that
promote unidirectionality of important cellular processes such as
hormone and growth factor signaling, membrane trafficking and
neurotransmission. Dysfunctions of G-proteins are involved in
human diseases, including cancer.

REGULATION OF mRNA TRANSLATION

There are two major general regulatory steps in mRNA translation
that are mediated by the initiation factors eIF2 and elF4. All cells
regulate the rate of protein synthesis through reversible covalent
modification of eIF2, a soluble factor required for the binding and
recruitment of the Met-tRNAM to the 40S ribosomal subunit.
elF2 is a heterotrimeric G-protein that can exist in an inactive
form bound to GDP or an active form bound to GTP. The elF2-
GTP/Met-tRNAM* ternary complex binds to the 40S subunit.
Joining of the 60S subunit triggers hydrolysis of GTP to GDP and
thus converts elF2 to the inactive form whereas the opposite reaction
is catalyzed by a guanine nucleotide exchange factor (GEF) called
elF2B. Phosphorylation regulates eIF2 function. In reticulocytes,
which primarily synthesize hemoglobin, heme starvation inhibits the
synthesis of 0- and B-globin chains by activating a protein kinase,
called hemin-regulated inhibitor (HRI) that specifically phosphory-
lates the o subunit of eIF2. The phosphorylated form of elF2 binds
more tightly than usual to elF-2B, so that elF-2B is sequestered and
not available for the exchange reaction. Thus, eIlF2 molecules remain
in the GDP-bound form and translation of globin mRNA comes to
a halt. In this manner, globin chains are not synthesized in the
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Examples of Sorting Signals

Signal

Organelle Location® Example

Posttranslational Uptake

Nucleus Internal SPKKKRKVE (import; NLS of SV40
large T antigen)

KR-spacer (PAATKKAGQ)-KKKK
(import; bipartite NLS of
nucleoplasmin)

LQLPPLERLTLD (export; NES of
HIV-1 rev)

MLGIRSSVKTCFKPMSLTSKRL
(iron-sulfur protein of complex II1)

KANL (PTS1, human catalase)

RLQVVLGHL (PTS2, human
3-ketoacyl-CoA thiolase)

Mitochondrion N-terminal

Peroxisomes C-terminal

N-terminal

Cotranslational Uptake

ER N-terminal MMSFVSLLLVGILFWATEAE

QLTKCEVFQ (ovine lactalbumin)

ER, Endoplasmic reticulum; HIV, human immunodeficiency virus; NES, nuclear
export signal; NLS, nuclear localization signal; PTS1, peroxisomal targeting
signal-1; PTS2, peroxisomal targeting signal-2; SV40, simian virus 40.

“Acidic residues (negatively charged) are in italic type; basic residues (positively
charged) are in bold type. Amino acids: A, alanine; C, cysteine; D, aspartic
acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; |, isoleucine;
K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine;

R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.

absence of heme, which is required for assembly of functional hemo-
globin. This mechanism of translational inhibition is of more general
significance because elF2 is a target of phosphorylation by additional
protein kinases that cause translational arrest in response to different
conditions of cell stress, such as amino acid starvation, glucose starva-
tion, and viral infection. Overall, eIF2 phosphorylation is a central
event mediated by four protein kinases activated by different stress
conditions to inhibit protein synthesis and has been termed the
integrated stress response.

A second major control point of general protein synthesis is medi-
ated by the eIF4F protein complex that binds the cap (eIF4E) and
uses an ATP-dependent RNA helicase (eIF4A) activity and its stimu-
latory subunit (eIF4B) to unwind structural elements in the 5’-end
of mRNA to make it accessible for 40S ribosome subunit binding.
The elF4E subunit binds the 5’-cap structure and is the least abun-
dant factor regulating translation in mammalian cells. eIF4E forms a
complex with the RNA helicase eIF4A and eIF4G, another crucial
factor that binds mRNA and recruits the 40S ribosomal subunit.
Increased levels of eIF4E stimulate protein synthesis. The cap-binding
activity of eIF4E is inhibited by eIF4E-binding proteins (eIF4EBPs)
which prevent assembly of the elF4F complex. The activity of
elF4AEBP is regulated by phosphorylation mediated by the protein
kinases AKT (also named PKB) and TOR. Since phosphorylated
elF4BP cannot bind eIF4E, eIFAEBP phosphorylation stimulates
translation initiation since it permits elF4G binding and recruitment
of the 40S subunit. Extracellular factors, such as insulin, activate
signaling pathways that stimulate protein synthesis through this
mechanism. Insulin also activates eIF2B exchange activity and in the
long term also increases the cellular ribosome content.

The efficiency of mRNA translation can also be modulated by
cellular factors that bind mRNA in a sequence-specific manner.
An example of this mode of regulation is the control of iron
metabolism in animal cells. Key players of this system are (i) the
iron-responsive element (IRE), a hairpin structure that is formed
in the untranslated regions of the mRNAs and (ii) iron regulatory
proteins that bind IRE (IRPs). In the transferrin receptor (Tfr)
mRNA and ferritin mRNA, IREs are located in the 3 UTR and

5" UTR respectively. In iron-starved cells, the binding of IRPs to
IREs results in the stabilization of Tfr mRNA and inhibition of
translation initiation of ferritin mRNA. Conversely, when iron
is abundant, IRPs have a lower affinity to IREs and as a result
Tfr mRNA is degraded whereas ferritin mRNA translation is
stimulated. In this manner, cells can coordinately regulate iron
uptake and iron sequestration in response to the changes in iron
availability.

Among the cellular factors that modulate translation, noncoding
small RNAs called micro-RNAs (miRNAs) are currently intensely
studied." miRNAs are single stranded RNAs of 20-22 nucleotide in
length that result from the nuclear processing of double-stranded
RNA precursors. miRNAs regulate translation by three molecular
mechanisms: translation repression, mRNA degradation, and
miRNA-mediated mRNA decay. miRNAs anneal to the 5’-end, but
even more frequently to the 3’-end of the target mRNA, and block
translation by inhibiting eIF4F or ribosome scanning of the 5" UTR,
keeping in mind that mRNA circularizes because of interaction of
proteins that bind the 5" and 3" UTRs. Base pairing at the 3"-end can
also lead to deadenylation of the mRNA and degradation or to
endonucleolytic cleavage of the mRNA. Degradation of mRNA takes
place in specialized cytoplasmic organelles, called P-bodies, that are
rich in enzymatic machinery for RNA degradation. Interestingly,
miRNAs contribute to the fine regulation of processes such as apop-
tosis, cell proliferation, hematopoietic differentiation and in cancer
progression.

Finally, another destiny of mature mRNAs is to remain silent in
the cytoplasm. In oocytes or during the first stages of embryogenesis,
latent mRNAs are present and they are quickly translated as the
appropriate signal is triggered.

PROTEIN FOLDING

As the polypeptide emerges from the ribosome, it must fold to
become a mature functional protein. The conformation of a protein
is dictated primarily by the primary structure. Some proteins can
spontaneously acquire their mature three-dimensional conformation
as they are synthesized in the cell and can even fold in a test tube by
a self-assembly process. However, most polypeptides require assistance
from other protein for proper folding. These proteins are molecular
chaperones that either directly assist folding reactions and/or prevent
aberrant interactions, such as aggregation that can occur in a densely
packed environment as the cytosol of eukaryotic cells (protein con-
centration of 200-300 mg/mL). Most molecular chaperones are
heat-shock proteins (Hsps) and in particular are members of the
Hsp70 family. Chaperones bind to short sequence protein motifs, in
many cases containing hydrophobic amino acids. By undergoing
cycles of binding and release (linked to ATP hydrolysis), chaperones
help the nascent polypeptide to find its native conformation, one
aspect of which is hiding hydrophobic sequence motifs in the protein
interior so that they no longer contact the hydrophilic environment
of the cytosol. Some properly folded protein monomers are assembled
with other proteins to form multisubunit complexes. The population
of chaperones that assist folding and assembly in the cytosol is distinct
from those that operate within the endoplasmic reticulum (ER) or
mitochondria.

PROTEIN MODIFICATIONS

Proteins often need to be modified to become functional or be
localized to the correct site. More than a hundred protein modifica-
tions were identified in mammals. These modifications can take place
during synthesis of the polypeptide (cotranslational) or after synthesis
(posttranslational) and can also be reversible or irreversible. Most of
the reversible modifications are carried out by enzymes that catalyze
the transfer of a chemical group from a donor molecule to the target
amino acid and counterpart enzymes catalyze the opposite reaction.
In contrast, proteolytic cleavage of precursor proteins to generate



mature products is irreversible. Here are some features of the most
common protein modifications:

*  Acetylation: ribosome-associated Met-aminopeptidases and acety-
lases cotranslationally cleave off the N-terminal methionine and
acetylate the second residue if it is small (Gly, Ala, Ser, Thr, Cys.
Pro or Val). Approximately 90% of human proteins are
N-acetylated (acetyl group: COCHj). In general, the N-terminal
residue affects the lifetime of a protein.

Another type of acetylation is posttranslational and occurs on the
o-amino group of the side chain of lysine. This modification abolishes
the positive charge of this amino acid. The N-terminal tails of his-
tones, are targets of acetylation that is carried out by histone acetyl
transferases (HATS) and is reversed by histone deacetylases (HDAC:s).
The degree of histone acetylation increases transcriptional activity by
relaxing chromatin structure.

*  Methylation: is the reversible addition of a methyl group (CHj) to
lysine or arginine residues. This modification abolishes the posi-
tive charge and increases the hydrophobicity of the protein.
Histone methylation by histone methyltransferases affects tran-
scriptional activity by modifying the accessibility to DNA either
positively or negatively.

Other processing reactions add anchors to the proteins for membrane
association. Among the most important of these modifications are:

*  Mpyristoylation: is the attachment of a 14-carbon myristoyl group
to the N-terminal glycine residue of a protein. This modification
is co- or posttranslational, irreversible and allows the association
of the target protein with membranes or with other proteins or
lipids.

*  Prenylation: involves the attachment of the 15 carbon farnesyl
group or 20 carbon geranyl group to acceptor proteins that harbor
at the C-terminus the CAAX consensus sequence (C = cysteine,
AA = any aliphatic amino acid except alanine, X = any amino
acid). AAX is first removed by a CAAX protease and the prenyl
group is attached to the side chain of cysteine that is finally also
methylated by a prenylcysteine methyltransferase that uses
S-adenosylmethionine. This complex modification occurs on RAS
protein family members and variants involving CC or CXC ele-
ments at the C-terminus take place on the RAB protein family
that is involved in signaling pathways that control intracellular
membrane traffic (see later). Lack of prenylation on these other-
wise soluble proteins leads to lack of membrane association and
generates severe phenotypes.

Other modifications are crucial to regulate protein function:

*  Phosphorylation: is the transfer of a phosphate group from ATP to
target amino acids in a protein (serine, threonine or tyrosine with
a ratio of occurrence of 1000:100:1). It can be reversed by the
action of protein phosphatases that remove the phosphate group.
It has been estimated that the human genome encodes about 500
protein kinases and 100 protein phosphatases. The catalytic or
biologic activity of many enzymes is transiently regulated by
reversible phosphorylation. Another role of phosphorylation
emerged from studies on intracellular signaling pathways. Phos-
phorylation of a protein substrate can create an interaction site
(or docking site) to bind another protein. Interestingly, many pairs
of docking sites that bind specific small protein domains to
promote protein—protein interaction have been identified. An
example is the SH2 domain of the c-Src protein kinase and other
signal-transducing proteins that recognizes specific phosphotyro-
sine in other proteins. About 111 SH2 domains are found in
proteins encoded by the human genome.

*  Sulfation: this modification occurs at tyrosine residues and is cata-
lyzed by tyrosyl-protein sulfotransferases (TPST) which are
membrane-associated enzymes of the #ans-Golgi network. An

Chapter 5 Protein Synthesis, Processing, and Trafficking

v-Carboxylation of glutamic acid residues in the Gla domain serves to
coordinate calcium ions and is essential for the proper biologic activity
of factors involved in blood coagulation. These factors are prothrombin,
factors VII, IX and X which are involved in the coagulant response, and
protein C and S which play roles in an antithrombotic pathway that
limits coagulation. Bone proteins osteocalcin and matrix Gla protein
also require processing by y-carboxylation for full activity.

This posttranslational modification is catalyzed by y-glutamyl carbox-
ylase, an endoplasmic reticulum (ER) membrane protein. Its obligate
cofactor, reduced vitamin K, is produced by the action of vitamin
K-epoxide reductase (VKOR) which converts oxidized vitamin K to the
reduced form. The activity of VKOR is inhibited by warfarin, a potent
anticoagulant compound. y-Carboxylase homozygous null mutants
manifested dramatic effects on development with partial midembryonic
loss and postnatal hemorrhage. Similar effects were observed in pro-
thrombin or factor V-deficient mice. Thus, the results of these studies
have suggested that the functionally critical substrates for y-carboxylation
are primarily restricted to components of the blood coagulation
cascade. These results highlight the importance of a rare protein
modification for blood coagulation.

unusual nucleotide, a 3’-phosphoadenosine 5’-phosphosulfate
(PAPS), is the universal sulfate donor for TPST-catalyzed reac-
tions. Addition of sulfate occurs almost exclusively on secreted or
membrane proteins and is believed to play a role in the modula-
tion of protein-protein interactions. This protein modification is
critical in the processes of blood coagulation, various immune
functions, intracellular trafficking, and ligand recognition by
several G protein-coupled receptors. Notably, coagulation factors
V and VIII, the gut peptides gastrin and cholecystokinin are
modified by sulfation.

Y-Carboxylation: this modification converts glutamate into
Y-carboxyglutamate that is found in several components of the
coagulation pathway, as well as in a number of other proteins.
This modification is carried out by the enzyme y-glutamyl carbox-
ylase (GGCX) that requires vitamin K as an essential cofactor. The
formation of modified glutamate residues is crucial for the process
of blood coagulation and is described in more detail in Box 5.1.
Ubiquitination: this posttranslational modification results from
the sequential activity of three enzymes, the first activates a small
protein of 76 amino acids named wubiquitin, the second transfers
ubiquitin to ubiquitin ligase that links ubiquitin to lysine residues
present in target proteins and then other ubiquitin molecules to
ubiquitin lysine residues (polyubiquitination). Seven lysine resi-
dues in ubiquitin may serve as sites of linkage in formation of a
polyubiquitin chain. Initially discovered as a mechanism to regu-
late protein degradation via the proteasome, in recent years,
ubiquitination was described to regulate different cellular processes
including DNA repair, vesicle trafficking, and inflammation.
According to the pattern of modification of the target proteins
(monoubiquitinated, polyubiquitinated) different processes can
be triggered (see next section).

Sumoylation: this modification belongs to a group of ubiquitin-
like proteins (Ubl) that are added to proteins via posttranslational
reactions. The small peptide SUMO (small ubiquitin-related
modifier) is among the best characterized Ubl and over 50 proteins
are modified by SUMO addition.

Proteolysis: this modification consists in the cleavage of the poly-
peptide chain at a specific site during its maturation (proinsulin
to insulin), or occurs upon secretion of its inactive form (zymogen)
to prevent potential toxic effects of the processed protein in the
cell (digestive proteases) or because proteolysis is regulated as
occurs for coagulation factors that are secreted into the blood in
an inactive form and are activated by proteolysis at sites of
damaged blood vessels. Proteolysis can take place in more than
one site to generate smaller products as for instance in the matura-
tion of hormones starting from a larger precursor. Proteolytic
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processing of propolypeptides into their mature forms occurs after
the Arg-Xxx-Lys-Arg motif and is mediated by the general protein
processing protease FURIN. FURIN is expressed in all cell types
and removes propeptides from many proteins, including clotting
factors, growth factors, and proteases, and is responsible to convert
these proteins into their functional forms. Other members of the
proprotein convertase (PC) family cleave after pairs of dibasic
amino acids (for example Lys-Arg) and are expressed in specific
cell types, such as neuroendocrine cells. The PCs are responsible
for cleavages that occur to generate many hormones, such as
insulin, glucagon, and adrenocorticotropic hormone.

Other modifications such as N-glycosylation, O-glycosylation and
attachment of a glycosylphosphatidylinositol (GPI) anchor will be
discussed in a separate section.

Finally, proteins can also be susceptible to nonenzymatic modifi-
cations that take place under particular conditions, such as during
oxidative stress or in the presence of excess glucose in the blood as in
the case of hemoglobin glycation.

PROTEIN DEGRADATION

The level of a protein in the cell results from the balance between its
synthesis and degradation and a protein’s half-life can vary from
minutes to hours. Moreover, the cell eliminates proteins that contain
mutations that cause protein misfolding. Such misfolded proteins are
marked for destruction and then degraded to avoid toxic effects of
their accumulation. The breakdown of these molecules is achieved in
two major phases. First, the molecules are tagged with wbiguitin,
which is covalently linked to the substrate protein as described earlier.
Second, the tagged molecules are ferried to an ATP-dependent pro-
tease complex called the 26S proteasome, a multi-subunit molecular
machinery specialized in protein destruction. Peptides and amino
acids derived from protein disposal are recycled.

Since its first discovery in carrying out the disposal of damaged
and misfolded proteins, protein ubiquitylation was found associated
to an increasing number of specific regulatory events involving a
selective degradation of key regulatory proteins. Thus, ubiquitylation
is responsible for regulating a wide array of cellular processes includ-
ing differentiation, tissue development, induction of inflammatory
responses, antigen presentation, cell cycle progression and pro-
grammed cell death also named apoptosis (Chapter 18 will review
cell death). In addition, according to the pattern of modification of
the target proteins (monoubiquitination, polyubiquitination) differ-
ent proteins can trigger DNA repair (monoubiquitination of
N-terminal tails in histones) or be subjected to endocytosis (monou-
biquitination of surface receptors).

SORTING FROM THE CYTOSOL INTO OTHER
COMPARTMENTS

Most proteins are synthesized on free polysomes and remain in the
cytosol. These include enzymes involved in many metabolic and
signal transduction pathways, proteins required for mRNA transla-
tion or assembly of the cytoskeleton. Other proteins are imported
from the cytosol into organelles including the nucleus, the mitochon-
drion, and the peroxisome (Fig. 5.1).

In general, there are two types of protein trafficking. In one type,
the protein crosses a lipid bilayer. The polypeptide crosses the mem-
brane in an unfolded state through an aqueous channel composed of
proteins. In the second type, the protein does not traffic across a lipid
bilayer and is exemplified by trafficking into the nucleus or from the
endoplasmic reticulum (ER) to the Golgi compartment. In these
cases, proteins and protein complexes are transported in their folded/
assembled state.

The trafficking events are governed by sorting signals (i.e., short
linear sequences or three-dimensional patches of particular amino
acids) and by their cognate receptors (see some examples in Table

5.1). The first sorting decision occurs after approximately 30 amino
acids of the nascent polypeptide are extruded from the ribosome. If
the nascent polypeptide lacks a “signal sequence,” most often found
near the amino-terminal end, the translation of the polypeptide is
completed in the cytosol. Then the protein either remains in the
cytosol or is posttranslationally incorporated into one of the indicated
organelles (see Fig. 5.1). If the protein does contain an amino-terminal
signal sequence it is imported co- or posttranslationally into the ER
or mitochondrion. Trafficking of proteins from the ER to the Golgi
compartment and lysosomes occurs via vesicle budding and fusion
events (see Fig. 5.1).

Targeting of Nuclear Proteins

One of the distinctive features of all eukaryotic cells is that the
genome is contained in an intracellular compartment called the
nucleus. The nucleus is bounded by a double membrane that forms
the nuclear envelope (NE) (see Fig. 5.1). The outer nuclear membrane
is continuous with the ER and has a polypeptide composition distinct
from that of the inner membrane. About 3000 nuclear pore com-
plexes (NPCs) perforate the NE in animal cells. Although NPCs
allow unrestricted, bidirectional movement of molecules smaller than
40,000 Daltons, traversal of larger molecules across NPCs is tightly
regulated. NPCs are approximately 120 nm in external diameter and
comprise approximately 50 different proteins (nucleoporins),
arranged in a complex cylindrical structure with an octagonal sym-
metry. Nucleoporins constitute the scaffold of the NPC and are
arranged in rings. In the inner ring, nucleoporins containing repeats
of two hydrophobic amino acids, phenylalanine and glycine
(FG-repeats), secem to be essential for the movement of the cargo-
carrier complexes and for creating a selectivity barrier against the
diffusion of nonnuclear proteins. The FG-nucleoporin filaments
protrude toward the inner core of the NPC and the weak hydrophobic
interactions between the FG-repeats and the cargo-carrier complexes
mediate the passage of molecules.

NPCs are capable of importing and exporting molecules or
complexes, provided that the molecules have an exposed nuclear
localization signal (NLS) or nuclear export signal (NES). These
signals are not always easy to predict. In Table 5.1 some of the
best-known signals are listed. The function of these signals in import-
ing or exporting a protein was analyzed by critically testing both the
effects of amino acid substitutions on transport and the capability of
the signal to target in or out of the nucleus an attached reporter
protein. The nuclear localization signals are not cleaved off as occurs
for other signals (see later) and thus can function repetitively. Can-
didates exposing signals for nuclear import (i.e., transcription factors,
coactivators or corepressors, DNA repair enzymes, ribosomal proteins
and mRNA processing factors, etc.) or export (ribosomal subunits,
mRNA-containing particles, tRNAs, etc.) are transported through
the NPC in association with soluble carrier proteins, called karyo-
pherins (also called importins, exportins or transportins), which
function as shuttling receptors for different protein cargos. According
to the direction of transport, they are divided into two groups: (i)
importins, if they bind their cargo on the cytoplasmic side of the
NPC and release it on the other and (ii) exportins if they bind the
cargo in the nucleus and release it in the cytoplasm.

Ran is a small Ras-like GTPase, belonging to the G-protein
superfamily, that controls both the docking of carrier proteins with
their cargo and the directionality of transport through cycles of GTP
binding and hydrolysis. Fig. 5.2 exemplifies a cycle of import into the
nucleus. An importin binds the cargo in the cytosol and then associ-
ates with Ran-GDP for trafficking into the nucleus where a Ran-GEF
(guanine-nucleotide exchange factor) catalyzes GTP exchange for
GDP on Ran that triggers cargo release. The importin-Ran-GTP
complex is transported back to the cytoplasm where the conversion of
GTP to GDP is stimulated by a Ran-GAP protein (GTPase-activating
protein) that causes dissociation of Ran from the importin which
can initiate a new cycle. The movement of cargo from the nucleus
to the cytoplasm occurs by formation of a Ran-GTP-exportin-cargo
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Fig. 5.1 SORTING OF PROTEINS FROM THE CYTOSOL TO DIFFERENT DESTINATIONS. Lefi:
steps / to 4a and 46 depict the sorting of proteins destined to organelles of the secretory pathway, endoplasmic
reticulum (ER), Golgi, plasma membrane, lysosome or extracellular space. Right: steps 5 and 6: synthesis of
a cytosolic protein; steps 7, 8 and 9: sorting of proteins to mitochondrion, the nucleus and the peroxisome.

complex that is transported to the cytoplasm where Ran-GAP
triggers the hydrolysis of GTP. The conformational change of the
exportin releases the cargo in the cytoplasm. The different localiza-
tion of Ran-GEF and Ran-GAP and the continuous transport of
Ran-GDP in the nucleus create an asymmetry that is important for
the directionality of the process. In conclusion, karyopherins possess a
cargo-binding domain but also binding domains for nucleoporins and
Ran-GTPase.

Interestingly, there are remarkable examples of regulation of
protein transport into the nucleus. NFxB, a nuclear factor for the
transcriptional enhancer of the ¥ light chain in B lymphocytes, is a
key element of the stress response. This factor is normally retained in
the cytoplasm by interaction with IkB. The TNEF-0 dependent
phosphorylation of IkB releases NFkB that exposes an NLS and
migrates into the nucleus where it activates transcription of several
target genes. For the glucocorticoid receptor (GR), which is localized
in the cytoplasm, the binding to the lipophilic ligand exposes an NLS
which is recognized by an importin and allows translocation into the
nucleus where GR activates genes by binding to GR-responsive-ele-
ments in their promoter regions.

Targeting of Mitochondrial Proteins

The mitochondrion is an essential cellular compartment in eukary-
otes. Although it contains a genome organized in a circular DNA

molecule and independent transcriptional/translational machinery,
98% of the approximately 1500 proteins that constitute the mito-
chondrial proteome are encoded by nuclear DNA and are imported
from the cytosol after their synthesis. A small number of highly
hydrophobic proteins is encoded by mitochondrial DNA and syn-
thesized inside the organelle by a translational machinery of bacterial
origin using organelle-transcribed mRNAs.

Like nuclei, mitochondria have two membranes: the outer mem-
brane (MOM) contacts the cytosol whereas the inner membrane
(MIM) forms numerous invaginations named cristae where the
enzymes that synthesize ATP through reactions of the electron
transport chain and oxidative phosphorylation reside. Where the
MOM is permeable to small molecules (less than 5 kDa) and ions,
the inner membrane is highly impermeable, a property essential to
create an electrochemical gradient necessary to drive the synthesis of
ATP: The space enclosed by the two membranes is the intermembrane
space (IMS) and the space enclosed by the inner membrane is the
matrix. Protein transport into mitochondria appears to be unidirec-
tional, as no proteins are known to be exported from mitochondria.
A remarkable exception is represented by apoptosis. Upon this condi-
tion, there is a mitochondrial permeability transition that permits
release of cytochrome c and other factors from the IMS to the cytosol
that trigger an intracellular pathway leading to death. Posttransla-
tional translocation and sorting of nuclear-encoded proteins into the
various mitochondrial subcompartments are achieved by the con-
certed action of translocases.
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Fig. 5.2 MECHANISM OF PROTEIN IMPORT INTO THE NUCLEUS.
The figure shows the different localization of Ran-GAP and Ran-GEF that
regulate the direction of nuclear transport. A Ran-GTP-exportin-cargo
complex is transported from the nucleus to the cytoplasm where a Ran-GAP
stimulates the GTPase activity of Ran. Ran-GDP dissociates from the
complex and induces the release of the cargo from exportin. Ran-GDP is
transported back to the nucleus by association with an importin-cargo
complex and in the nucleus the activity of a Ran-GEF triggers GDP-GTP-
exchange and this induces the dissociation of the cargo from importin.
Ran-GTP binds an exportin-cargo complex and another cycle begins. GAR
GTPase-activating protein; GDP guanosine diphosphate; GEE guanine
nucleotide exchange factor; GTE guanosine triphosphate; VLS, nuclear
localization signal, NPC, nuclear pore complex. (Adapted from Lodish H, Berk
A, Matsudaira P et al: Molecular cell biology, ed 5, New York, 2003, WH.

Freeman.)

Precursor proteins usually have one of two targeting signals: (1)
an amino-terminal presequence that is generally between 10 and 80
amino acids long and forms an amphipathic o-helix, which is rich in
positively charged, hydrophobic and hydroxylated amino acids (Table
5.1); or (2) a less well-defined, hydrophobic targeting sequence dis-
tributed throughout the protein. The translocase of the outer mem-
brane (TOM) complex functions as a single entry point of incoming
precursors into the mitochondria and is crucial for the biogenesis of
the organelle and for the viability of eukaryotic cells. Preproteins
translocate through the TOM complex in an N-to-C direction in an
unfolded state. TOM translocase is a heteromolecular protein
complex whose central component is Tom40, an essential protein that
forms the protein-conducting channel. After crossing the outer
membrane, proteins segregate according to their signals and recognize
two distinct translocases of the inner membrane (TIM23 and
TIM22). Presequence-containing proteins are directed to the TIM23
complex that mediates transport across the inner membrane, a process
which requires the electrochemical membrane potential and the ATP-
driven action of the matrix heat shock protein 70 (mtHsp70). Once
in the matrix, the presequence is often cleaved by a mitochondrial
processing peptidase (MPP). Proteins with internal targeting signals
are guided to the TIM22 complex. Membrane insertion at the TIM22
complex is also dependent on the membrane potential. Other
machineries of protein sorting are the intermembrane space import

and assembly machinery (MIA) that drives the import of proteins
with cysteine-rich motifs, the sorting/assembly machinery (SAM)
that inserts precursors of proteins with a transmembrane B-barrel
domains in the MOM and the mitochondrial import machinery
(MIM) that import outer membrane proteins with o-helical trans-
membrane segments after their recognition by the Tom70 subunit of
the TOM complex.”

In the context of cell biology, mitochondria play relevant roles in
apoptosis, in the communication with the ER and in oxidative stress.
Among the proteins associated with the cytosolic side of MOM, those
of the Bcl-2 family have both pro- or antiapoptotic functions. In
addition, recent studies unveiled an ER-mitochondria linkage that is
important in Ca*" homeostasis and phospholipid biogenesis whereas
oxidative stress generated in the mitochondria is connected to cell
aging and senescence.

Targeting of Peroxisomal Proteins

Peroxisomes are membrane-bound compartments in which oxidative
reactions that generate hydrogen peroxide, such as [-oxidation of
fatty acids, occur. In this organelle hydrogen peroxide is rapidly
degraded by catalase to prevent oxidative reactions that have potential
damaging effects on cellular structures. A single membrane surrounds
the peroxisome that encloses an interior matrix. This organelle lacks
a genetic system and transcriptional/translational machinery. There-
fore, all peroxisomal proteins are nuclear-encoded. Their mRNAs are
translated on cytosolic-free ribosomes and then proteins are imported
posttranslationally by proteins called peroxins (Pex).’

The targeting of matrix proteins is directed by two types of per-
oxisomal targeting signals (PTSs). Type 1 is a carboxyl-terminal tri- or
tetra-peptide (PTS1) whereas type 2 is an amino-terminal peptide of
nine amino acids (PTS2) (see Table 5.1). Two cytosolic Pex, Pex5 and
Pex7, recognize PTS1 and PTS2. Pex5p is sufficient for targeting
PTS1-containing proteins whereas both Pex5 and Pex7 are required
for import of PTS2-containing proteins. These proteins function as
cargo receptors; they bind cargo proteins in the cytosol, release them
into the matrix and cycle back to the cytosol. In humans, Pex5 has
two isoforms, Pex5S and Pex5L. The latter has an additional exon
that is required for binding of Pex7 to Pex5. Matrix proteins cross
the membrane in a folded state, or even as oligomers. Other peroxins
are involved in the import of peroxisomal membrane proteins
(PMPs). Pex3, Pex16 and Pex19 are thought to be involved in the
formation of the peroxisomal membrane and/or insertion of PMPs
in the peroxisomal membrane. Experimental evidence suggests the
existence of two routes by which PMPs can reach peroxisomes, one
direct route and one via the ER. Some PMPs are targeted to peroxi-
somes by Pex19 and others are not. The PMP binds Pex19,
a soluble recycling receptor/chaperone, to form a cargo-receptor
complex that docks on Pex3 in the peroxisomal membrane and then
membrane insertion occurs. The indirect targeting via the ER involves
only some PMPs, Pex3 for example, and so far, has been demonstrated
only in yeast where the Sec61 translocon is required. Other Pex
proteins are involved in ubiquitination. Ubiquitination of the recep-
tors has been proposed to function in concert with AT Pases associated
to diverse activities (AAA" ATPases) that move proteins across mem-
brane using an ATP-dependent mechanism that resembles the ret-
rotranslocation of misfolded proteins from ER lumen to the cytosol
and in recycling the receptors to the membrane surface.

One consequence of the existence of two different mechanisms
for protein import is that when the import of matrix proteins is
defective, membrane ghosts of peroxisomes persist in the cells. In
contrast, when the import of membrane proteins is impaired, neither
normal peroxisomes nor membrane ghosts are present. Defects in
PEX3 underlie Zellweger syndrome that is characterized by the pres-
ence of empty peroxisomes and abnormalities in the brain, liver, and
kidney that cause death shortly after birth. Other syndromes in
peroxisome biogenesis were identified and their occurrence underlines
the essential role of these organelles for human metabolism and
development.*



COTRANSLATIONAL PROTEIN TRANSLOCATION INTO
THE ENDOPLASMIC RETICULUM

The ER is an extensive membranous network that is continuous with
the outer nuclear membrane and is the site for the synthesis of the
massive amounts of lipid and protein used to build the membranes
of most cellular organelles. The ER comprises three interconnected
domains: rough ER, smooth ER, and ER exit sites. The rough ER is
so called because it is studded with bound ribosomes that are actively
synthesizing proteins. Cells specialized in protein secretion, such as
cells of the exocrine glands and plasma cells are rich in rough ER.
The smooth ER lacks ribosomes, is not very abundant in most cells
(except hepatocytes), and is thought to be the site of lipid biosynthesis
and of cytochrome P450-mediated detoxification reactions. Finally,
ER exit sites are specialized areas of the ER membrane where transport
cargo is packaged into transport vesicles en route to the Golgi
apparatus.

Nascent secretory proteins are marked for translocation into
the ER by the presence of an amino-terminal signal sequence (see
Table 5.1). This sequence has a length of about 15-30 amino acids
and displays no conservation of amino acid sequence, although it
contains a hydrophobic core flanked by polar residues that prefer-
entially have a short side chain in proximity to the cleavage site. As
the signal sequence emerges from the ribosome, it is recognized by
the signal recognition particle (SRP), a ribonucleoprotein, and this
binding induces a temporary arrest in translational elongation (Fig.
5.3). The docking of ribosomes to the ER occurs by interaction
of the SRP with the SRP receptor. Upon binding of GTP to both
the SRP and its receptor, the ribosome and the nascent chain are
transferred to the Sec6l translocon complex allowing translation
to resume. Preproteins translocate through the Sec61 complex in
an N-to-C direction. As the nascent polypeptide emerges from the
luminal side of the translocon, its signal sequence is cleaved by signal
peptidase.

In the absence of specific targeting sequences, proteins that
completely translocate into the ER lumen traffic through bulk flow
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to the cell surface. In contrast, proteins that have specific targeting
signals may be localized to the lumen of the ER, the Golgi compart-
ment, or lysosomes. Other proteins that reside in membranes of the
cell contain topologic sequences called transmembrane domains that
consist of ~20 largely apolar amino acids. When a transmembrane
domain enters the translocon, the polypeptide is released laterally
from the Sec61 channel into the lipid bilayer. Membrane proteins
can assume different topologies according to the number and type of
TM domains.

PROTEIN TRAFFICKING WITHIN THE
SECRETORY PATHWAY

Proteins that enter the ER are transported towards the plasma
membrane through the secretory pathway (Fig. 5.4). Specific signals
cause resident proteins to be retained in the ER, Golgi or plasma
membrane. Proteins may also be targeted from the Golgi compart-
ment to lysosomes or from the plasma membrane to endosomes (see
Fig. 5.4, pathways 8 and 9). Initially the study of this complex protein
trafficking took advantage of the use of yeast genetics to isolate
temperature-sensitive mutants (sec) that were defective at different
stages of the secretory pathway. The subsequent characterization of
SEC genes, thanks to the advent of DNA recombinant techniques,
made possible the isolation of the counterparts in mammalian cells
and the beginning of molecular and biochemical investigation of
protein secretion. Many genes encoding products involved in secre-
tion are strikingly conserved from yeast to mammals, indicating the
importance of this pathway for the life of a eukaryotic cell.

Transport through the secretory pathway is mediated by vesicles.
Different sets of structural and regulatory proteins control the fusion
of the appropriate vesicles with the target membrane. Sorting motifs
dictate the selective incorporation of cargo proteins into these vesicles
and their delivery to the intended destination. A major question in
cell biology today is how the identity of the compartments of the
secretory pathway is maintained while allowing unimpeded transit of
other nonresident proteins.
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Fig. 5.3 SYNTHESIS OF PROTEINS SORTED FOR IMPORT IN THE ENDOPLASMIC RETICU-
LUM. The figure depicts the main steps of the cotranslational translocation of a secretory protein into the
endoplasmic reticulum (ER). Steps I and 2: the signal sequence of the emerging polypeptide binds the signal
recognition particle (SRP) to induce a translation arrest. Steps 3 and 4: the binding of the SRP-nascent
polypeptide-ribosome complex to the SRP-receptor triggers GTP hydrolysis on both SRP and the SRP-
receptor. The translocon channel (Sec61p) opens and translation resumes. SRP is recycled. Szep 5: the poly-
peptide chain elongates and emerges on the luminal side of the ER where a signal peptidase removes the signal
sequence. Steps 6, 7 and 8: the synthesis of the polypeptide proceeds until the end of translation and the
protein assumes its native conformation (concurrent glycosylation is not shown). The ribosome dissociates

and its subunits are released.
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Fig. 5.4 PROTEIN TRAFFICKING THROUGH THE SECRETORY PATHWAY. The figure depicts the
secretory pathway starting from the endoplasmic reticulum (ER) (7) to the plasma membrane. Anterograde
ER-Golgi intermediate compartment (ERGIC) and retrograde ERGIC-ER transport are shown (2 and 3). The
transit through the Golgi apparatus is represented according to the cisternae progression and maturation model
described in the text (4 and 5). In the trans-Golgi the constitutive secretory pathway (6) and the regulated
secretory pathway (7) separate. In specialized secretory cells, selected proteins are sorted from the #rans-Golgi
and diverted to secretory vesicles where proteins are stored until an extracellular signal triggers their fusion
with the plasma membrane and release of the content in the extracellular space (regulated exocytosis). In
addition, at the #rans-Golgi proteins destined to the lysosome are sorted and delivered to the organelle through
vesicles (8). The endocytotic pathway (9) mediates the internalization of membrane or soluble extracellular
proteins and their targeting to the lysosome or the recycling of some proteins to the cell surface (not shown

in the figure).

PROCESSING OF PROTEINS IN THE ENDOPLASMIC
RETICULUM

Protein Folding in the Lumen of the ER
Protein chaperones facilitate protein folding in the ER, but amino

acid posttranslational modifications such as asparagine(/V)-linked-
glycosylation and disulfide bond formation are also involved. Proteins

start to fold cotranslationally by interaction with a host of chaperones,
among which is the Hsp70 family member BiP. In addition, there are
folding catalysts that increase the rate of protein folding. For example,
the proper pairing and formation of disulfide bonds is catalyzed by
oxidoreductases, such as protein disulfide isomerase (PDI), that also
shuffle nonnative disulfide bonds. In the current model, the oxidation
of two thiols produces a disulfide bond (S-S) in the substrate protein
and concomitantly reduces two thiols within PDI which return to
the oxidized state by another thiol-disulfide exchange catalyzed by
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Fig. 5.5 N-GLYCOSYLATION OF PROTEINS. In the lumen of the endoplasmic reticulum (ER), a core
oligosaccharide, GlcsManyGlcNac,, is transferred from a lipid-linked precursor (dolichol donor) to the aspara-
gine residue in an N-X-S/T motif in the nascent polypeptide chain. The terminal glucose residues are removed
by GI and GII and cycles of reglucosylation by UGT1 (UGGT1) can occur (curved arrows). When the protein
is folded, one mannose is trimmed by ER-mannosidase I and the protein is transported to the Golgi. Core
oligosaccharides are further trimmed by mannosidases to produce the MansGlcNac;, unit. Further elaboration
is catalyzed by glycosyltransferases that add various sugars and create branches. Bi, tri and tetra antennary
chains are generated. In the figure, only one pathway of terminal glycosylation is shown. (Modified from Helenius
A, Aebi M: Intracellular function of N-linked glycans. Science 291:2364, 2001.)

ERO1, a membrane associated oxidoreductase. ERO1 returns to the
oxidized state by transfer of electrons to molecular oxygen via its
cofactor flavin adenine dinucleotide (FAD). In contrast to the highly
reducing environment of the cytosol where disulfide bonds do not
typically form, the lumen of the ER is very oxidizing so that disulfide
bonds formation is favored.

Protein Modifications in the ER

Most proteins that enter the secretory pathway are modified by
N-glycosylation (Fig. 5.5). This process starts with the transfer
of a core oligosaccharide from a lipid-linked dolichol donor to
an asparagine residue within the consensus sequence N-X-S/T
of a nascent polypeptide (X can be any amino acid except for
proline). The N-linked oligosaccharide is composed of a glucoses-
mannosey-/N-acetylglucosamine, unit  (Glc;ManyGlcNac,).  The
oligosaccharide is transferred to the asparagine residue by an ER
oligosaccharyltransferase (OST) that is composed of a cartalytic
subunit (STT3A or STT3B) and a set of accessory subunits. Further
processing of the terminal sugars occurs in the ER and after the
polypeptide transits the Golgi compartment (see Fig. 5.5). Many
blood proteins, for example immunoglobulins, antiproteases,
coagulation factors, and many membrane proteins of the cell are
glycosylated.

Although glycan chains are often not required for the enzy-
matic activity of glycoproteins, they are important for the physical
properties they confer and for many physiologic functions. Glycans
protect proteins from protease digestion and heat denaturation,
confer hydrophilicity and adhesive properties to the proteins, and
mediate interaction with other proteins or receptors. A remarkable
example is the hormone erythropoietin that requires a particular

complex type of N-glycan chains for its biologic function to stimulate
erythropoiesis.

In the recent years several studies have revealed the importance of
protein N-glycosylation in promoting folding. The addition of glycan
chains may prevent aggregation or provide steric influences that affect
polypeptide folding and disulfide bond formation and also mediate
interaction with specific chaperones. In mammalian cells, N-linked
oligosaccharides are also used as signal for monitoring protein folding
and trafficking. They are ligands for a complex chaperone system
composed of the lectin chaperones calnexin (CNX) and calreticulin
(CRT), Erp57 (an oxidoreductase), two 0O-glucosidases (GI and
GII) and one folding sensor (UGGT1) endowed with reglucosyl-
ation activity (UDP-glucose:glycoprotein glucosyltransferase). GI
removes the most terminal glucose and diglucosylated polypeptides
associated with malectin, an ER resident lectin. Then, GII removes
the second terminal glucose residue to form a monoglucosylated
N-linked chain (see Fig. 5.5) that is a ligand for CNX and CRT.
CNX and CRT associate with the thiol-disulfide oxidoreductase
ERP57 which promotes proper rearrangement of disulfide bonds.
Then the remaining glucose residue is removed by GII. UGGT]1
recognizes and reglucosylates N-linked oligosaccharides on proteins
that have not completed the folding process. The addition of
glucose residues allows reassociation with the CNX/CRT chaperone
system for another attempt for the polypeptide to attain its proper
conformation.’

Besides N-core glycosylation and oxidative folding, the ER is also
site of other protein modifications. A remarkable one is Y-carboxylation
of glutamic acid residues. Although this is a rather rare modification,
it is crucial for the functionality of specific proteins, such as the
coagulation factors VII, X, IX and prothrombin, and is essential for
life as described earlier (see Box 5.1). Another modification is the
attachment of a GPI to the C-terminal end of protein with
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concomitant release of the GPI signal peptide. The GPI attachment
promotes membrane association.

Destruction of Misfolded or Misassembled
Proteins: Endoplasmic-Reticulum Associated
Degradation (ERAD)

In the ER, proteins undergo a so-called quality control, which ensures
that only correctly folded proteins exit the ER. Consequently, mis-
folded proteins are extracted from the ER folding environment for
disposal. This mode of degradation is referred to as endoplasmic
reticulum-associated degradation (ERAD). The destruction of proteins
that undergo ERAD occurs in three major steps: (1) detection by the
ER quality control machinery and targeting for ERAD, (2) transport
across the ER membrane into the cytosol, and (3) ubiquitylation and
release in the cytosol for degradation by the proteasome. One model
for misfolded protein recognition is that hydrophobic patches or
sugar moieties, which remain exposed on the protein for an extended
period of time, are recognized by chaperone proteins like PDI or by
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the CNX/CRT chaperone system. In a number of cases retrotranslo-
cation appears to require reduction of disulfide bridges by PDI.
Similarly, BiP association with substrates (e.g., unassembled immu-
noglobulin light chains) can direct them to ERAD. If a protein
remains in its unfolded state for an extended period of time, trim-
ming of the MangGlcNac, also occurs. This processing is catalyzed
by ER-degradation enhancer mannosidase o-like proteins EDEM1,
EDEM2, EDEM3 (Htmlp in yeast). The current model postulates
that N-glycan structure generated by extensive demannosylation is
the signal for glycoprotein degradation. ER-resident lectins (OS-9
and XTP3-B) bind to the remaining mannose residues and assist the
retrotranslocation.

Proteins retrotranslocate to the cytosol through a protein-
conducting channel, possibly formed by derlin and/or the Sec61
complex. On their emergence at the cytosolic face of the ER mem-
brane, substrates targeted for degradation start undergoing ubiquity-
lation. Tagged peptides are released into the cytosol in an
ATP-dependent fashion, where they are degraded by the 26S
proteasome.

Fig. 5.6 illustrates the main steps of ERAD.
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Fig. 5.6 ENDOPLASMIC RETICULUM-ASSOCIATED PROTEIN DEGRADATION (ERAD). The
figure depicts the steps in the degradation of misfolded proteins in the ER. Step I: Recognition factors, some
of which are lectins, and ubiquitin ligases of the ER membrane cooperate in recognizing substrate proteins.
Step 2: proteins are exported into the cytosol. Step 3: on the cytosolic face of the ER, the protein is ubiquitinated
by an ER ligase. Szep 4: the substrate is removed from the membrane by the AAA" ATPase Cdc48 and directed
to the 26S proteasome. (From: Hirsch C, Gauss R, Horn SC, Neuber O, Sommer T: The ubiquitylation machinery of

the endoplasmic reticulum. Nature 458:453, 2009.)



The Unfolded Protein Response

The ER monitors the amount of unfolded protein in its lumen.
When that number exceeds a certain threshold, ER sensors activate
a signal transduction pathway. The set of responses activated by this
pathway is called the unfolded protein response (UPR). A number
of cellular insults disrupt protein folding and cause unfolded protein
accumulation in the ER lumen. The UPR is an adaptive response
signaled through three ER-localized transmembrane proteins PERK,
IRE1, and ATF6. These proteins function as sensors through the
properties of their ER-luminal domains and trigger a concerted
response through the function of their cytosolic domains. The activa-
tion of the sensors results in a complex response aimed to (i) limit
accumulation of unfolded protein through reducing protein synthesis,
(ii) increasing the degradation of unfolded protein, and (iii) increas-
ing the ER protein folding capacity.

IRE1 is conserved in all eukaryotic cells and has protein kinase
and endoribonuclease activities that, upon activation, mediate
unconventional splicing of a 26-base intron from the XBP1 mRNA
to produce a basic Leucine Zipper (bZip) potent transcription factor.
ATF6, upon accumulation of unfolded protein in the ER lumen, is
transported to the Golgi compartment where it is cleaved by two
proteases, SIP and S2P. These enzymes release a cytosolic fragment
of ATF6 containing a bZip-transcription factor that migrates to the
nucleus to activate gene transcription. S1P and S2P are two important
Golgi proteases as they are also involved in the regulation of choles-
terol metabolism. Finally, PERK-mediated phosphorylation of elF20
attenuates general mRNA  translation; however, paradoxically, it
increases translation of the transcription factor ATF4 mRNA to also
induce transcription of UPR genes. If the UPR adaptive response is
not sufficient to correct the protein folding defect, the cells enter
apoptotic death.

ER is now regarded as a sensor of perturbations of cell homeosta-
sis.*” Activation of the UPR and defects in UPR are known to be
important factors that contribute to many disease processes ranging
from metabolic disease, neurologic discase, infectious disease, and
cancer (reviews on cancer and on UPR and diseases under the section
Suggested Readings).

Control of Exit From the Endoplasmic Reticulum

On achieving transport competence, proteins are granted access to
higher-ordered membrane domains termed ER exit sites. At ER exit
sites, membrane-bound and soluble proteins are concentrated into
transport vesicles for trafficking to a network of smooth membranes
called the ER-Golgi Intermediate Compartment (ERGIC, see Fig. 5.4).
COPII complex, composed of coat proteins, concentrate and package
the protein cargo into vesicles. COPII binds to cargo molecules either
directly, if they span the membrane, or through intermediate cargo
receptors and then provides some of the force that causes vesicle
budding, thereby linking cargo acquisition to vesiculation.

ER resident proteins are selectively sequestered in the ER both for
the absence of export signals and to the presence of ER retention
signals. Soluble luminal ER resident are retained through a C-terminal
ER tetrapeptide retention motif KDEL. Frequently, transmembrane
proteins have either a C-terminal dilysine motif KKXX or an
N-terminal diarginine motif XXRR, or variants thereof for trans-
membrane proteins. However, it is more accurate to indicate ER
localization signals as “retrieval motifs” because proteins bearing these
signals can transiently escape from the ER into the ERGIC, from
which they are returned to the ER through the retrograde vesicular
transport (see Fig. 5.4).

For the KDEL motif of luminal ER proteins, a specific retrieval
receptor has been identified, first in yeast and then in mammals. The
KKXX motif has been shown to interact directly with the COPI coat
protein complex that is involved in retrograde transport from the ER
to the Golgi. Retrograde transport also serves to replenish the vesicle
components lost as a result of anterograde (forward) transport. In
conclusion, selective protein exit from the ER is achieved by
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monitoring/regulating (1) transport competence of nascent proteins,
(2) capture of cargo in transport vesicles, and (3) protein retention/
retrieval for ER-localized proteins.

INTRAGOLGI TRANSPORT AND PROTEIN PROCESSING
Organization of the Golgi Apparatus

The Golgi complex comprises a stack of flattened, membrane-bound
cisternae that is highly dependent on microtubules for structural
integrity. The stack of cisternac can be subdivided into three parts
referred to as cis, medial, and trans with the cis and trans sides facing
the ER and the plasma membrane, respectively (see Fig. 5.4). Both
the cis and trans faces are associated with tubulovesicular bundles of
membranes. The ERGIC comprises the bundle on the ¢is side of the
Golgi stack and is the site where incoming proteins from the ER are
sorted into those directed for anterograde or for retrograde transport.
The tubulovesicular bundle at the #7ans side is the trans-Golgi network
(TGN, see Fig. 5.4).

A major feature of the Golgi is polarity. The processing events are
temporally and spatially ordered because the processing enzymes have
a characteristic distribution across the Golgi stack. In the Golgi,
different types of modifications take place as for example proteolytic
processing, protein O-glycosylation and elaboration of N-linked
chains, phosphorylation or sulfation of oligosaccharides, and sulfation
of tyrosines.

The importance of protein glycosylation for human biology is
underlined by the identification of many inherited human disorders
that are caused by defects in these processes and cause clinical mani-
festations in members of families as described in Box 5.2.

Retention of Resident Golgi Proteins

Extensive analysis has failed to reveal a clear retention motif enabling
subdomain-specific retention of resident Golgi proteins. Two possible
models have been proposed. One model is retention by preferential
interaction with membranes of optimal thickness. It is based on the
finding that the transmembrane domains of Golgi proteins are shorter
than transmembrane domains of plasma membrane proteins. These
differences should allow a preferential interaction with the Golgi
membrane lipid bilayer that is thinner than that of plasma membrane.
The other model is kin-recognition/oligomerization. It postulates that
proteins of a given subdomain of the Golgi membrane can aggregate

In humans, the three main glycosylation pathways are the N- and
O-glycosylation and the glycosylphosphatidylinositol (GPI) anchoring.
About 2% of the human genome encodes glycosylation reactions.
Moreover, glycosylation pathways intersect with glucose, lipid, and
isoprenoid metabolism, expanding the number of players involved in
these key protein modifications. Nearly 70 inherited glycosylation dis-
orders have been identified so far and this number is steadily increasing
because of the progress in the technology of DNA sequencing and in
mapping mutations.® The characterized mutations combined to the
biochemical lesion and to the clinical manifestations are classified in
the CDG (congenital disorders of glycosylation) database. Mutations
affect almost every organ and some proved to block embryo develop-
ment in animal models of disease. Abnormalities in /N-glycosylation
cause severe myasthenic syndromes caused by hypoglycosylation of
the acetylcholine receptor that affects the signal transmission at the
neuromuscular plaque. Other cause neurologic disorders. Complica-
tions also arise from secondary effects caused by ER stress consequent
to poor glycosylation. O-Glycosylation defects are associated mainly to
severe muscular dystrophy (Walker-Warburg syndrome) whereas lack
of the first step of GPI synthesis provokes paroxysmal nocturnal
hemoglobinuria, a well-known hematologic disorder that results in
erythrocyte lysis.



Part I Molecular and Cellular Basis of Hematology

into large detergent-insoluble oligomers as a way of minimizing lipid-
protein contact. This would prevent the entry of proteins into the
vesicles and thus their traffic to more distal cisternae. There is evi-
dence in support of both models.

Protein Trafficking to and Through the Golgi Apparatus

Cargo proteins exit the ER in COPII-coated vesicles that enter the
ERGIC and are ultimately delivered to the cis-Golgi either in vesicles
or along extended tubules. However, the mechanism whereby cargo
proteins move across the Golgi complex from cis to #rans remains
controversial. Two models have been proposed. The vesicular trans-
port model contends that anterograde transport occurs in vesicles or
tubules that traffic cargo in an anterograde direction. The second
suggests that there is a cisternal progression and maturation. This
alternative model proposes that Golgi cisternae are not fixed structures
but move forward from the cis side to the #7ans side generating an
anterograde movement. As cisternae mature, resident Golgi proteins
that belong to more cis-like cisternae must be selectively pinched off
in vesicles and trafficked back to the cis side of the Golgi stack. This
would occur by COPI-mediated retrograde vesicular transport (see
Fig. 5.4). Although which of these models is correct is currently
unclear, a majority of the experimental data supports the cisternal
maturation model. In particular, technical progress in live-cell
imaging provided evidence supporting a very dynamic nature of this
organelle as expected by the progression/maturation model.

SORTING EVENTS AT THE TRANS-GOLGI NETWORK
Overview

The TGN is an important site of intracellular sorting, where proteins
bound for lysosomes or regulated secretory vesicles are separated from
those entering the constitutive pathway leading to the plasma mem-
brane (see Fig. 5.4, pathways 6, 7 and 8). The secretion process is
called exocytosis. The molecular basis for diversion of proteins into
lysosomes and regulated secretory granules are described later.

Sorting Into Lysosomes

Lysosomes are acidic (pH of approximately 5.0-5.5), membrane-
bound organelles containing numerous hydrolytic enzymes designed
to degrade proteins, carbohydrates, and lipids. Soluble hydrolases are
selectively marked for sorting into lysosomes by phosphorylation of
their V-linked oligosaccharides that creates the mannose-6-phosphate
sorting signal (M6P). On arrival at the TGN, the M6P-modified
hydrolase is bound by a cargo receptor, the MGP-receptor (MGP-R),
which delivers it first to a “late endosomal compartment,” where the
low pH releases the hydrolase from the M6P-R. Subsequently, the
hydrolase is delivered to the lysosome, and the M6P-R is recycled
from the endosomes through retromer-coated vesicles to the TGN to
be reused (for simplicity the endosome to Golgi transport is not
represented in Fig. 5.4).

The motif responsible for targeting M6P-R to lysosomes is YSKV
and is recognized by all three distinct adaptor protein (AP) complexes
(AP-, -2, and -3) that contribute to delivery of cargo to lysosomes by
linking cargo acquisition to vesiculation. Cargo recruitment occurs in
amanner similar to that described for the COPI- and COPII-dependent
vesicles, except that the cytosolic coat complex is clathrin. In addition
to luminal hydrolases, lysosomes also contain a wide array of membrane
proteins that are targeted to lysosomes via one of two consensus motifs:
(1) YXXe, where X is any amino acid and e is any amino acid with a
bulky hydrophobic side chain and (2) a leucine-based motif (LL or LI).
Trafficking of these membrane-bound proteins to lysosomes is indirect,
proceeding first to late endosomes or the plasma membrane before their
retrieval to lysosomes. Failure to accurately target lysosomal hydrolases
underlies two well-known human diseases, Hurler syndrome and I-cell

disease. Hurler syndrome is caused by a mutation in a hydrolase respon-
sible for breakdown of glycosaminoglycans that prevents the hydrolase
from acquiring the mannose-6-phosphate (MG6P) modification, conse-
quently preventing targeting to lysosomes. Similarly, in I-cell diseases
undigested material accumulates in lysosomes because a mutation in
the enzymes that create the M6P modification, causes missorting of
lysosomal hydrolases.

Autophagy: A Lysosomal Degradation Pathway

Autophagy, the most common name for macroautophagy, consists in
the capture and degradation of cellular components and organelles.
Cellular material is sequestered inside double-membrane vesicles,
called autophagosomes, and degraded upon fusion with lysosomal
compartments. Raw precursors are then recycled for new biosynthe-
ses. Constitutive autophagy serves to demolish damaged organelles
or cytosolic components and contributes to the maintenance of cell
homeostasis.

Autophagy is also stress responsive. It accelerates the catabolism
of cellular components to sustain the demand of energy in adverse
conditions and promotes cell survival. From yeast to human cells,
starvation typically activates autophagy. Yeast has been a useful model
microorganism to identify the first autophagy genes (ATG) that
allowed the subsequent isolation of the mammalian counterparts. Atg
proteins are involved in the basic mechanism of autophagy on which
a complex regulation has been superimposed in mammals to respond
to a wider variety of hormonal, environmental and intracellular
signals. An increasing body of evidence suggests that autophagy plays
an important role in development and cell differentiation by facilitat-
ing cell and tissue remodeling. Remarkably, the basis for erythrocyte
maturation into reticulocytes, which involves mitochondria loss,
remained mysterious for decades, but is now known to be partly
dependent on autophagy (mitophagy).

Defects in constitutive autophagy compromise fitness of an organ-
ism. As a consequence, defective autophagy increases susceptibility to
tumorigenesis, neurodegenerative disorders, liver disease, aging, inflam-
matory diseases and defective host defense against pathogens. However,
recent evidence suggests autophagy provides a survival advantage for
tumor cells in a hostile microenvironment. Thus, autophagy is regarded
as a target for tumor prevention and cancer therapy.

Sorting Into Regulated Secretory Granules

In regulated secretion proteins are condensed into stored secretory
granules that require an appropriate stimulus for release from the cell
(see Fig. 5.4, pathway 7). After budding from TGN, the granule
proteins are concentrated (up to 200-fold in some cases) by selective
removal of extraneous contents from clathrin-coated vesicles. Mature
secretory granules are thought to be stored in association with micro-
tubules until the stimulation of a surface receptor triggers their
exocytosis. One example of stimulus-induced exocytosis is the
binding of a ligand to the T-cell antigen receptor (TCR) complex on
a cytotoxic T lymphocyte. Conjugation of a cytotoxic T cell with its
target causes its microtubules and associated secretory granules to
reorient toward the target cell. Subsequently, the granules are deliv-
ered along microtubules until they fuse with the plasma membrane,
releasing their contents for lysis of the target cell. Following release
of the granule contents, the granule membrane components are
internalized and transported back to the TGN, where the granule can
be refilled with cargo proteins.

ENDOCYTIC TRAFFIC
Overview

Substances are imported from the cell exterior by a process termed
endocytosis (see Fig. 5.4, pathway 9). Endocytosis also serves to recover



the plasma membrane lipids and proteins that are lost by ongoing
secretory activity. There are three types of endocytosis: (1) phagocy-
tosis (cell eating), (2) pinocytosis (cell drinking) and (3) receptor-
mediated endocytosis. Defects in endocytosis can underlie human
diseases. For example, patients with familial hypercholesterolemia
(FH) have elevated serum cholesterol because of mutations in the
low-density lipoprotein (LDL) receptor that prevents the endocytic
uptake of LDL and its catabolism in lysosomes.

Phagocytosis

During phagocytosis, cells are able to ingest large particles (greater than
0.5 pm in diameter) which serves not only to engulf and destroy
invading bacteria and fungi but also to clear cellular debris at wound
sites and to dispose of aged erythrocytes. Primarily, specialized cells,
including macrophages, neutrophils and dendritic cells, execute
phagocytosis. Phagocytosis is triggered when specific receptors contact
structural triggers on the particle, including bound antibodies,
complement components as well as certain oligosaccharides. Then
actin polymerization is stimulated, driving the extension of pseudo-
pods, which surround the particle and engulf it in a vacuole called
phagosome. The engulfed material is destroyed when the phagosome
fuses with a lysosome, exposing the content to hydrolytic enzymes.
In addition, phagocytosis is a means of “presenting” the pathogen’s
components to lymphocytes, thus eliciting an immune response.

Pinocytosis

Pinocytosis refers to the constitutive ingestion of fluid in small pino-
cytotic (endocytic) vesicles (0.2 um in diameter) and occurs in all
cells. Following invagination and budding, the vesicle becomes part
of the endosome system that is described later. The plasma membrane
portion that is ingested returns later through exocytosis. In some cells,
pinocytosis can result in turnover of the entire plasma membrane in
less than 1 hour.

Receptor-Mediated Endocytosis

Receptor-mediated endocytosis is a means to import macromolecules
from the extracellular fluid. More than 20 different receptors are
internalized through this pathway. Some receptors are internalized
continuously whereas others remain on the surface until a ligand is
bound. In either case, the receptors slide laterally into coated pits that
are invaginated regions of the plasma membrane surrounded by
clathrin and pinch off to form clathrin-coated vesicles. The immedi-
ate destination of these vesicles is the endosome.

The endosome is part of a complex network of interrelated
membranous vesicles and tubules termed the endolysosomal system.
The endolysosomal system comprises four types of membrane-bound
structures: early endosomes (EEs), late endosomes (LEs), recycling
vesicles, and lysosomes. It is still a matter of debate whether these
structures represent independent stable compartments or one struc-
ture matures into the next. The interior of the endosomes is acidic
(pH about 6). Endocytosed material is ultimately delivered to the
lysosome, presumably by fusion with LE. Lysosomes also digest
obsolete parts of the cell in a process called autophagy.

During the formation of clathrin-coated vesicles, clathrin mol-
ecules do not recognize cargo receptors directly but rather through
the adaptor proteins, that form an inner coat. The AP-2 components
bind both clathrin and sorting signals present in the cytoplasmic tails
of cargo receptors close to the plasma membrane. These internaliza-
tion motifs are: YXX¢ (where ¢ is a hydrophobic amino acid), as a
most common motif, and the NPXY signal that was first identified
in the LDL receptor. For receptors that are internalized in response
to ligand binding, the internalization signal may also be generated by
a conformational change induced by the binding of the ligand.
Through the specificity of the AP-2 complex, the capture of a unique
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set of cargo receptors is linked to vesiculation resulting in concentra-
tion of the cargo. The coated pit pinches off from the plasma
membrane by the action of a GTP-binding protein, dynamin, which
forms a ring around the neck of each bud and contributes to the
vesicle formation. After release and shedding of the clathrin coat, the
vesicle fuses with the EE compartment.

SPECIFICITY OF VESICULAR TARGETING

As described earlier, COPI-, COPII-vesicles transport material early
in the secretory pathway whereas clathrin-coated vesicles transport
material between the plasma membrane and Golgi. Coating proteins
assemble at specific areas of the membrane in a process controlled by
the coat-recruitment GTPases: Arfl is responsible for the assembly
of COPI coats and clathrin coats at Golgi membranes whereas
Sarlp is responsible for COPII coat assembly at the ER membrane.
In yeast, the process of vesiculation in the transport from the ER
to Golgi has been dissected at a molecular level. On the cytosolic
face of the ER membrane, Sarlp is activated by the ER localized
GEF Sec12p. Sarl-GTP assembles with the Sec23-Sec24 complex
whose Sec24 subunit binds directly or through a membrane receptor
to specific signals displayed by the cargo. This prebudding cargo
complex recruits the outer layer Secl13-Sec31 complex leading to
coat polymerization, membrane deformation and COPII-vesicle
formation.

Clathrin-coat assembly at the plasma membrane is also thought
to involve a GTPase but its identity is unknown. These regulatory
proteins also ensure that membrane traffic to and from an organelle
are balanced.

After budding, vesicles are transported to their final destination
by diffusion or motor-mediated transport along the cytoskeletal
network (microtubules or actin). The molecular motors kinesin,
dynein and myosin have been implicated in this process. The vesicles
undergo an uncoating process before fusion with the correct target
membrane. Both transport vesicles and target membranes display
surface markers that selectively recognize each other.

Three classes of proteins guide the selectivity of transport vesicle
docking and fusion: (i) complementary sets of vesicles SNAREs,
v-SNAREs, (soluble NSF association protein receptor) and target
membrane SNAREs (t-SNAREs) that are crucial for the fusion, (ii)
a class of GTPases, called Rabs, and (iii) protein complexes called
tethers that, together with Rabs, facilitate the initial docking of the
vesicles to the target membrane.

Rab GTPases function as the master regulators of membrane
traffic but are themselves regulated by factors that control their activa-
tion by GEFs or their inactivation by GAD, proteins that stimulate
the intrinsic GTPase activity.

CONCLUSIONS

The mechanisms regulating protein synthesis, processing, degrada-
tion and transport are under intense investigation. Protein motifs and
their cognate receptors have been identified for many intracellular
sorting and processing reactions. Studies are now directed to elucidate
these processes at a molecular level by resolution of the three dimen-
sional structures of the proteins involved in protein processing and
trafficking. The future challenge will be to find ways of exploiting
this knowledge to intervene in the numerous disease states that result
from errors in these processes.
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PROTEIN ARCHITECTURE: RELATIONSHIP OF

Previous chapters have outlined the central dogma of molecular
biology: the storage of genetic information in DNA and its regulated
transcription into messenger RNA and eventual translation into
proteins. In this chapter, we briefly outline the chemical structure of
proteins and their posttranslational modifications. We explain how
the properties of the 20 amino acids of which proteins are composed
allow these polymers to fold into compact, functional domains and
how particular domains and motifs have been assembled, modified,
and reused in the course of evolution. Finally we describe a sampling
of proteins and domains of relevance to the hematologist and explore
briefly how point mutations, chromosomal translocations, and other
genetic alterations may modify protein structure and function to
cause disease.

AMINO ACIDS AND THE PEPTIDE BOND

Proteins are linear polymers of the 20 naturally occurring amino
acids, linked together by the peptide bond. All of the amino acids
share a common core or backbone structure and differ only in the
“side chain” emanating from the central “oi-carbon” of this core. The
common backbone elements include an amino group, the central
o-carbon, and a carboxylic acid group. Peptide bonds are formed by
reaction of the carboxylic acid of one amino acid with the amino
group of the next amino acid in the chain. This reaction is templated
and catalyzed by the ribosome and leads to the release of water formed
by the loss of an —OH group from the carboxylic acid of one amino
acid residue and a hydrogen atom from the amino group of the next
residue in the chain. Coupling of multiple amino acids together via
the peptide bond produces the repeating main-chain structure of the
polypeptide chain, composed of the amide (NH) nitrogen, alpha
carbon (Co), and carbonyl carbon (CO), followed by the amide
nitrogen of the next amino acid in the chain (Fig. 6.1A). The reso-
nant, partial double-bond character of the peptide bond prevents
rotation about this bond; thus the five main-chain carbon, nitrogen,
and oxygen atoms of each peptide unit lie in a plane. The conforma-
tional flexibility in the polypeptide chain is conferred by rotation
about the bonds on either side of the o-carbon atom; these bond
angles are referred to as phi and psi angles. The angle of the N-Co
bond is the phi angle (®), and that of the Co—CO bond is the psi
angle (y).

The primary structure or primary sequence of a protein refers to
the order in which various residues of the 20 amino acids are
assembled into the polypeptide chain, and this sequence is critically
important for determining the three-dimensional fold and thus func-
tion of the protein. It is the diverse chemical structure and physico-
chemical properties of the 20 amino acid side chains that guide the
three-dimensional fold of proteins and also provide for the enormous
repertoire of protein function, from catalysis of myriad chemical
reactions to immune recognition, to establishment of muscle and
skeletal structure.

The amino acids can be divided into general classes based on the
physicochemical properties of their side chains, and in particular
their propensity to interact with water. Hydrophobic amino acids
have aliphatic or aromatic side chains and include alanine, valine,
leucine, isoleucine, proline, methionine, and phenylalanine. The
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hydrophobic amino acids predominate in the interior of proteins,
where they are sequestered from water. They tend to pack against
each other via van der Waals interactions, which contribute to the
overall stability of folded protein domains. By contrast, hydrophilic,
or polar, amino acids (including serine, threonine, tyrosine, aspara-
gine, glutamine, cysteine, and tryptophan) are often exposed on the
surface of proteins, where they can form hydrogen bonds with each
other, with the protein main chain, and with water or ligand mol-
ecules. Hydrogen bonding refers to the attractive interaction of a
proton covalently bonded to one electronegative atom (usually a
nitrogen or oxygen in proteins) with another electronegative atom.
Hydrogen bonds are an important contributor to the stability of
proteins and to the specificity of protein—protein and protein-ligand
interactions. Charged amino acids are also polar and are important
participants in hydrogen bonding. Hydrogen bonds between nega-
tively charged (acidic) and positively charged (basic) amino acids,
also termed salt bridges, are also important components of protein
stability and protein—protein interactions. The acidic amino acids
are aspartate and glutamate, and the basic amino acids are lysine,
arginine, and histidine. Histidine merits special mention, as it is the
only amino acid whose side chain can be protonated or unproton-
ated, and therefore charged or uncharged, around physiologic ranges
of pH. For this reason, histidine is part of many enzyme-active sites.
For example, in the serine proteases of the coagulation cascade, an
active site histidine acts as a general base, accepting and then releas-
ing a proton in sequential steps of the enzymatic reaction. It is also
important to note that some of the polar amino acids are amphipa-
thic; in other words, they have both polar and hydrophobic character.
This dual nature of threonine, lysine, tyrosine, arginine, and trypto-
phan makes them well suited for participating in protein—protein
interactions, where they may be alternately exposed to solvent or
buried upon formation of a complex.

Protein Secondary Structure

The alternating pattern of hydrogen bond—donating amide groups
and hydrogen bond-accepting carbonyl groups gives rise to repeating
elements of protein structure that are stabilized by hydrogen bonds
between these main-chain groups. These secondary structure elements
include o-helices and B-sheets. In an 0-helix, the main chain adopts
a right-handed helical conformation in which the carbonyl oxygen of
the /" residue in the polypeptide chain accepts a hydrogen bond from
the amide nitrogen of the (7 + 4)™ residue (see Fig. 6.1B). The pattern
may repeat for only a few residues, forming a single turn of B-helix,
or for more than 100 residues, forming dozens of turns of helix. There
are 3.6 residues per turn of helix, and the pitch or rise of the helix is
1.5 A per residue or 5.4 A per turn. The side chains of residues in an
o-helix project outward, away from the central axis of the helix.
Often a polar side chain will “cap” the end of a helix by forming a
hydrogen bond with the otherwise unpartnered amide or carbonyl
group at the N- or C-terminal end of the helix.

In a B-sheet secondary structure, the protein backbone adopts an
extended conformation and two or more strands are arranged side by
side, with hydrogen bonds between the strands. The strands can run
in the same direction (parallel B-sheet) or antiparallel to one another.
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Fig. 6.1 (A) Diagram showing a polypeptide chain where the main-chain
atoms are represented as peptide units, linked through the Cot atoms. Each
peptide unit is a planar, rigid group (shaded in pink) and has two degrees of
freedom; it can rotate around the Co—~CO bond and the N-Cot bond. The
peptide bonds are depicted in the trans conformation: adjacent Cot carbons
and their side chains (highlighted in blue) on opposite sides of the N-C bond.
This is the preferred configuration for most amino acids, as it minimizes steric
hindrance. (B) The o-helix. The hydrogen bonds between residue 7» and
residue 7 + 4, which stabilizes the helix, are shown as dashed lines.
(C) Schematic drawing of a mixed B-sheet. The first three B-strands are
antiparallel to one another, whereas the last two B-strands are parallel. The
hydrogen bonds that stabilize their structures are highlighted.

Mixed sheets with both parallel and antiparallel strands are also
possible (see Fig. 6.1C). In B-sheets, the side chains of a given strand
extend alternately above and below the plane defined by the hydrogen-
bonded main chains. Other common types of secondary structure
include a variant of the helix with an 7+ 3 hydrogen bonding pattern
(the 3} helix) and specific types of B-turns, short segments connect-
ing other elements of secondary structure that are stabilized by
intrachain hydrogen bonds. Although any of the amino acids can be
found within o-helices or B-sheets, the special characteristics of
proline and glycine merit mention. The cyclic structure of proline
means that it lacks an amide proton; thus it introduces an irregularity
in hydrogen bonding. For this reason it is infrequently found in
o-helices, but if present it will introduce a “kink” stemming from its
constrained structure. Glycine lacks a side chain—it has only a second
hydrogen atom on its 0-carbon—and therefore has less steric restric-
tion and can adopt a wider range of backbone phi and psi angles.
This added flexibility means that it tends to disfavor regular second-
ary structure.

Because proteins are large and complicated structures, they are
typically illustrated with “ribbon” diagrams that trace the path of the
polypeptide backbone. In such representations helices are drawn as
helical coils or cylinders, and B-strands as elongated rectangles with
an arrow as a guide to the direction of the protein chain from its
amino- to carboxy-terminal end. Specific side chains of amino acids
of functional interest can then be added to illustrate a particular
feature.

Disulfide Bonds and Posttranslational Modifications

The covalent structure of proteins is commonly modified in structur-
ally and functionally important ways beyond the linear coupling of
amino acids via the peptide bond. Regulated proteolysis can be
considered a posttranslational modification and can serve an impor-
tant regulatory role, as in the cleavage of prothrombin in the blood-
clotting cascade. The structure of cell-surface and extracellular
proteins is often stabilized by disulfide bonds, covalent bonds formed
between the thiol groups of spatially juxtaposed cysteine residues. In
general, disulfide bonds are not found in intracellular proteins, where
the reducing environment disfavors their formation. Disulfide bonds
can form between cysteines within the same polypeptide chain, sta-
bilizing the fold of the polypeptide backbone, or they may covalently
join two different polypeptide chains, such as the heavy and light
chains of immunoglobulins. In addition to their role in disulfide
bond formation, cysteine residues often contribute to protein stability
via their participation in metal ion coordination, in particular zinc,
which is often bound by conserved sets of cysteine and histidine resi-
dues in small protein domains.

A number of functional groups are appended to proteins to regu-
late their function, localization, protein interactions, and degrada-
tion. Examples of these posttranslational modifications (PTMs)
include phosphorylation, glycosylation, ubiquitination, methylation,
acetylation, and lipidation.] PTMs occur at distinct amino acid side
chains or peptide linkages; they are most often mediated by enzy-
matic activity and can occur at any step in the “life cycle” of a
protein. As discussed below, a number of protein domains have
evolved to recognize and bind specifically to proteins labeled by a
particular PTM. Protein phosphorylation, most commonly on serine,
threonine, or tyrosine residues, is one of the most important and
well-studied posttranslational modifications. Phosphorylation is
mediated by protein kinases and can activate or deactivate many
enzymes through conformational changes and as such plays a critical
role in the regulation of many cellular processes including cell cycle,
growth, apoptosis, and signal transduction pathways. Protein glyco-
sylation encompasses a diverse selection of sugar-moiety additions to
proteins that ranges from simple monosaccharide modifications to
highly complex branched polysaccharides. Glycosylation has signifi-
cant effects on protein folding, conformation, distribution, stability,
and activity. Carbohydrates in the form of asparagine-linked
(N-linked) or serine/threonine-linked (O-linked) oligosaccharides
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are major structural components of many cell surface and secreted
proteins, and also of many viral proteins. Protein methylation on
arginine or lysine residues is carried out by methyltransferases with
S-adenosyl methionine (SAM) as the primary methyl group donor.
Methylation is an important mechanism of epigenetic regulation, as
histone methylation and demethylation influence the availability of
DNA for transcription. N-acetylation, the transfer of an acetyl group
to the amine nitrogen at the N-terminus of the polypeptide chain,
occurs in a majority of eukaryotic proteins. Lysine acetylation and
deacetylation is an important regulatory mechanism in a number of
proteins. It is best characterized in histones, where histone acetyl
transferases (HATs) and histone deacetylases (HDAC:s) regulate gene
expression via modification of histone tails. Many cytoplasmic pro-
teins are also acetylated, and therefore acetylation seems to play a
greater role in cell biology than simply transcriptional regulation.”
Lipidation is a modification that targets proteins to membranes in
organelles, vesicles, and the plasma membrane. Examples of lipida-
tion include myristoylation, palmitoylation, and prenylation. Each type
of modification gives proteins distinct membrane affinities, although
all types of lipidation increase the hydrophobicity of a protein and
thus its affinity for membranes. In N-myristoylation, the myristoyl
group (14-carbon saturated fatty acid) is transferred to an N-terminal
glycine by N-myristoyltransferase. The myristoyl group does not
always permanently anchor the protein in the membrane; in a
number of proteins the N-terminal myristoyl group has been
observed to pack into the protein core. N-myristoylation can there-
fore act as a conformational localization switch, in which protein
conformational changes influence the availability of the handle for
membrane attachment.

The Domain Structure of Proteins

In general, the minimal biologically functional unit of protein three-
dimensional structure is the protein domain. Domains are locally
compact and semi-independent units of usually contiguous polypep-
tide chain. The common size of a domain is between 100 and 200
amino acid residues, although much larger and smaller domains are
also frequently observed. Protein domains are composed of closely
packed secondary structure elements—ot-helices, B-sheets, or a
combination of both—and the loops that connect them. Domains
are stabilized by hydrophobic interactions among these elements and
typically have very hydrophobic central cores, with more hydrophilic
amino acids extending from their surface. Alternating patterns of
hydrophobic residues in secondary structure elements are a reflection
of the role of hydrophobicity in driving protein folding and stability.
Helices are often amphipathic and pack in a folded domain such that
their hydrophobic face is buried in the domain interior and their
hydrophilic face is exposed on the surface. Likewise, -sheets often
have a buried hydrophobic face and an exposed hydrophilic face. The
importance of the hydrophobic core to the stability of protein
domains is highlighted by the fact that point mutations that introduce
polar or charged residues into the protein interior often cause mis-
folding and thus a loss of function. Although these general charac-
teristics are shared by protein domains that are found in an aqueous
environment, such as that on the cytosol or on the cell surface,
membrane-embedded proteins have very different properties reflec-
tive of their residence in the lipid bilayer. Several common domain
structures representing different categories with regard to their sec-
ondary structure composition are shown in Fig. 6.2.

Fig. 6.2 SEVERAL COMMON DOMAIN STRUCTURES. (A) The o.-globin domain of hemoglobin is all
o-helical (Protein Data Bank [PDB] entry 2MHB). (B) The B-propeller domain is an all B-strand structure
found in many extracellular matrix and cell surface proteins (PDB entry INPE). (C) The integrin “I” domain
is composed of alternate B-strands and o-helices (PDB entry 11D0). (D) The SH2 (Src homology-2) domain
is found in proteins involved in tyrosine kinase signaling and is also a mixed o/p fold (PDB entry 1FMK).
(E) The EGF (epidermal growth factor) domain is found in many extracellular matrix proteins and cell
adhesion molecules. Its structure is stabilized by 3 to 4 disulfide bonds (PDB entry 1UZ]).
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Deciphering this basic protein building block is key for under-
standing the structure and evolution of proteins. Kinetically, the
domain structure of a protein may simplify the folding process into
a step-wise course.” Thus a long amino acid sequence may fold into
multiple domains rapidly and correctly. For many proteins, individ-
ual domains fold in a cotranslational manner; from the N-terminal
region, a growing nascent polypeptide chain immediately begins to
fold domain- by—domam during translation from the ribosome in a
very efficient manner.” Genetically, it was long suspected that the
exon structure of genes was correlated with the domain structure of
proteins.” Subsequent multigenome analysis did find a strong corre-
lation between domain organization and exon—intron arrangement
in genomic DNA. The exon—domain correlation facilitates extensive
exon shuffling events during evolution,® although it is not necessar-
ily always one-exon/one-domain. This mechanism ensures that a
stable and functionally efficient domain can be repeatedly used as a
module assembled into many proteins with shared functions. A
well-known early example is the nucleotide-binding domain identi-
fied in various dehydrogenases; its robust alternate B-strand-o.-
helix—f-strand fold provides a common structural unit for these
enzymes.

Recent computational approaches demonstrate that almost all the
growing number of known sequences come from new combinations
of various domains, and more than 70% of all sequences can be
partially modeled from known structures with homologous domains.®
This has been reflected in the human genome sequence. ’ Impressive
progress has already been made in computational protein predlctlon
and design, principally based on the known structural elements."

Importantly, not all protein sequences fold into a compact domain.
Depending on computational methods used, 35% to 50% of the
human proteome is estimated to lack a folded three-dimensional
structure. Nevertheless, these intrinsically disordered proteins (or more
often, intrinsically disordered regions within proteins) can perform
critically important biologic functions that complement those of
structured proteins.'" Intrinsically disordered protein segments typi-
cally contain relatively few bulky hydrophobic amino acids such
as tryptophan, phenylalanine, leucine, and isoleucine, which are
required to form the hydrophobic core of a domain. Many disordered
regions mediate protein—protein interactions and may undergo a
disorder-to-order transition upon binding to an interacting partner,
a process dubbed folding-upon-binding. They function in crucial
areas such as transcriptional regulation, translation, and cellular signal

transduction.'” Unstructured segments are well suited for protein
interactions controlled by posttranslational modifications. For example,
sites of tyrosine phosphorylation are typically unstructured and
therefore accessible for modification, but after phosphorylation they
become ordered upon phosphorylation-dependent binding to a
partner protein.

Most proteins are composed of multiple domains, which may
confer multiple functions, couple a targeting function to a catalytic
function, or provide for allosteric regulation. In the following sections
we highlight the structure of a few proteins and domains and that
are of central and recurring importance in hematology in order to
illustrate the relationship between domain architecture and function.
We discuss representative examples from the extracellular space (the
immunoglobulin domain), from intracellular signaling (protein
kinase domain), and from the cell membrane (G protein—coupled
receptors and the vitamin K receptor).

The Immunoglobulin Domain and Variations

As implied by its name, the immunoglobulin (Ig) domain was first
recognized in antibodies.” A detailed discussion on antibody biology
can be found in Chapter 24. The human genome project has identi-
fied the Ig superfamlly (IgSF) as the largest superfamily in human
genome, due to its extensive usage in a more recently developed
immune system in vertebrates.” In fact, the Ig domain is an evolu-
tionarily ancient structural unit that can be found in Caenorhabditis
elegans. ' Although Ig-like domains also exist in a few intracellular
proteins, they are found predominantly in the extracellular space and
are the most abundant structural unit found in cell surface receptors,
serving key recognition functions in both the immune and nervous
systems. Along with a handful of other modular domains such as
fibronectin type III domains and epidermal growth factor (EGF)
domains, they form modular structures of most receptor molecules
on the cell surface.”

An Ig domain is composed of roughly 100 residues, folding into
two [-sheets packing face-to-face, forming a B-barrel. This distinc-
tively folded structure is commonly known as the immunoglobulin
fold (Fig. 6.3A). An intact IgG antibody consists of two heavy chains
and two light chains. Each heavy chain contains four Ig domains,
one “variable” domain, and three “constant” domains; whereas each
light chain contains two Ig domains, one constant and one variable.

Fig. 6.3 Ig DOMAIN ARCHITECTURE. (A) V-set Ig domain (Protein Data Bank [PDB] entry 3IDG).
(B) C-set Ig domain (3IDG). (C) I-set Ig domain, which can be described as a truncated V-set domain (PDB
entry 2V5M). Disulfide bonds are highlighted in orange.
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Fig.6.4 (A) Structure ofan HIV-neutralizingantibody in complex with an antigenic peptide. Complementarity-
determining region of the heavy and light chains are shown in red and purple, respectively. Note that only the
two variable domains of the antibody are shown (drawn from Protein Data Bank [PDB] entry 3IDG). (B)
Structure of an antigenic peptide bound to a major histocompatibility complex (MHC) molecule in complex

with T-cell receptors (TCR) (PDB entry 2CKB).

The variable and constant Ig domains differ somewhat in structure
and are correspondingly classified as V-set and C-set Ig folds. A V-set
Ig domain has B-strands A, B, E, and D on one sheet and A, G, E
C, C, and C” strands on the other (Fig. 6.3A), whereas a C-set Ig
domain lacks A’, C’, and C” strands on either edge (Fig. 6.3B). In
both, the two sheets are linked together by a conserved disulfide bond
between the B and F strands (as reviewed by Williams et al'®). Within
variable domains, hypervariable sequences are found in three con-
necting loops at one end of the domain. These loops are termed
complementarity-determining regions or CDRs (Fig. 6.3A). In the
intact antibody, the CDRs of the heavy and light chains combine to
make up the antigen-binding site. Fig. 6.4A depicts how the CDRs
of an HIV-neutralizing antibody form an antigen-binding pocket
that recognizes an antigenic peptide from an HIV surface protein."”
A similar structural platform is used in cellular immunity by T-cell
receptors (TCR), which, distinct from antibodies, recognize an
antigenic peptide along with the MHC (major histocompatibility
complex) molecule that presents the peptide on the infected cell
surface. In this case, CDR3 loops of the variable domains of TCR
play a key role in antigen recognition, whereas germline-encoded
CDRI and CDR2 loops are responsible for contacting the polymor-
phic region of the MHC molecule, with CDR1 also taking part in
peptide binding."*"’ Fig. 6.4B illustrates a typical structure of a TCR
in a complex with an antigenic peptide bound to the MHC molecule.
An extensive discussion on the role of these proteins in cellular
immunity can be found in Chapter 21.

A number of variations on the Ig fold are found in other cell
surface receptors. These Ig-like domains include the topologically
similar fibronectin type III domains® and the domains of cadherins,
which also assume the same strand topology.”’ The fibronectin
domains and cadherins lack the disulfide bridge found in the Ig
domain, which demonstrates the thermodynamic robustness of the
immunoglobulin fold.

Further variations are found in modular cell surface receptors,
which often have a V-set Ig-like domain at their N-terminus, posi-
tioned to extend from the plasma membrane for ligand-binding,
serving a role analogous to antigen-recognition. By contrast, “I-set”
Ig-like domains (see Fig. 6.3C) usually function as one of the building

blocks lined up in tandem to present the ligand-binding V-set domain
on the cell surface. This can be seen in many immune receptors such
as CD2* and CD4.” There are also many receptors that are exclu-
sively composed of I-set domains, including immune receptor
ICAM-1 (intercellular adhesion molecule-1),* neuroreceptors
NCAM,” and Dscam.”®” Thus the I-set variant is the most abundant
Ig-like domain and plays a critical biologic role in cell surface
receptors.

The Protein Kinase Domain

Protein kinases catalyze the transfer of a phosphate group from ATP
to specific sites on target proteins. More than 500 protein kinases
have been identified in the human genome; approximately 90 of these
are tyrosine kinases, the remainder specifically phosphorylate serine
or threonine residues. Both ser/thr and tyrosine kinases share a
conserved bi-lobed protein fold, composed of a smaller N-terminal
subdomain (N-lobe) and larger C-terminal subdomain (C-lobe).”
The active site cleft, including the site for binding the substrate ATP,
is found at the interface between the N- and C-lobes. The phosphate-
coordinating “P-loop” is a portion of the B-sheet in the N-lobe that
coordinates the triphosphate moiety of ATP. The activity of protein
kinases is typically regulated by phosphorylation on a loop in the
C-lobe termed the activation loop or A-loop. In the absence of
phosphorylation the A-loop may play an inhibitory role, sometimes
blocking binding of ATP in the active site; or it may be disordered
altogether. Upon autophosphorylation, or phosphorylation in trans
by an upstream activating kinase the activation loop rearranges to
adopt a characteristic hairpin conformation that creates the site for
docking of the polypeptide segment that will become phosphorylated.
Activation loop phosphorylation may also induce other structural
rearrangements required for catalytic activation, in particular a
reorientation of a helix within the N-lobe (known as the C-helix)
that brings a glutamic acid residue into proper position within the
active site (see Fig. 6.5A).

Deregulated tyrosine kinases are the cause of a number of hema-
tologic malignancies. Two general classes of tyrosine kinases can be
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Kinase

Fig. 6.5 (A) A kinase domain in complex with an ATP analog and peptide substrate (Protein Data Bank
[PDB] entry 1IR3). The phosphate-binding loop is highlighted in purple, the activation loop is red, the
substrate peptide is yellow, and the ATP analog is gray. (B) The autoinhibited structure of Abelson tyrosine
kinase (c-Abl) in complex with the kinase inhibitor PD166326 (PDB entry 10PK). The Src-homology-3
(SH3), SH2, and kinase domains are shown in yellow, green, and blue, respectively. The SH2—kinase-domain
linker and the SH3-SH2 connector are shown in red. The myristate is shown in orange spheres in the C-lobe

of the kinase.

defined: receptor and nonreceptor tyrosine kinases. Receptor tyrosine
kinases are transmembrane proteins with an extracellular ligand-
binding domain—often composed of Ig-like domains as described
above, a single transmembrane domain, and the cytoplasmic tyrosine
kinase domain. They are typically activated by dimerization upon
binding of ligands to their extracellular region, which induces auto-
phosg)horylation and activation of their catalytic domains inside the
cell.”” Chromosomal translocations that underlie a number of human
leukemias fuse a tyrosine kinase domain to an oligomerization
domain from an otherwise unrelated protein, often the dimerization
domain of a transcription factor, to generate a constitutively dimeric,
and therefore constitutively active, kinase. Examples of such onco-
genic translocations include the fusion of the dimerization domain
of an ETS-family transcription factor to a Jak-family tyrosine kinase
in the leukemogenic Tel-Jak2 fusion,” and the fusion of the oligo-
merization domain of nucleophosmin with the tyrosine kinase
domain of ALK in the NPM-ALK fusion in anaplastic large cell
lymphoma.’" These translocations are further described in Chaprers
56 and 73, respectively.

Perhaps the best characterized kinase translocation is the BCR-ADI
fusion protein produced by the (9:22) chromosomal translocation in
chronic myelogenous leukemia (see also Chapter 67). Treatment of
this disease with imatinib, a specific inhibitor of Abl, has established
a paradigm for targeted therapy in cancer.”” Abl is a nonreceptor
tyrosine kinase that contains Src-homology 3 and 2 (SH3 and SH2)
domains in addition to its tyrosine kinase domain. Additionally, the
normal Abl protein is myristoylated at its N-terminus. In the normal
protein, the N-terminal region including the myristoyl-group and
adjacent sequences and the SH3 and SH2 domains assemble with the
kinase domain to lock it in an inactive conformation (Fig. 6.5B).”
These interactions are released to activate the kinase when the
phosphotyrosine-binding SH2 domain and proline motif-binding
SH3 domains bind their cognate ligands in a target protein.”* Upon
activation the myristoyl group may also be released from its docking
site in the C-lobe of the kinase to promote membrane localization of
the protein.”” Thus in its normal state the various domains of Abl
comprise an exquisite signaling switch that is regulated by appropriate
binding interactions; in the absence of the proper targeting interac-
tions the kinase is maintained in an inactive state by the intramolecular
associations of its domains. In the oncogenic BCR-ADI fusion
protein, this regulatory control is lost because the N-terminal regula-
tory region including the myristoylation site is truncated and replaced

with unrelated sequences from the BCR protein. Interestingly, the
vacant myristate pocket in BCR-AbI is the target of recently devel-
oped allosteric inhibitors of BCR—ADI, which may synergize with
ATP-site inhibitors.”

Membrane Proteins

Membrane proteins account for 20% to 30% of all gene products in
most genomes, and they are the targets of 50% of modern drugs.”
Proteins embedded in or transversing the lipid bilayer mediate
exchange of information and materials across membrane barriers.
They are architecturally and functionally diverse. Single-pass trans-
membrane proteins have functional extracellular and/or intracellular
domains connected by a single membrane-spanning helix; for
example, the receptor tyrosine kinases described previously and cell
adhesion molecules such as ICAM-1 and VCAM-1, which are
anchored to the endothelial surface of blood vessels for leukocyte
recruitment via a single transmembrane helix.

By contrast, integral membrane proteins typically have much of
their mass embedded within the lipid bilayer, with multiple
membrane-spanning segments connected by cytoplasmic and extra-
cellular loops. Historically, integral membrane proteins have been
difficult to study at a structural level. However, innovations in
membrane protein crystallization and protein engineering have made
such studies more tractable, allowing elucidation of many important
structures at near-atomic resolution. Most membrane-embedded
proteins are predominately helical, although B-strand membrane
proteins also occur. Diverse ion channels and G-protein—coupled
receptors (GPCRs) are integral membrane proteins. One of the
largest and most complicated membrane protein complexes charac-
terized to date is that of mitochondrial complex I. This huge proton-
pumping machine features 82 transmembrane helices, accounting for
approximately half of its molecular mass.”

GPCRs are the largest family of membrane proteins—more than
800 have been identified in the human genome. GPCRs mediate
fundamental signal transduction processes touching virtually every
aspect of human physiology, from vision, taste, and smell to cardio-
vascular, endocrine, immunologic, and reproductive functions. Not
surprisingly, they represent an important class of drug target. The
conserved domain structure of GPCRs includes seven transmembrane
helices that pack together across the lipid bilayer.”** They form a



Chapter 6 Protein Architecture: Relationship of Form and Function

Active Trx-like domain

Inactive

Extracellular

Cytoplasmic g

TM5

Fig. 6.6 (A) Structures of the 32 adrenergic receptor (B2AR) in the inactive (/ef) and active (7ight) conforma-
tions. Like all GPCRs, B2AR contains seven transmembrane helices. The inactive structure was determined
with the antagonist carazolol bound in the ligand binding site, whereas the active structure was determined
in complex with the tight-binding agonist BI-167107 (ligands are shown as yellow spheres). Agonist binding
induces conformational changes on the cytoplasmic face of the receptor, including reorientation of the sixth
transmembrane helix (TM6) and lengthening of TM5, which in turn promote binding of the heterotrimeric
Gofy complex. Interactions with the receptor are mediated by the Gos subunit (green). This interaction
induces exchange of GDP for GTP in the Gas subunit, and promotes dissociation of By complex (shown in
cyan and magenta for 3 and v, respectively). Illustration is drawn from Protein Data Bank (PDB) entries 2RH 1
and 3SNG for the inactive and active structures, respectively. T4 lysozyme fusion partners and a nanobody
that was engineered to facilitate crystallization are not illustrated. (B) Structure of a bacterial homolog of the
human vitamin K epoxide reductase (VKOR). VKOR s expected to bind vitamin K in a pocket homologous
to that formed by four conserved transmembrane helices (green) that is occupied by a ubiquinone (magenta)
in this structure. Warfarin inhibits VKOR by displacing vitamin K from this pocket. See text for further details.
(lllustration drawn from PDB entry 3KP9, www.rcsb.org, accessed June 1, 2016.)

ligand-binding cleft that opens to the extracellular space. The cleft
can vary dramatically in size and shape in different GPCRs, as some
receptors recognize small molecules (for example, the 32-adrenergic
receptor), whereas others have protein ligands (for example, chemo-
kine receptors).

Structural studies of the [2-adrenergic receptor have recently
revealed its mechanism of transmembrane signal transduction via the
heterotrimeric G-protein Go,fy (Fig. 6.6A). Binding of the agonist
in the extracellular-facing cleft induces key conformational changes
in the cytoplasmic region, in particular a large movement of the sixth

transmembrane helix and an extension of the cytoplasmic end of the
fifth transmembrane helix. These alterations promote binding to the
Go-subunit of Go,By. In binding Ga, the agonist-bound receptor
functions as a guanine—nucleotide exchange factor (GEF), inducing
exchange of GDP for GTP. GTP-bound Ga. dissociates from the By
heterodimer to activate adenyl cyclase, whereas the free By component
signals to Ca®" channels. The inactive and active 32-adrenergic recep-
tor structures are illustrated in Fig. 6.6A.

Membrane proteins can also fulfill catalytic roles; they operate
not only in the plasma membrane but in every lipid membrane in
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the cell. One example of interest is vitamin K epoxide reductase
(VKOR), the target of the anticoagulant drug warfarin (see Chapter
125). VKOR resides in the endoplasmic reticulum membrane, and
catalyzes a key step in the vitamin K cycle: regeneration of vitamin
K hydroquinone. This compound is a cofactor for the enzyme that
converts glutamic acid residues in the N-termini of vitamin K-
dependent clotting factors to Yy-carboxy glutamate (Gla) residues.
This posttranslational modification is required for interaction of
these proteins with Ca*, and thus for their function in coagulation.
Although the structure of the human enzyme has not been eluci-
dated, the structure of a homologous bacterial protein was recently
described.”" In this crystal structure (Fig. 6.6B), the bacterial homo-
logue of VKOR is naturally fused to a thioredoxin (Trx)-like domain,
which supplies reducing equivalents. The core of VKOR structure is
a four-helix bundle embedded in the membrane (transmembrane
helices TM1-TM4, shown in green), with a fifth transmembrane
helix (TM5) linked to the Tix-like domain on the extracellular
surface (topologically equivalent to the luminal side of ER-resident
mammalian VKOR). The ubiquinone compound has its quinone
ring located near the membrane surface with its isoprenyl tail inter-
calated into the V-shaped cleft between TM2 and TM3. All the
enzymatically important residues are on or close to the extracellular
side of the membrane, adjacent to the Trx-like domain, prov1d1ng a
plausible path for electron transfer. ! Interestingly, mapping of
mutations that confer resistance to warfarin onto the bacterial struc-
ture reveals striking clustering around the ligand-binding pocket,
confirming that it is also the site of warfarin binding. This pocket is
not large enough to accommodate both vitamin K and warfarin, an
indication that warfarin exerts its inhibitory effect by displacing
vitamin K."'

FUTURE DIRECTIONS

In this chapter, we have reviewed basic principles of protein struc-
ture and introduced a few representative protein folds that recur in
proteins of key importance in hematology. Further examples found
throughout the text reflect the value of understanding the structural
foundations of biologic processes. Structure is key for understand-
ing macromolecular function at a mechanistic level, and by exten-
sion for understanding pathogenic mutations and mechanisms of
drug action. Increasingly powerful structural methods, in particular
in cryo-electron mlcroscopy,4 4 promise to bring ever larger and
more complicated proteins and macromolecular complexes into
focus.
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CHAPTER

SIGNALING TRANSDUCTION AND METABOLOMICS

Pere Puigserver

Hematopoiesis is a cellular process in which self-renewing stem
progenitor cells differentiate into mature blood cells, which carry
out specific biologic functions. These functions include oxygen
delivery, clot formation, and defense of the host from infection.
Homeostasis of the whole hematopoietic system in vivo requires a
tight control of systems and networks governing proliferation, cell
fate, cell death, differentiation, cell-cell interaction, and migra-
tion. Imbalance in or dysregulation of these processes results in
pathologic alterations. For example, uncontrolled cell proliferation
is a signature of leukemias, and defective lymphocyte differentia-
tion can lead to immunodeficiency. A better understanding at the
molecular level of these biologic events will help to identify new
therapeutic targets for the design of better drugs to treat hematologic
diseases.

Because of the diversity in cellular types and their respective, spe-
cific biologic functions, hematopoietic cells respond to a broad array
of extrinsic and intrinsic signals transduced through signaling and
metabolic pathways. It is therefore important to recognize that these
pathways serve to ultimately define a specific functional response in
a given cell type. These regulatory signals (Table 7.1) can be general,
such as growth factors (e.g., insulin growth factor [IGF], fibroblast
growth factor [FGF]), or amino acids that control proliferation, or
highly specific, such as the antigen signaling response in immune
cells or 2,3-diphosphoglycerate in erythrocytes. Importantly, the
action of these signals, as well as their integration inside the cell,
is needed to accomplish a specific cellular task (either a physiologic
or cellular fate decision). Moreover, as will be discussed later in
this chapter, these signals also serve to tightly control metabolites
in hematopoietic cells, defining a metabolomic profile involved in
processes such as anaerobic glycolysis for energy generation in red
blood cells.

Extrinsic cellular signals, often polypeptides, are recognized by
plasma membrane receptors that trigger a phosphorylation cascade
(using tyrosine and/or serine/threonine residues) that propagates
through the cytoplasm and cellular organelles, including the nucleus.
Thus, the sequential activation of this cascade occurs in a temporal
and spatial manner to define the specific biologic response. In general,
there are two types of signals (Fig. 7.1): (1) signals that transduce
immediate- or short-term biologic outputs without changes in gene
expression, and (2) signals that transduce medium- and long-term
biologic outputs with changes in gene expression. In the first case,
for example, chemoattractants induce the phosphatidylinositol
3-kinase (PI3K) and Cdc42 pathways to rapidly establish neutrophil
polarity. One example in the second case is the signaling trans-
duced through Frizzled (Fz) receptors and the transcription factor
T-cell-specific transcription factor (TCF)-1 necessary for T-cell
development. In both cases, the signals transduced are amplified
through a series of physical interactions and chemical modifications
on proteins, the most common being phosphorylation, but others
such as ubiquitination, acetylation, and sumoylation also play
important roles.

In this chapter, a general survey of the different key signaling and
changes in metabolite profiles that operate in hematopoietic cells
will be reviewed. The goal is to provide the molecular basis by which
signals are transduced and control fundamental cellular processes in
different lineages of the hematopoietic system.

68

SIGNALING TRANSDUCTION

Hematopoietic cells use general signaling transduction pathways that
are common to most cell types. The specificity in these signaling
transduction pathways is often established at the beginning of the
pathway’s activation; for example, by specific antigen-binding or
ligand—-membrane receptor complexes (Table 7.2), and at down-
stream targets including transcription of the specific genes that will
serve to define a particular biologic response (see Fig. 7.1). Here we
will review these general signaling transduction pathways, illustrating
some of the specific components of hematopoietic cells.

Receptor Tyrosine Kinases, Phosphoinosite-3-Kinase,
and Mitogen-Activated Protein Kinase Pathways

Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) are enzyme-linked receptors local-
ized at the plasma membrane containing an extracellular ligand-
binding domain, a transmembrane domain, and an intracellular
protein—tyrosine kinase domain. In general, the ligands for RTKs are
proteins such as IGE epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), and FGE Ephrins that bind to Eph receptors
also form a large subset of RTK ligands. Colony-stimulating-factor
1 (CSF-1), which is important for macrophage function, is another
example of an RTK ligand. RTKs can function as monomers or
multimeric subunits assembled at the plasma membrane that, upon
ligand binding, cause oligomerization or conformational changes
followed by tyrosine (trans)-phosphorylation in the kinase activation
loop. Activation of RTKs results in phosphorylation of additional
sites in the cytoplasmic part of the receptor, leading to docking of
protein substrates, which initiates the intracellular signaling cascade.
These substrates bind to RTK-phosphorylated tyrosines through
Src Homology domain-2 (SH2) or phosphotyrosine-binding (PTB)
domains. Examples of these types of proteins are insulin receptor
substrates or the p85 regulatory subunit of PI3K. RTKs recruit,
assemble, and phosphorylate different proteins including adaptors
and enzymes.

There are mechanisms to terminate ligand-induced RTK activity
through cellular processes including receptor-mediated endocytosis
and/or through a family of regulated protein tyrosine phosphatases
(PTPs), some of which are transmembrane and have extracellular
domains, suggesting the possibility of ligand-mediated regulation.
Interestingly, there is also intracellular regulation of PTPs through
negative-feedback loops to attenuate the signal or direct control
through reactive oxygen species (ROS) (see later discussion).

Phosphatidylinositol-3-Kinase Pathway

One of the key signaling components associated with RTKs is
the phosphatidylinositol-3-kinase (PI3K) signaling transduction
pathway. This pathway is also activated by cytokine receptors and
G-protein—coupled receptors (GPCRs). Among the many functions
of this pathway in hematopoietic cells, the IL-3—dependent survival
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Fig.7.1 EXAMPLES OF LIGANDS AND RECEPTORS THAT TRANSDUCE BIOLOGIC RESPONSES.
Signals can originate from fixed ligands (e.g., the extracellular matrix, ECM) or soluble ligands that are not
membrane permeable and bind to extracellular regions of transmembrane receptors. Membrane-permeable
ligands bind to intracellular receptors, such as the nuclear receptor family. Signals can also originate from
within the cell, such as increases in ROS levels. These signals cause short-term biologic outputs without changes
in gene expression, or transduce medium- and long-term biologic outputs with changes in gene expression.
ECM, Extracellular membrane; ROS, Reactive oxygen species.

Signals in the Hematopoietic System

Types of Ligands Examples

Peptide or Protein
Soluble

ECM

Cell surface bound

Growth factors or cytokine
Fibronectin, collagen
ICAM, Kit ligand

Small organics Thyroid hormone

Nucleotides

Soluble ADP

DNA Double-strand breaks
Lipids Eicosanoids, LPA
Gases H,0,, nitric oxide®

@Function in hematopoietic system not well defined.
ADP, Adenosine diphosphate; ECM, extracellular matrix; ICAM, intercellular
adhesion molecule; LPA, lipopolysaccharide.

of these cells largely depends on activation of the PI3K pathway.
PI3K is a heterodimeric complex formed of a regulatory and a
catalytic subunit. The regulatory protein subunits are encoded by
isoforms (which include p850ct and p85p) that contain SH3-binding
domains that mediate binding to activated RTKs. This binding allows
additional recruitment and activation of the PI3K catalytic subunits
(p1100, pl110PB and p110*). At the plasma membrane, activated
PI3K phosphorylates phosphoinosite-2 (PIP2) at position 3 of the
inositol to produce PIP3. In addition, Ras, a small GTP-binding
protein and potent oncogene, also activates PI3K. PTEN, an impor-
tant lipid phosphatase and tumor suppressor, dephosphorylates PIP3,
counteracting PI3K and decreasing the intensity of the pathway.
Accumulation of PIP3 at the plasma membrane recruits several pleck-
strin homology domain (PHD) containing proteins, among them
PDK and AKT serine/threonine kinases, which are key components

Receptors in the Hematopoietic System

Types of Receptors Examples Types of Ligands

RTK Insulin, Kit, Fms Kit ligand, M-CSF
RSK TGFP receptors Activin, BMPs, TGF-B
GPCR Thrombin receptor, Thrombin chemokines

CXC, CC receptors

PTK-associated Cytokine receptors Epo, interleukins, IFN

MIRR BCR/TCR/FcR peptide/MHC, Fc
domains

TNF family Fas, TNFR, CD40 Fas, TNF, CD40L
Notch Notch Delta-serrate-LAG-2
Frizzled family Wnt receptors Wnts
Toll receptors TLR1-10 Bacterial DNA, LPS
RPTP CD45 Unknown
Nuclear receptors AR, RAR Testosterone, retinoids
Adhesion receptors Integrins Fibronectin, collagen

AR, Androgen receptor; BCR, B-cell antigen receptor; BMP, bone
morphogenetic protein; CC, CXC, types of chemokine receptors; CD40L, ligand
for CD40; Epo, erythropoietin; FCR, receptors for Fc portion of antibodies;
GPCR, G protein—coupled receptor; LPS, lipopolysaccharide; M-CSF,
macrophage colony-stimulating factor; MIRR, multichain immune recognition
receptor; RAR, retinoic acid receptor; RPTP, receptor protein-tyrosine
phosphatase; RSK, receptor serine kinase; RTK, receptor tyrosine kinase; TCR,
T-cell antigen receptor; TGFB, transforming growth factor B; TNF, tumor
necrosis factor.

in transducing PI3K signaling. Activated AKTs target different
protein substrates for initiation of a biologic response. For example,
the Bad protein, phospho-Bad, does not bind Bcl-2 and functions
as an antiapoptotic mechanism, promoting cell survival. Another

key target of AKTs are the Forkhead transcription factors (FoxOs)
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Fig. 7.2 EXAMPLES OF SIGNALING/TRANSCRIPTIONAL PATH-
WAYS PROGRAMMING GENE EXPRESSION. Proteins involved in gene
expression are a common target of many signaling pathways, and receptors
often stimulate multiple pathways that can regulate common and distinct
transcription factors. In the examples shown here, production of PtdIns-
3,4,5-P3 by PI3K leads to the activation of the serine/threonine kinase Akt.
Akt phosphorylates and inactivate FoxO transcription factors. Ras is activated
by the guanine nucleotide exchange factor Sos. Ras activation initiates a
cascade of serine/threonine kinase activity: Ras activates Raf, Raf phosphory-
lates and activates Mekl, and Mekl phosphorylates and activates Erk.
Phosphorylation of the transcription factor Elk1 by Erk activates gene expres-
sion. Increased intracellular calcium is also a common signaling event. Activa-
tion of phospholipase C leads to hydrolysis of PtdIns-4,5-P2 and production
of IP3. IP3 binds to its receptor, leading to intracellular calcium release and
then extracellular calcium influx. Calcium activates the serine phosphatase
calcineurin, which dephosphorylates NFAT proteins, allowing them to enter
the nucleus and stimulate transcription. FoxO, Forkhead transcription factors;
IP3, inositol triphosphate; NFAT, nuclear factor of activated T cells; PI3K,
phosphatidylinositol 3-kinase; Sos, Son of Sevenless.

(Fig. 7.2). When phosphorylated by AKT, phospho-FoxOs are
sequestered and inactive in the cytoplasm through direct binding
to 14-3-3 proteins. Dephosphorylated FoxOs, on the other hand,
activate gene expression associated with stress resistance and cell
growth arrest. Another major component downstream of Akt is mam-
malian target of rapamycin (mTOR, a kinase that belongs to the
PI3K-related protein kinase family), which is involved in metabolism,
growth, and proliferation. Akt phosphorylates TSC2, which forms a
complex with TSC1, decreasing its GTPase-activating protein (GAP)
activity for the small GTPase Rheb; as a consequence, the increases
in GTP-Rheb activate mTORCI1 (one of the mTOR complexes).
Among the key downstream targets of mTOR are S6K and 4EBP1,
which control protein translation. mTOR can also be activated
independently of RTKs through nutrients including branched chain
amino acids. Interestingly, mTORCI inhibitors such as rapamycin
are used as immunosuppressors in organ transplantation.

MAPK/ERK Pathway

Activated RTKs recruit docking proteins, such as Grb2 and SOS,
that allow binding of GTP to Ras to become active and trigger a
kinase signaling cascade. Ras activates RAF kinase that, in turn,
triggers a series of MEKs, which finally activate MAPK or Erk
kinases. Erk phosphorylates many proteins involved in cell growth
including ribosomal S6K, which is involved in protein translation,
and AP-1 and c-myc transcription factors, which increase many

different cell cycle and antiapoptotic-related genes (see Fig. 7.2).
Other MAPKs include the stress-activated kinases JNK and p38.
Constitutive MAPK in hematopoietic stem cells is known to induce
myeloproliferative disorders.

The Transforming Growth Factor-p Pathway

The TGFp family of cytokines contains two subfamilies: the TGFf3/
Activin/Nodal and the bone morphogenetic protein (BMP)/growth
and differentiation factor (GDF)/Miillerian-inhibiting substance
(MIS) subfamilies. At the plasma membrane TGFp ligands bind
with high affinity to the ectodomain of type II receptors, which
then recruit type I receptors. This forms a large ligand-receptor
complex involving a ligand dimer and four receptor subunits. Upon
ligand binding, the type II receptor phosphorylates multiple serine
and threonine residues in the cytoplasmic GS-rich region of the
type I receptor, leading to its activation. The phosphorylated TGFf
type I receptor binds to and phosphorylates Smad2 and Smad3
transcription factors, which are critical mediators of TGFp signaling
and function. Upon phosphorylation, Smad proteins translocate to
the nucleus to activate gene expression through binding to specific
DNA-binding sites. There are several mechanisms to terminate Smad
activation, which include proteasomal degradation and dephosphory-
lation. TGFB-1 has been shown to be associated with active centers
of hematopoiesis and lymphopoiesis in the developing fetus.

Signaling Through Receptors Associated With
Protein-Tyrosine Kinases

Here, three different types of receptors and their signaling are
included: (1) cytokine receptors; (2) multichain immune recognition
receptors; and (3) integrin receptors.

Cytokine Receptors and Janus-Activated
Kinase Signaling

The cytokine receptor superfamily mediates many of the central
specific responses in hematopoietic cells. Ligands for these receptors
include interleukins, thrombopoietin, erythropoietin, and so on.
Cytokine receptors possess a conserved extracellular region (cytokine
receptor homology domain [CDH]) and several structural modules,
including extracellular immunoglobulin or fibronectin type III-like
domains, transmembrane domains, and intracellular homology
regions. Based on the divergence of the CHD, cytokine receptors
are classified into two classes: class I and class II receptors. Class I
receptors contain two pairs of cysteines linked through a disulfide
bond and a C-terminal WSXWS motif within the CHD. This class
is further subdivided into three families: IL-2R, IL-3R, and IL-6R.
All three receptor families share similar receptor chains. The class I
cytokine receptors are formed by one chain containing two motifs
(Box 1 and Box 2), which transduce signaling through binding to
Janus-activated kinase (JAK; see later discussion). Also included in
this class are the homomeric receptors that form homodimers upon
ligand binding. Examples of these receptors include the erythro-
poietin, thrombopoietin, prolactin, and growth hormone receptors.
Class II receptors also have two pairs of cysteines but lack the
WSXWS motif found in class I receptors. There are pools of 12 class
IT receptor chains that are capable of forming a total of 10 receptor
complexes. This class is functionally divided into antiviral receptors
(three receptor complexes that bind interferons) and non-antiviral
receptors, which bind to several interleukins such as IL-10 and IL-20.

The oligomeric structures of cytokine receptors are complex and
cannot be generalized. Cytokine binding often induces oligomeriza-
tion, which activates protein tyrosine kinases in the JAK family
that are constitutively associated with the Box 1 and 2 motifs of
the cytokine receptor. Oligomerization brings JAKs in close enough
proximity to transphosphorylate on Tyr residues. This activates JAK,



which results in the phosphorylation of other cytokine receptors
as well as other substrate proteins. Among these substrates, the
signal transducer and activator of transcription (STAT) family of
transcription factors are pivotal to JAK-mediated cytokine signaling.
STATs are phosphorylated on Tyr residues by JAKs upon cytokine
binding to the receptor. Phospho-STATs homo- or hetero-dimerize,
and translocate to the nucleus to activate gene expression. STATs are
also phosphorylated on a serine residue via MAPK, which serves to
strengthen the intensity of the signal. As part of the cytokine signaling
attenuation, STATs induce genes encoding for suppressors of cytokine
signaling proteins (SOCS), which bind to phospho-tyrosine residues
of the cytokine receptor and JAK through SH2-binding domains.

JAK inhibitors, based on their ability to block cytokine signaling,
are used in allergic and rheumatoid arthritis disease therapy.

Multichain Immune Recognition Receptors

This family of receptors include antigen receptors in B and T
lymphocytes, activating receptors in natural killer (NK) cells, and
immunoglobulin E (IgE) and Fc receptors. This class of receptors
contains different integral membrane subunits that bind the ligand
at the cell surface and transduce the signal. Ligand binding induces
oligomerization of receptor subunits that contain immunoreceptor
tyrosine-based activation motifs (ITAMs) within their cytoplasmic
domains. These domains become phosphorylated on tyrosine resi-
dues upon receptor activation. These phosphotyrosines are involved
in activation of a series of protein tyrosine kinases containing SH2
domains that include Src (Src family kinase [SFK]), Syk (Syk or
ZAP-70), and Tec (Btk, Itk, Rlk), which mediate immune signal-
ing through downstream pathways that include MAPK, calcium
signaling, and NF-kB, among others. In Tec kinases, additional
downstream targets include enzymes such as phospholipase C 7y
(PLCy). The precise mechanism of this activation is not completely
understood, and in some cases, such as T-cell receptors, a protein
tyrosine phosphatase (-CD45, which counteracts the action of SFKs)
is regulated upon ligand binding.

The activities of some of these receptors are the basis of immu-
notherapy in cancer. For example, programmed death-1 (PD-1)
mediates tumor-induced immunosuppression. Cancer cells express
the PD-1 ligand, which activates the PD-1 receptor present in tumor-
infiltrated lymphocytes, suppressing the immune response. Blockade
of PD-1 activation with monoclonal antibodies has been successful
in treating several human tumors such as melanoma. Mechanistically,
T cells are activated through the T-cell receptor upon binding of major
histocompatibility complex (MHC) plus peptides on an antigen-
presenting cell (APC; in this case in the tumor cell), and binding
of APC CD80/86 to T cell CD28. Activation of the T-cell receptor
increases expression of PD-1 to suppress the immune/inflammatory
response. Cancer cells activate this pathway, upregulating the PD-1
ligand to promote survival and suppress the immune-mediated death
of tumor cells.

Integrin Signaling

Integrin receptors are involved in cell adhesion, migration, survival,
and growth. This signaling is central in hematopoietic cell function,
for example, at places of inflammation or infection, where integrins
trigger a cascade by which leukocytes exit the vasculature. Interestingly,
these receptors signal bidirectionally through the plasma membrane
in pathways referred to as inside-out and ousside-in signaling. Integrins
are a class of receptors that comprise heterodimeric type I transmem-
brane proteins consisting of o and B subunits. These subunits contain
a large extracellular domain, a single transmembrane domain, and
a short cytoplasmic tail. There are 18 o and 8 B subunits that are
associated and form 24 different integrins with different affinities for
ligands. Most of the ligands are ECM proteins containing one of the
two motifs: arginine—glycine—aspartate (RGD) or leucine—aspartate—
valine (LDV). Examples of integrin ligands are ICAM-1, which is

Chapter 7 Signaling Transduction and Metabolomics

present at the plasma membrane of antigen-presenting cells and binds
to the integrin receptor LFA-1 to promote cell-cell adhesion.

Ligand binding to the extracellular domain induces clustering of
integrins, allowing separation of the different subunits cytoplasmic
portions forming interactions with cytoskeleton proteins involved
in actin polymerization (outside-in signaling). Signals arising from
the cellular interior, including phosphorylation, can also separate
these cytoplasmic domains and can affect ligand binding (inside-out).
Ligand binding to integrin receptors also signals to protein tyrosine
kinases such as the SFKs and focal adhesion kinase (Fak). This part
of the signaling is not completely understood, but appears to involve
a domain in the B-integrin tail (NPXY motif) that binds talin,
which in turn recruits paxillin that binds Fak, which, once activated,
phosphorylates SFKs to mediate integrin response.

Tumor Necrosis Factor Receptors and Signaling

Tumor necrosis factor receptors (TNFRs) influence inflammation,
innate immunity, lymphoid organization and T-cell responses. There
are approximately 19 different ligands for TNFR that mediate cellular
responses through 29 TNFRs. TNFRsare a family of single-membrane-
spanning proteins that contain an extracellular TNF-binding region
and a cytoplasmic tail. As in the case of other cytokine receptors,
ligand binding causes oligomerization and the formation of a mature
receptor complex that is required to transduce the signal. TNFRs
fall into three classes: (1) death domain (DD) containing receptors
(fatty acid synthase, TNFR1, and DR3), which activate the caspase
cascade via the DD-initiating extrinsic apoptotic pathway; (2) decoy
receptors, which lack a cytoplasmic tail and therefore cannot transmit
the signal, making these receptors ligand sequesters; and (3) TNFR-
associated factor (TRAF) receptors such as TNFR2, which lack the
DD-recruiting TRAF proteins. In general, TRAFs are associated with
either proapoptotic or survival pathways through activation of the
NF-kB family of transcription factors and MAPK signaling (Erk,
JNK, and p38). TRAFs activate NF-B through ubiquitin-mediated
degradation of their inhibitor IxBo., which retains NF-kB inactive in
the cytoplasm. This process is initiated by phosphorylation of IkBo.
by the TkBo kinase (IKK) complex, mainly by the IKK-3 catalytic
subunit, and requires a regulatory subunit (also known as NEMO).
Upstream of IKKs are other kinases including NF-kB-inducing kinase
(NIK), which binds to TRAFs. Nuclear-activated NF-kB modulates
gene expression, which mediates TNF biologic responses.

Toll-Like Receptors and Signaling

Toll-like receptors (TLR) play essential roles in the innate immune
response. Ten TLRs have been identified and can be grouped into
two classes based on their extracellular domain: (1) TLRs with
leucine-rich repeats; and (2) TLRs with immunoglobulin domains.
The ligands for TLRs are diverse and include the different constituent
components of the microorganism, such as lipopolysaccharides and
heat shock proteins (which bind to TLR2 and TLR4). Host defense
against microorganisms mainly relies on signals originating from the
TIR (Toll/IL-1) intracellular domain (a domain present in TLRs and
IL-1Rs). The TLR signaling pathway is similar to the one triggered
by the IL-1R. Ligand binding induces TLR multimeric receptor com-
plexes, recruiting adaptor proteins such as MyD88, which contains
a TIR domain and a death domain, that in turn binds to the IL-1R-
associated kinase (IRAK). IRAK is activated by phosphorylation and
then associates with TRAFG, leading to activation of mainly two
different pathways, JNK and NF-kB to activate the innate immune
response, including release of inflammatory cytokines.

Wnt Signaling

Wnt proteins are lipid-modified, secreted proteins of approximately
400 amino acids that bind to Wnt cell surface transmembrane
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receptors, called Frizzled (Fz), to initiate the canonical Wnt signaling
transduction pathway. At the plasma membrane, binding of Wnt
ligands to Fz receptors connect through direct binding to several
intracellular proteins including Disheveled (Dsh), glycogen synthase
kinase-3f3 (GSK3p), Axin, and adenomatous polyposis coli (APC),
inhibiting proteasome-mediated degradation of the transcriptional
protein B-catenin. This degradation is regulated through GSK3f-
mediated phosphorylation of B-catenin. As a consequence, B-catenin
accumulates in the cytoplasm and translocates to the nucleus, where
it interacts with transcription factors such as lymphoid enhancer-
binding factor 1 (LEF)/TCF to modulate gene expression.

Notch Signaling

Notch ligands are plasma single-pass transmembrane proteins named
Delta-like and Jagged. Thus, cells expressing the ligands are adjacent
to cells expressing the Notch receptors, which are also transmembrane
proteins. The Notch receptor interacts with a Notch ligand on a
contacting cell; this interaction produces Notch receptor cleavage,
which releases the Notch intracellular domain (NICD). The NICD
translocates to the nucleus where it binds to several DNA-binding
proteins including CBF1/Suppressor of Hairless/LAG-1 (CSL). As
a result of this interaction between NICD and CSL, changes in
Notch target genes occur. In contrast to the other signaling pathways
discussed in this chapter that mainly function through phosphoryla-
tion, there is no amplification from the initial Notch ligand binding
to the receptor. Moreover, this core pathway is modulated through
auxiliary proteins that influence the response to the Notch ligand.
Among these proteins are acute myeloid leukemia 1 (AML1), dis-
coidin domain receptor family (DDR1), NECD, Notch extracellular
domain, and CBF1-interacting protein.

Hedgehog Signaling

Hedgehog (Hh) signaling is a ligand-dependent signaling pathway.
There are three different protein ligands—Sonic, Desert, and
Indian—that are secreted and produce an N-terminal active fragment.
Indian appears to be highly expressed in hematopoietic tissue. These
ligands bind to Patch transmembrane receptors and are internalized,
and Smoothened (a GPCR member) translocates to the plasma
membrane of the primary cilium and promotes activation of the Gli
family of zinc finger transcription factors. Hg targets include genes
involved in differentiation, apoptosis, and the cell cycle. Abnormal
activation of Hh signaling occurs in hematologic malignancies and
maintains stem cell expansion. Because these cells are resistant to
conventional chemotherapy, Hh antagonism is considered a plausible
target in these malignancies.

Nuclear Hormone Receptor Superfamily

Nuclear hormones include steroid hormones (sex hormones, gluco-
corticoids, and mineralocorticoids), sterol hormones (vitamin D and
its derivatives), thyroid hormones, and retinoids. These hormones
are lipophilic and need carrier proteins to be transported in the
blood. Due to this hydrophobicity, they can diffuse across the plasma
membrane to reach the receptor proteins inside the cells, either in the
cytoplasm or in the nucleus. These receptors are called the nuclear
hormone receptor (NHR) superfamily. What distinguishes this recep-
tor family from those discussed previously is their ability to directly
bind to DNA and coordinate gene expression, which effectively
makes them a form of transcription factor. NHRs contain a central
DNA-binding domain, which targets the receptor to DNA sequences
known as hormone response elements. In addition, the C-terminal
part of the receptor contains a ligand-binding domain where the
ligand or hormone binds. Upon ligand binding, NHRs control the
expression of diverse sets of genes related to the hormonal response.
Based on the types of ligands that they can bind, NHRs can be

grouped into four classes: (1) steroid receptors, which include recep-
tors for glucocorticoids, mineralocorticoids, progesterone, androgen,
and estrogen; (2) retinoid X receptor heterodimers, such as thyroid
receptor, retinoic acid receptor, vitamin D receptor, and peroxisome
proliferator-activated receptors; (3) dimeric orphan receptors, such
as COUPTF or HNF4; and (4) monomeric orphan receptors, such
as NGFI. The cognate ligands for orphan receptors have yet to be
identified.

G Protein—Coupled Receptor and Chemokine Signaling

GPCR Signaling

The GPCR superfamily comprises a large collection of proteins,
with approximately 2000 annotated genes in the human genome
(-10% of the entire genome). GPCRs are involved in a large array
of physiologic functions, including platelet aggregation and leukocyte
chemotaxis. GPCRs are single polypeptides with seven-pass trans-
membrane domains containing both cytoplasmic and extracellular
regions. Ligands for GPCRs are very diverse and include proteins
or peptides, amino acids, lipids, and nucleotides that bind at the
cell surface where GPCRs are localized. In spite of its vast size and
variety of activational ligands, the GPCR superfamily relies upon
three main intracellular signaling cascades for communicating recep-
tor activation: the cyclic adenosine monophosphate (cAMP)/protein
kinase A (PKA), the phosphatidylinositol/phospholipase C, and the
Rho GTPase-based cascades.

GPCRs are coupled to a heterotrimeric G protein formed from
three unique subunits (0., 3, and ) that are membrane bound. The
G-o subunit contains a GTPase domain, which is capable of hydrolyz-
ing GTP to GDP. When bound to GDP, the complex is functionally
inactive, with the G-ot subunit remaining tightly associated with the
other subunits of the GPCR complex. Upon ligand binding to the
GPCR, structural conformational changes produce the release of
GDP from the heterotrimeric complex, allowing GTP to bind to the
G- subunit. In this GTP-bound form, the G-o subunit dissociates
from the G-B and G-y subunits with which it interacts. The G-o.
subunit then proceeds to interact with its downstream cognate targets
to affect a particular signal response, depending upon the GPCR and
the specific G-0t subunit isoform. Among these second-messenger
effectors are the CAMP/PKA pathway, ion channels, Rho GTPase,
MAPK, PI3K, and inositol-3-phosphate/diacylglycerol (InsP3/DAG)
pathways. In the case of the cAMP pathway, adenylate cyclase is
downstream of different GPCRs (e.g., adrenergic receptors) and is
activated by GTP-bound G-o.. Adenylate cyclase converts ATP to
cAMD, a freely diffusible second-messenger molecule. A key effector
of intracellular cAAMP is PKA, an inactive tetrameric protein complex
consisting of two regulatory and two catalytic subunits. Binding of
cAMP to the regulatory subunits causes release and activation of
the catalytic subunits, which phosphorylate different cellular targets.
Among them are the transcription factor cAMP-responsive element
(CREB) and several ion channels. In addition to adenylate cyclase,
there are other common effectors downstream of GPCRs, such as
phospholipase C, a plasma membrane-bound enzyme that cleaves
phosphatidyl inositol (PIP2) into two products and messengers:
inositol triphosphate (IP3) and diacyl glycerol (DAG). IP3 can
diffuse through the cytoplasm and bind receptors in the endoplasmic
reticulum, resulting in calcium release to the cytoplasm. Importantly,
calcium propagates the signaling cascade through different proteins
such as calcineurin and nuclear factor of activated T cell (NFAT)
transcription factors (see Fig. 7.2), which are involved in, for example,
IL-2 gene expression. DAG at the plasma membrane binds and
activates, in conjunction with calcium, protein kinase C (PKC),
which will phosphorylate other downstream targets. Rho guanine
nucleotide exchange factor (RhoGEF) is also a target for some G-o.
subunits. Binding of the G-ot subunit to Rho allosterically activates
it, causing GTP to be preferentially bound. This, in turn, allows
RhoGEFs to activate Rho kinase, which is involved in the cytoskeletal
reorganization necessary for changes in cell shape and motility.
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Chemokine Signaling

Chemokines mediate cell migration in immune surveillance, inflam-
mation, and development. There are nearly 50 human chemokines
divided into four families (CXC, CC, C, and CX3C) on the basis of
the pattern of internal cysteine residues; thus C stands for cysteine
and X/X3, one or three noncysteine amino acids. Expression of
some of these chemokines is induced by inflammatory signals such
as TNFaq, interferon-y, trauma, or microbial infection. There are
approximately 20 signaling chemokine receptors and they are all
GPCR receptors, thus the chemokine acts as a ligand, and activation
of the chemokine receptor follows the principles described previously.
The major downstream effectors are cAMP and calcium messengers.
Interestingly, some of the chemokine receptors also bind HIV viral
proteins.

cGAS—-cGAMP-STING Signaling Pathway

The presence of cytoplasmic DNA, through infection or DNA
damage, activates innate immune responses. A mechanism of
sensing this misplaced DNA is through the cGAS-cGAMP-STING
signaling pathway. Cytosolic DNA binds and activates the ¢cGAS
enzyme (cGAMP synthase), which produces a second messenger, the
cyclic dinucleotide 2’,3’-cGAMP, using ATP and GDP as substrates.
2/,3"-cGAMP is a high-affinity ligand for STING, an endoplasmic
reticulum membrane protein that undergoes several structural con-
formations. 2’,3"-cGAMP bound to STING binds to the protein
kinase TBK1, which phosphorylates IRF3; in addition, activated

STING signals to IKK to phosphorylate and degrade IxBo., which
sequesters NFKB in the cytoplasm. Both phosphorylated and dimer-
ized IRF3 and NFxB translocate to the nucleus to activate expression
of type I interferons and other cytokines.

METABOLOMICS AND CONTROL OF HEMATOPOIETIC
CELL METABOLISM

There are three important general pathways by which metabolism
impacts cellular function and the metabolomic state (Fig. 7.3):
(1) activity of catabolic routes that supply energy in the form of
ATD, such as glycolysis or oxidative phosphorylation; (2) activity of
anabolic routes that synthesize molecules that are used for cellular
growth or a specific function; and (3) changes in metabolites that
control intrinsic and extrinsic cellular activities. This regulation
is intimately connected to signaling transduction, as most of the
pathways described in the previous section directly control cellular
metabolism and metabolite levels. Here, this part of the review will
cover the main metabolic pathways and new metabolomic research,
taking into consideration their implications in hematopoietic cells.

Glucose Metaholism

Hematopoietic cells have different types of glucose transporters;
for example, activation of T cells causes dramatic increases in
Glutl expression in order to maintain immune homeostasis. Once
transported into the cell, glucose is metabolized through different
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biochemical pathways to provide energy and building blocks for
macromolecules that constitute the cell or regulatory metabolites.
Glucose can be stored in cells in the form of glycogen, which consti-
tutes a rapid source of energy through its breakdown to free glucose
(glycogenolysis), although this pathway is limited to a certain number
of hematopoietic cells. Chemotaxins (FMLP, C5ades arg, arachidonic
acid) activate granulocytes to catabolize significant amounts of
endogenous glycogen.

Glycolysis

Glycolysis is a series of reactions by which six-carbon glucose is
converted into two three-carbon keto-acids (pyruvate). Importantly,
these oxidative reactions generate energetic molecules such as ATP
and NADH, and can occur in the absence of oxygen and mitochon-
dria. In some cells, such as erythrocytes, anaerobic glycolysis produces
lactate, but in most cell types pyruvate is completely oxidized to
acetyl coenzyme-A and carbon dioxide by the mitochondrial pyru-
vate dehydrogenase complex and the tricarboxylic acid (TCA) cycle
coupled to oxidative phosphorylation. In general, hematopoietic stem
cells are thought to largely depend on glycolysis, while more dif-
ferentiated cells, except for erythrocytes, use mitochondrial oxidative
metabolism. Glycolytic fluxes are under intrinsically tight control
through intermediate metabolites in the pathway. The most powerful
control is exerted by fructose 2,6-bisphosphate (F-2,6-BP), which is
generated by phosphofructokinase 2. F-2,6-BP allosterically activates
phosphofructokinase, providing a “feed-forward” mechanism of
stimulation. Activation of growth factor signaling pathways potently
stimulate glycolysis at different points, including phosphorylation of
phosphofructokinase 2 and pyruvate kinase. The PI3K pathway is a
major signaling pathway that controls glycolysis.

Interestingly, in erythrocytes, 1,3-diphosphoglycerate can be
diverted from glycolysis to synthesize 2,3-diphosphoglycerate (2,3-
DPG) via the enzyme diphosphoglycerate (Rapoport—Laubering
shunt). 2,3-DPG is an important metabolite that regulates oxygen
binding to hemoglobin; thus increased levels of 2,3-DPG (e.g., under
hypoxic conditions) allow hemoglobin to release oxygen under low
partial oxygen tensions.

Pentose Phosphate Pathway

The pentose phosphate pathway (PPP) derives from glycolysis in the
cytoplasm. The first enzyme in this pathway is glucose-6-phosphate
dehydrogenase (G6PDH) and produces NADPH, a substrate utilized
for lipogenesis and glutathione regeneration by glutathione reductase.
The regulation of NADPH production through G6PDH is through
NADPH-mediated product inhibition. The PPP is also important in
generating ribose-5 phosphate, which is a precursor for nucleotide
synthesis in proliferating cells. Interestingly, GGPDH deficiency leads
to low levels of NADPH, which is essential for controlling reactive
oxygen species (ROS) through glutathione reductase. It is one of
the most common erythrocyte enzymopathies and these cells cannot
prevent oxidative damage in critical molecules such as heme, causing
overall irreparable damage to the cell at a much higher rate than
normal, particularly in response to certain environmental triggers
such as drugs and stress. The damaged erythrocytes are removed from
circulation in the spleen and destroyed by macrophages at an elevated
rate, leading to anemia. This enzymopathy occurs in areas with high
malarial burden, in part because the mutated recessive allele confers
malarial resistance. This resistance is because red blood cells with low
GO6PDH activity, when infected with the parasite, are continuously
removed from the circulation.

Tricarboxylic Acid or Krebs Cycle

A major route for pyruvate oxidation is conversion to acetyl-CoA,
a reaction catalyzed by the mitochondrial pyruvate dehydrogenase

enzymatic complex. Acetyl-CoA is a high-energy intermediate
that can be further oxidized by the TCA cycle or utilized for fatty
acid synthesis. The TCA cycle is initiated by the condensation of
oxaloacetic acid with acetyl-CoA, forming citrate. In reactions involv-
ing decarboxylation and oxidation, CO, is produced and NADH
and flavin adenine dinucleotide (FADH) are produced for use in
the mitochondrial respiratory chain. The flux of the TCA cycle is
regulated by the levels of acetyl-CoA and oxaloacetic acid, which are
entry points in the cycle, and by the availability of NAD* and FAD*
substrates. The rate of oxidation through the TCA cycle depends
on mitochondrial electron transport activity, which is governed in
part by NADH levels. The TCA cycle also produces metabolites for
biosynthetic processes (anaplerotic reactions). For example, citrate is
converted to fatty acids and sterols, and succinyl CoA is an intermedi-
ate in heme and porphyrin synthesis. Aside from the bioenergetic
and anaplerotic aspect of this cycle, several reactions have important
clinical implications.

Oxidative Phosphorylation

In most cell types, oxidative phosphorylation is dominant on ATP
generation. Exceptions include red blood cells, which lack mito-
chondria. Oxidative phosphorylation complexes are located at the
inner mitochondrial membrane and receive high-energy electrons
from NADH (produced from the oxidation of acetyl-CoA). These
electrons are passed through the different oxidative phosphoryla-
tion complexes (which contain heme, copper iron—sulfur groups,
and flavins as electron carriers) until they reach the final electron
acceptor, molecular oxygen. As a consequence of electron transfer,
protons are pumped into the mitochondrial intermembrane space,
generating an electrochemical gradient used to synthesize ATP.
There are five oxidative phosphorylation complexes: complex I
(NADH-CoQ reductase complex), complex II (succinate—-CoQ
reductase complex), complex III (CoQH,—cytochrome ¢ reductase
complex), complex IV (cytochrome C oxidase complex), and
complex V (ATP synthase complex). In general, hematopoietic
stem cells are located in low-oxygen niches and largely depend on
glycolysis instead of oxidative phosphorylation to maintain ATP
levels. The differentiation process is associated with increases in
mitochondria, which allow for the generation of ATP through the
respiratory chain. For example, this occurs in quiescent T cells that
are in a catabolic phase, producing ATP mainly through oxidative
phosphorylation. Upon stimulation, activated T cells shift towards
an anabolic phase, relying upon a high rate of glycolysis for ATP
generation. Mitochondrial DNA encodes for several oxidative
phosphorylation subunits and mutations in this DNA produce
mitochondrial diseases. Interestingly, anemia, a symptom associated
with patients having Pearson syndrome, is caused by accumula-
tion of mutated mitochondrial DNA in sideroblasts. This suggests
that hematopoietic cell-specific respiration defects can be respon-
sible for anemia by inducing abnormalities in erythropoiesis during
development.

Reactive Oxygen Species Metabolism

Reactive oxygen species (ROS) are chemically reactive small molecules
with oxygen in different oxidation states, such as partially reduced
oxygen ions and peroxides. The three major species are superoxide,
hydrogen peroxide, and hydroxyl radicals. The major cellular sites
for ROS production are the mitochondria and NADPH oxidase,
a plasma membrane or phagosome-bound enzyme. Approximately
85% of cellular ROS is a subproduct of normal oxidative phos-
phorylation. Superoxide is the initial ROS produced in the electron
transport chain, and it is transformed to hydrogen peroxide by the
enzyme superoxide dismutase. Hydrogen peroxide is the substrate
of catalase or glutathione peroxidase, which reduces it to water.
Hydrogen peroxide, however, is also converted to hydroxyl radicals,
the most reactive oxygen species, in a Fenton reaction with ferrous



iron. NADPH oxidase catalyzes the NADPH-dependent reduction
of oxygen into the superoxide anion.

ROS cause cellular damage through oxidation and chemical modi-
fications of proteins, lipids, and DNA. Nuclear and mitochondrial
DNA can be oxidized, producing strand breaks. Intracellular levels of
ROS are regulated through different signaling transduction pathways.
Growth factor-mediated signaling increases ROS levels, for instance.
Conversely, ROS also affect this signaling through modulation of
protein tyrosine phosphatases that contain cysteine-sensitive residues
that modulate their enzymatic activity and regulate the biologic
responses associated with this signaling.

ROS are particularly deleterious to hematopoietic stem cells
because of their effect on genomic stability and survival. In phagocytic
cells (neutrophils, macrophages, or eosinophils), NADPH oxidase is
responsible for the oxidative burst that is triggered upon phagocytosis
of pathogens. Superoxide generated by NADPH oxidase is rapidly
converted to other ROS, which, in cooperation with pH-sensitive
proteases, are responsible for killing the microorganisms in the phago-
some vacuole.

Recently, gain-of-function mutations of isocitrate dehydrogenase
1 and 2 (IDH1 is cytoplasmic and is unrelated to the TCA cycle;
IDH2 is the TCA mitochondrial form) have been found in 20% of
acute leukemia patients. IDH1 and IDH2 are highly homologous
but distinct (in structure and function) from the NAD*-dependent
heterotrimeric IDH3 enzyme that is part of the TCA cycle produc-
ing NADH to the respiratory chain. The cellular function of the
NADP-dependent IDH1/2 enzymes is not clear but they are part
of glucose, fatty acids, and glutamine metabolism, and contribute
to the maintenance of cellular reduction—oxidation balance. In
three identified mutations, the enzyme undergoes a change in its
normal physiologic catalytic reaction (i.e., oxidative decarboxylation
of isocitrate to produce 0O-ketoglutarate and CO, while converting
NAD[P] to NADI[P]H) and instead produces 2-hydroxyglutarate,
which is now considered to be a protoncometabolite. The mechanism
appears to be linked to competition with o-ketoglutarate for the
active site of ketoglutarate-dependent dioxygenases, such as TET2,
which functions as a cytosine demethylase.

Lipid Metabolism

Fatty acids and triglycerides (the storage form of fatty acids) consti-
tute an energetic reserve in the body. Most of the cells are able to
synthesize fatty acids, but there are essential fatty acids such as linoleic
acid, o-linoleic, and arachidonic acid that cannot be synthesized.
Arachidonic acid is made from linoleic acid, and is the precursor for
prostaglandins, thromboxanes, and leukotrienes that participate in
different pathways such as the inflammatory response. Drugs that
block the enzyme cyclo-oxygenase and prostaglandin synthesis such
as acetaminophen, ibuprofen, and acetylsalicylate provide pain relief.
Fatty acids can directly mediate transcriptional responses, acting as
ligands for peroxisome proliferator-activated receptors, a family of
nuclear hormone receptors. In addition, there are specific GPCR
receptors such as GPR40 and GPR120 activated by medium- or
long-chain fatty acids. GPR43 is activated by short-chain fatty acids
and is highly abundant in leukocytes.

Fatty Acid Synthesis

In the mitochondrial matrix acetyl-CoA is generated from pyruvate
and is the precursor for fatty acid synthesis. Acetyl-CoA cannot
cross the mitochondrial membrane; thus acetyl-CoA condenses with
oxaloacetate (first reaction in the TCA cycle) to form citrate, and
is exchanged into the cytoplasm through TCA translocases. Once
in the cytoplasm, citrate is converted to acetyl-CoA by ATP citrate
lyase. The rate-limiting reaction of fatty acid synthesis is the carbox-
ylation of acetyl-CoA to form malonyl CoA, which is catalyzed by
acetyl-CoA carboxylase (ACC). Malonyl CoA is a potent inhibitor
of fatty acid oxidation. ACC is allosterically regulated by citrate to
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form active enzyme polymers, which are depolymerized by the end
product of fatty acid synthesis: long-chain fatty acids. Growth factors
positively control ACC dephosphorylation. Catecholamines, on the
other hand, result in the phosphorylation and inhibition of ACC via
PKA. Fatty acids are synthesized in the cytoplasm by a multifunc-
tional enzyme, fatty acid synthase (FAS). Two of these functional
domains are the acyl carrier protein and the condensing enzyme (CE).
After completion of the different rounds of synthesis, the palmityl
group is transferred to CoASH. In macrophages, lipopolysaccharide
(LPS) activates lipogenesis through activation of sterol regulatory
element—binding protein (SREBP), a key transcriptional mediator
of cholesterol and fatty acid synthesis.

Fatty Acid Oxidation

Fatty acids are “charged” before oxidation to form acyl-SCoA, a cyto-
plasmic reaction catalyzed by the enzyme fatty acyl-CoA synthetase.
Fatty acid -oxidation, however, occurs in the mitochondrial matrix
and charged fatty acids must first be conjugated to carnitine in order
to cross the mitochondrial membrane. This transport is carried out
by the carnitine acyltransferases I and II. These enzymes constitute a
rate-limiting step for B-oxidation of fatty acids and are allosterically
regulated by malonyl CoA, allowing the cell to avoid a futile cycle
of fatty acid synthesis and breakdown. Inside the mitochondria,
acyl-CoA undergoes a cycle of reactions removing acetyl-CoA from
the main chain. This acetyl-CoA is then processed through the TCA
cycle.

Cholesterol

Cholesterol is an important component of cellular membranes and a
substrate for the production of steroid hormones. Free cholesterol is
tightly controlled in cells through synthesis, storage, and transport.
Excess cholesterol in cells is secreted through reverse cholesterol
transport or stored in the cytoplasm as cholesterol ester, produced
by Acy-CoA:cholesterol acyltransferase located in the endoplasmic
reticulum. Cholesterol is transported in the plasma by lipoproteins
including chylomicrons and very low-density lipoprotein (VLDL).
The main sources of cellular cholesterol for hematopoietic cells are
the cholesterol-rich lipoprotein, low-density lipoprotein (LDL), and
de novo synthesis from acetyl-CoA. The rate-limiting step for choles-
terol synthesis is catalyzed by HMG-CoA reductase, the direct target
of cholesterol-lowering statin drugs, and converts hydroxymethylglu-
taryl CoA to mevalonic acid. Cellular cholesterol levels are sensed in
the endoplasmic reticulum through the SREBP transcription factor,
which directly controls most the enzymes in cholesterol synthesis as
well as LDL transport. Excess of LDL becomes oxidized and taken by
macrophages, a main cause of atherosclerosis. The SREBP pathway
is also important for T-cell activation under antigenic challenge, as
its activation favors cholesterol synthesis and transport, which is used
for membrane biogenesis and cell proliferation in the activated T cell.

Amino Acid Metabolism

The major sources of amino acids derive from the diet or protein
breakdown. Nonessential amino acids are synthesized from carbon
skeletons using different metabolic pathways. Amino acids conjugated
to tRNA are used in protein synthesis; however, in excess they can
be used for energy production. In addition, amino acids are neces-
sary for the synthesis of other compounds. For example, tryptophan
catabolism constitutes a route for de novo NAD" synthesis in a
pathway that is important in leukocytes for the replenishment of
NAD" levels after oxidative stress. Interestingly, different metabolites
derived from tryptophan catabolism via the kynurenine pathway play
a role in immune tolerance. Plasma amino acids are transported in
cells against a concentration gradient. Amino acid transporters are
specific for neutral (small and larger), basic, and acidic amino acids.
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Depending on the cell type and specific state (growth, hypoxia,
fasting, and so on) intracellular amino acids are used in anabolic or
catabolic pathways.

Most of the regulation of amino acid metabolism is achieved
through substrate fluxes affecting specific enzyme kinetics. However,
there are two major regulatory pathways that involve amino acid
sensing mechanisms and metabolic control. (1) General control
nonrepressed 2 (GCN2) is a protein kinase that senses amino acid
deficiency through direct binding to uncharged tRNA. GCN2
controls the transcription factor ATF4, affecting different enzymes
of amino acid metabolism. (2) mTOR is a protein kinase activated
in response to increased amino acid concentrations (particularly
branch chain amino acids). mTOR controls many aspects involved in
protein synthesis, inhibition of protein degradation, and amino acid
biosynthetic enzymes. The high asparagine requirement of certain
acute lymphoblastic leukemias has resulted in the use of asparaginase
to deplete circulating levels of asparagine. Limited amounts of aspara-
gine result in activation of GCN2 in leukemic cells, and reduce their
proliferation and viability rates.

Biosynthesis of Nonessential Amino Acids

Nonessential amino acids are synthesized by most of the cells, includ-
ing hematopoietic lineages. Nonessential amino acids are mainly
synthesized from glucose (alanine, arginine [from the urea cycle in
hepatic cells], asparagine, aspartate, cysteine, glutamate, glutamine,
glycine, proline, and serine), except for tyrosine, which is synthesized
from phenylalanine. The rest of the nine amino acids are essential
and the body needs to obtain these from the diet. Serine, glycine,
and cysteine are synthesized from glycolytic intermediates. Serine
synthesis has recently been found to be increased and necessary in
stem cells. For some hematopoietic cells, the synthesis of cysteine and
glycine is of elevated importance owing to their use in the synthesis of
the tripeptide glutathione. Aspartate and asparagines are synthesized
by transamination of oxaloacetate by glutamate and amide transfer
from glutamine, respectively. Glutamate, glutamine, proline, and
arginine are formed from the TCA cycle intermediate 0t-ketoglutarate.

Amino Acid Catabolism

Two central reactions in amino acid catabolism are the generation of
ammonia through transamination (catalyzed by amino transferases)
and oxidative deamination (catayzed by glutamate dehydrogenase) in
which the a-amino group of the different amino acids is transferred
to O-ketoglutarate to form glutamate, which undergoes the release
of free NH;. Free ammonium is added to glutamate to generate
glutamine, which is then exported into the circulation to the liver,
where it then enters the urea cycle. The urea cycle only occurs in the
liver and has two purposes: (1) to get rid of free ammonium; and
(2) to supply arginine. Interestingly, one of the enzymes of the urea
cycle, arginase (which converts arginine to ornithine) is expressed in
immune cells. Myeloid cell arginase depletes arginine and suppresses
T-cell immune response, and is an important mechanism of inflam-
mation associated with immunosuppression. Arginase is viewed as
a promising strategy in the treatment of cancer and autoimmunity.
Arginine is also essential for the differentiation and proliferation of
erythrocytes.

Nucleotide Metaholism

Nucleotides are involved in a diverse array of cellular functions includ-
ing (1) energy metabolism (ATE, NAD", NADP", and FAD" and
their corresponding reduced forms); (2) units of nucleic acids (NTPs
are substrates for RNA and DNA polymerases); and (3) physiologic
mediators such as adenosine, ADP (which is critical in platelet aggre-
gation), cAMP and cGMP (second messenger molecules), and GTP
(which participates in signal transduction via GTP-binding proteins).

Most of the regulatory pathways that are associated with nucleo-
tide synthesis and degradation are strictly controlled by regulatory
components of the cell cycle machinery. The amount of intracellular
nucleotides has to reach certain levels in order for the cell to proceed
through the S-phase checkpoint. In addition, several of the key cell
cycle regulators, including the c-myc oncogene (which is translocated
in certain myelomas), directly increase the expression of most of the
key enzymes associated with nucleotide synthesis.

Nucleotide Synthesis

There are two pathways for the synthesis of nucleotides, salvage and
de novo. The salvage pathway uses free bases via a reaction with phos-
phoribosyl pyrophosphate (PRPP) and generation of nucleotides.
De novo pathways synthesize pyrimidines and purine nucleotides
from amino acids, carbon dioxide, folate derivatives, and PRPP.
Importantly, both salvage and de novo pathways depend on PRPD,
which is produced from ATP and ribose-5-phosphate (generated in
the pentose phosphate pathway) by PRPP synthetase, an enzyme
that is inhibited by metabolic markers of low-energy AMP, ADP, and
GDP to avoid nucleotide synthesis in these conditions. In general,
PRPP levels are low in postmitotic cells but high in proliferating
cells. Folate is essential in nucleotide biosynthesis, and lack of folate
in the diet can lead to anemia due to inhibition of proliferation of
red blood cell precursors.

Nucleotide Degradation

Nucleotidases and nucleosidases initially participate in purine nucleo-
tide degradation. For example, adenosine is deaminated to produce
inosine, which, after ribose is removed, generates hypoxantine,
which is used by xanthine oxidase to form uric acid. Immune cells
have potent nucleotide salvage pathways, and a lack of adenosine
deaminase causes severe combined immune deficiency (SCID)
syndrome. SCID is associated with a large accumulation of dATP
in immune cells, which, through a negative-feedback mechanism on
ribonucleotide reductase, blocks production of dNTPs and results in
a failure to replicate DNA.

Introduction to Metabolomics

Analytical measurements of blood metabolites such as glucose, urea,
and cholesterol is part of clinical biochemistry to track diseases.
Along these lines and facing the new era of personalized medicine
emerges metabolomics, which evaluates metabolism with a com-
prehensive and quantitative analysis of all metabolites, as well as
its impact on cell biology, and aims to discover novel biomarkers
or targets for therapy. Recent technical innovations in mass spec-
trometry and nuclear magnetic resonance (NMR) have allowed the
measurement of many metabolites simultaneously. These advances,
in combination with metabolite flux analysis with isotopic tracers,
have provided new information on many metabolic processes. The
use of metabolomics also offers a tool to identify metabolic enzymes
as drug targets, as they are poised for inhibition with small-molecule
drugs and possess allosteric sites that can be utilized to alter catalytic
activity.

A major effort in metabolomics has been the identification of
biomarkers for diseases and therapeutic targets. As an example,
metabolomics was used to analyze plasma from diabetic patients
showing increases in branch chain amino acids before hyperglycemia.
Another example comes from the combination of genome-wide
sequencing analysis and metabolomics: sequence analysis of acute
myeloid leukemias was able to identify IDH1 or IDH2 mutations
in 20% of patients. Metabolomics analysis revealed accumulation
of a noncanonical metabolite, 2-hydroxyglutarate, which promotes
the tumorigenic process (see following discussion). In general, there
are two different metabolomic approaches: targeted, which measures
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Fig. 7.4 METABOLITE PROFILING UPON T-CELL ACTIVATION.
Metabolomic analysis has revealed that glycolytic fluxes and glutaminolysis
are increased during activation of T cells. Polyamines that are required for
T-cell proliferation are synthesized from glutamine. See text for further
details. 7CA, Tricarboxylic acid.

known and specific metabolites; and nontargeted, which includes
analytical measurements of unknown metabolites.

Metabolomics of Glucose Metabolism

Systematic and simultaneous quantitative targeted polar metabolite
analysis of glucose metabolic pathways using metabolomic and flux
measurement techniques has introduced new basic and clinically rel-
evant information in hematology (Fig. 7.4). For example, increases in
glucose metabolism signatures measuring serum metabolite linked to
glycolysis and the TCA cycle have been correlated with a prognostic
risk score in AML patients.

Metabolic reprogramming or switches are crucial for T-cell activa-
tion. Quiescent naive T cells obtain most of their ATP from mito-
chondrial oxidative phosphorylation for energy, whereas activated T
cells switch to glycolytic, glutaminolysis, and anabolic metabolism
to promote clonal expansion that appears to be dependent on the
transcription factor Myc. Moreover, metabolomic signatures have
revealed that Th1, Th2, and Th17 cell lineages and T effectors exhibit
an increased glycolytic metabolism. However, regulatory T cells and
CD8" memory T cells depend more on mitochondrial oxidative
phosphorylation. In addition, T cells are exposed to different nutrient
environments, from high nutrient levels in the lymphoid organs
to a more restricted nutrient availability in the effector sites such
as tumors or infection. Under these conditions metabolic repro-
gramming through mTOR and AMP kinases control and maintain
survival and immune function of T cells.

Metabolomics of Lipid Metabolism

Nonpolar metabolomics has provided metabolite profiles linked
to lipid metabolism. In the case of fatty acids, de novo fatty acid
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synthesis is necessary for differentiation of T helper 17. Bioactive
lipids have also been profiled in different types of blood cells. For
example, sphingosine-1-phosphate is stored in erythrocytes, and is
found highly elevated in the blood of sickle cell disease patients owing
to increased erythrocyte sphingosine kinase 1.

Metabolomics of Nucleotide Metabolism

Measurements of the different polar metabolites in nucleotide
metabolism are linked to particular stages of cell growth. For example,
unbiased metabolomics has identified that pyrimidine starvation is a
mechanism for specific types of cell death in multiple myeloma cells.

Metabolomics of Amino Acid Metabolism

Metabolomic studies have revealed that activated T cells reprogram
their metabolism from fatty acid and pyruvate oxidation, and the
TCA cycle, to aerobic glycolysis, the PPP, and glutaminolysis, and
metabolic fingerprint similar to tumor cells. In particular, glutamine
is used to increase polyamine biosynthesis, which is essential for T-cell
proliferation, a process controlled by the transcription factor Myc.

SUMMARY AND PERSPECTIVES

This short review summarizes the central signaling and metabolic
pathways that play a pivotal role in all the processes executed by
hematopoietic cellular systems. In normal physiologic conditions
these pathways are regulated and operating to achieve homeostatic
cellular functions in healthy individuals. In pathologic conditions,
however, dysregulation or failure of these pathways leads to diseases of
lymphohematopoietic tissues. To a large extent, the main components
and regulatory circuitries of these pathways have been elucidated, but
the challenge for the future is to fully integrate them and identify
therapeutic targets that will enable the development of effective
treatments for these diseases. New technologies in metabolomics are
promising for the identification of biomarkers that can be used in
personalized medicine, as well as new therapeutic targets including
metabolic enzymes.
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CHAPTER

PHARMACOGENOMICS AND HEMATOLOGIC DISEASES

A fundamental hypothesis pursued in genetics is that heritable genetic
variation (i.e., genotypes or haplotypes) translates into inherited
phenotypes (e.g., disease risk, drug response). On the basis of this
hypothesis, one aim of medical genetics and pharmacogenomics is to
understand the myriad associations between inherited genotypes and
specific phenotypes of disease or drug response, with the ultimate goal
of better defining the risk for, or outcome of, diseases and the response
to specific medications. In cancer, disease prognosis and treatment
response can be affected by both inherited (germline) and acquired
(somatic) genome variation, and both types of genome variation
have been shown to alter the effects of certain medications. Many
seminal discoveries in medical genetics were made in the course of
investigating hematologic disorders, as exemplified by the fact that the
most prevalent monogenic disorders, the hemoglobinopathies, affect
approximately 7% of the world’s population. Pharmacogenomics also
has a long tradition in hematology; one of the first documented
clinical observations of inherited differences in drug effects was the
relationship between hemolysis after antimalarial therapy and the
inherited glucose-6-phosphate dehydrogenase (G6PD) activity in
erythrocyrtes.'

In the pregenomic era, efforts concentrated on mapping highly
penetrant monogenic (Mendelian) loci for both specific diseases and
drug-metabolizing pathways that influence the effects of medications.
Completion of the Human Genome Project and the development
of arrays for genome-wide single-nucleotide polymorphism (SNP)
and DNA methylation analyses, “next-generation” DNA sequencing
technologies (whole-exome sequencing [coding regions only] and
whole-genome sequencing [coding and noncoding regions]) have
enabled relatively inexpensive and essentially agnostic genome-wide
approaches to identify genomic variants that predispose to diseases
and/or modify drug responses and/or contribute to heterogeneity of
monogenetic disorders and complex diseases that are polygenetic in
nature.” In addition to genome sequence variation, epigenetic differ-
ences are increasingly recognized as important for the development of
diseases and contribute to differences in the pharmacologic effects of
many medications, referred to as p/]ﬂrmacoq)igenomicsﬁ This chapter
provides a brief overview of pharmacogenomics and pharmacoepig-
enomics, using selected examples to illustrate its current and potential
impact on the treatment of hematologic diseases.

VARIATION IN THE HUMAN GENOME

The genome-wide systematic identification of heritable (i.e., germ-
line) and acquired (i.e., somatic) variants, and the functional analysis
of genes, their variants, their expression, and their related products
(i.e., proteins) have revolutionized the study of many diseases, the
development of new medications, and the optimization of drug
therapy. Genomics increasingly enable clinicians to make intelligent
and reliable assessments of a person’s risk for acquiring a particular
disease, to identify drug targets, and to explain interindividual differ-
ences in the effectiveness and toxicity of medications.”

The Human Genome Project and subsequent projects such as the
International HapMap Project, the 1000 Genomes Project, and the
ENCODE Project have unveiled many types of variations within
the 3 billion base pairs (bp) of the human haploid genome (Table
8.1); the spectrum ranges from single-base-pair differences to large
chromosome events. Variations encompass SNPs, insertions or dele-
tions of chromosomal DNA, and structural variants (SVs; genomic
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rearrangements that affect >50 bp of sequence). Comparisons among
human genomes showed that they differ more as a consequence of
structural variation than as a result of single-nucleotide variation. For
practical purposes, the term sequence variation is mainly used herein.
Polymorphisms are defined as common inherited variations in DNA
sequence that are typically, although somewhat arbitrarily, defined as
the least common allele having a frequency of 1% or more in the
population.

SINGLE-NUCLEOTIDE POLYMORPHISMS

The most common and important inherited sequence variations are
SNPs, positions in the genome where individuals have inherited
a nucleotide that differs from the most common sequence (“wild-
type”) at the position in the genome. Many efforts are underway to
catalogue these variants, because a comprehensive SNP catalog offers
the possibility to pinpoint important variants in which nucleotide
changes alter the function or expression of a gene that influences
diseases or response to medications. The main public database is
the “Database of Short Genetic Variations” (dbSNP; a repository of
genetic variations less than 50 bp in length) and a growing number of
SNPs (currently about 88 million validated) has recently been driven
largely by the International HapMap Project and the 1000 Genomes
Project (see Table 8.1).

SINGLE-NUCLEOTIDE POLYMORPHISMS
AND PHENOTYPES

SNPs are present in exons, introns, promoters, enhancers, and
intergenic regions. To elucidate the relationship between SNPs and
phenotypes of interest, initial efforts have concentrated mainly on
SNPs that are likely to alter the function or expression of a gene.
However, only a small portion of the identified SNPs lie within
coding regions; only about half of those SNPs cause amino acid
changes in expressed proteins, and only a subset of those alter the
function of the encoded protein (“damaging SNPs”). SNPs that cause
amino acid changes are referred to as nonsynonymous SNPs (nsSNPs),
and are the main sequence variants underlying most of the highly
penetrant inherited monogenic diseases currently known, such as
hemoglobinopathies. The likelihood that nsSNPs will result in disease
or functional changes in drug metabolism or transport depends on the
localization and nature of the amino acid change within the encoded
protein; software algorithms have been developed to “predict” whether
a certain amino acid change is likely to have a major or minor effect
on protein function (i.e., “damaging” versus “non-damaging”).
Although it is intuitively obvious that amino acid substitutions
have the potential to change the function of a protein, gene expres-
sion also can be affected by SNPs positioned in regulatory sequences
or intronic regions. For example, a “silent” or synonymous SNP
has been identified that affects protein folding and function of an
important drug transporter, namely ATP-binding cassette transporter
ABCBI, and this variant has the potential to influence the intra-
cellular accumulation of drugs that are substrates for ABCB1 (a
transporter out of cells).” Moreover, SNPs in the promoter region
can alter the regulatory promoter function and the gene’s expression,
thereby influencing drug effects. Using a genome-wide association
study (GWAS), the 924607 TT polymorphism in the promoter
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A Selection of Relevant Websites

Genomic Variants

National Human Genome Research
Institute (NHGRI)

GenBank

The 1000 Genomes Project
dbSNP

dbVar

ClinVar

Database of genomic variants (DGV)

The Encyclopedia of DNA Elements
(ENCODE)

Roadmap Epigenomics Project

International HapMap Project

Pediatric Cancer Genome Project

Pharmacogenomics

Pharmacogenomics Knowledge Base

Clinical Pharmacogenetics
Implementation Consortium
(CPIC)

U.S. Food and Drug Administration—
Pharmacogenomic Biomarkers

Cytochrome P450 Homepage

Human CYP Allele Nomenclature
Committee

The UCSF-FDA TransPortal

Description

Website of the NHGRI with the aim to improve
human health by genome research

NIH genetic sequence database—an annotated
collection of all publicly available DNA sequences
A deep catalogue of human genetic variation

Repository of all types of short genetic variations
<50 bp in length

Archive of large-scale genomic variants (generally
>50 bp) such as insertions, deletions,
translocations and inversions

Archive of reports of the relationships among human
variations and phenotypes

Catalogue of human genomic structural variation

Project to identify all functional elements in the
human genome sequence

Public resource of human epigenomic data

Public resource to find genes associated with human
disease and response to pharmaceuticals

Decodes the genomes of more than 600 childhood
cancer patients
Description

Most comprehensive website on pharmacogenomics

Provides guidelines that enable the translation of
genetic laboratory test results into actionable
prescribing decisions for specific drugs
(see Table 8.2)

Contains a list of FDA-approved drugs with
pharmacogenomic information in their labeling

Comprehensive data collection on cytochrome P450

Unified allele designation system, and database of
CYP alleles and their associated effects

A public drug transporter database

Address

http://www.genome.gov/

http://www.ncbi.nIlm.nih.gov/genbank/

http://www.1000genomes.org/
http://www.ncbi.nIm.nih.gov/SNP/

http://www.ncbi.nIm.nih.gov/dbvar/

http://www.ncbi.nlm.nih.gov/clinvar/

http://dgv.tcag.ca/dgv/app/home
http://www.genome.gov/10005107

http://www.roadmapepigenomics.org/

http://hapmap.ncbi.nim.nih.gov/

http://www.pediatriccancergenomeproject.org/
site/

Address

http://pharmgkb.org
https://www.pharmgkb.org/page/cpic

http://www.fda.gov/drugs/scienceresearch/
researchareas/pharmacogenetics/
ucm083378.htm

http://drnelson.uthsc.edu/CytochromeP450.html
http://www.cypalleles.ki.se/

http://dbts.ucsf.edu/fdatransportal/

region of the gene encoding a centrosomal protein 72 kD (CEP72)
was recently found to be significantly associated with vincristine-
induced peripheral neuropathy in children with acute lymphoblastic
leukemia (ALL), and in vitro experiments have shown that the
CEP72 promoter 1s924607 TT polymorphism creates a binding
site for a transcriptional repressor leading to lower expression of
CEP72 mRNA and increased sensitivity of neurons and ALL cells
to vincristine.’

In addition, diverse classes of small to long noncoding RNAs
(ncRNAs) have emerged as important regulators of gene expression
and genome stability. For example, micro-RNAs (miRNAs) are small
(19- to 22-nucleotide-long), single-stranded RNA molecules that can
influence cellular mRNA levels or impair translation after binding to
miRNA binding sites at the target gene’s 3”-untranslated region. SNPs
in miRNA binding sites or in the sequence encoding miRNAs have
the potential to alter binding and function of miRNAs, respectively.
Indeed, a so-called miRSNP, which is defined as a functional SNP
that can interfere with miRNA function, had been reported to affect
the expression of the antifolate target dihydrofolate reductase, thereby
influencing antifolate pharmacodynamics.®

Collectively, these examples demonstrate that SNPs in function-
ally different genomic regions can influence drug disposition and
response.

HAPLOTYPES, LINKAGE DISEQUILIBRIUM,
AND HAPMAP

Combinations of SNPs are commonly inherited together in the same
region of DNA, forming haplotypes. Genome-wide haplotypes can
be constructed by linkage disequilibrium (LD) analysis. LD analysis
is a statistical measure of the extent to which particular alleles or
SNPs at two loci are associated with each other in the population,
and LD occurs when haplotype combinations of alleles or SNPs at
different loci occur more frequently than would be expected from
random association. SNPs and alleles of interest are presumably
inherited together if they are physically close to each other (usually
<50 kilobases [kb]), producing strong LD. Therefore SNPs that are
in LD with a disease phenotype or response-to-drug phenotype can
mark the position on the chromosome where a susceptibility gene
is located, even though the SNP itself may not be the cause of the
phenotype.

By studying millions of SNPs in hundreds of individuals from
geographically diverse populations, the international HapMap con-
sortium created genome-wide maps of haplotypes (see Table 8.1).
The HapMap project has revealed a block-like structure of LD, as

well as the existence of areas of low or high recombination rate, and



this has helped to identify so-called tagging (tag) SNPs. Such tagging
SNPs can be used to predict with high probability the alleles at other
co-segregating “tagged” SNPs, and the number of identified tag SNPs
varies considerably among populations of different ancestry. Of note,
common SNPs are also in LD with other common variants in the
human genome (e.g., structural variants [SVs]).

STRUCTURAL GENOMIC VARIANTS

SVs are balanced or unbalanced changes in DNA content, and
encompass alterations ranging from submicroscopic sequence vari-
ants greater than 50 bp to larger, sometimes cytogenetically visible,
variants. Unbalanced DNA alterations that change the number of
base pairs in comparison with a reference genome are as frequent as
or even more common than SNPs, and include copy number variants
(CNVs) or smaller insertions/deletions (indels). Balanced variations
such as inversions and translocations are less common. Many efforts
focus on the identification, validation, and mapping of these vari-
ants, and the major catalogs are the Database of Genomic Variants
(DGYV) and the Database of Genomic Structural Variation (dbVAR;
see Table 8.1). CNVs are found in a wide spectrum of genomic
regions; therefore, many pharmacologically relevant genes can be
affected by these variants. Indeed, CNVs have been described to
influence activity of some of the most important drug-metabolizing
enzymes, such as cytochrome P450 enzymes and glutathione
S-transferases.”

SOMATIC GENOMIC VARIANTS

Genomic instability is a hallmark of cancer cells. Nonrandom genetic
abnormalities, including aneuploidy (gains and losses of whole
chromosomes) and structural rearrangements that often result in the
expression of chimeric fusion genes (e.g., BCR-ABLI), can be found
in the majority of hematologic malignancies. These acquired (somatic)
genomic variations can differ significantly from inherited (germline)
genomic variations and can, for example, create allele-specific copy
number differences between normal host cells and cancer cells.
Such differences can have pharmacologically relevant consequences.
Indeed, it was shown that the cellular acquisition of additional
chromosomes in leukemia cells—for example, the gain of additional
chromosomes 21 in hyperdiploid ALL (>50 chromosomes)—can
cause discordance between germline genotypes and leukemia cell
phenotypes, which are important when these discordant genotypes/
phenotypes influence the disposition of antileukemic agents. More-
over, somatic deletions of genes encoding proteins that regulate the
stability of the DNA mismatch repair enzyme mutS Homolog 2
(MSH2) have been identified in approximately 11% of children with
newly diagnosed ALL. These deletions in ALL cells have been shown
to cause DNA mismatch repair deficiency and increased resistance to
thiopurines, representing another genomic mechanism by which leu-
kemia cells can acquire MSH2 deficiency and mercaptopurine (MP)
resistance.’

CATALOGUES OF GENOMIC VARIANTS,
GENOTYPING PLATFORMS, AND
GENOME-WIDE ASSOCIATION STUDIES

Cataloguing the pattern of genome variation in diverse populations
is fundamental in understanding areas of human phenotypic diversity
such as interindividual and interethnic differences in drug responses;
increasingly detailed maps of human genomic variation are provided
in public databases (see Table 8.1). Information from these maps has
been used to design high-throughput genotyping platforms (e.g.,
SNP chips), thereby providing tools to interrogate the relationship
between genetic variation across the human genome and important
phenotypes such as disease or response to medications in a relatively
unbiased (agnostic) fashion.”
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SNP catalogues have been used in GWASs to pinpoint genes
important to diseases and drug responses, and in the past few years
more than 2000 robust associations with more than 300 complex
diseases and traits have been identified.’

Variation in the Human Epigenome

Epigenetics encompasses inherited and acquired changes in gene
function that cannot be explained by alterations in sequence of
nucleic acids. The epigenome is a complex layer of regulatory
information that is superimposed on the genome (epigenetics literally
means “above genetics”), with major mechanisms that contribute to
epigenetic variation including DNA methylation, DNA hydroxy-
methylation, and various histone modifications such as histone
acetylation and methylation. As in medical genetics, many seminal
discoveries in medical epigenetics were made during investigations of
hematologic diseases, and the myelodysplastic syndrome is considered
a prototypical example of an epigenetic disease. In contrast to stable
sequence variants, the epigenetic cellular state is principally mal-
leable and can be influenced by environmental factors such as diet
and toxin exposure. Of note, the expression of genes that encode
important drug-metabolizing enzymes (e.g., cytochrome P450) and
drug transporters (e.g., solute carrier family) have been shown to be
altered via intrinsic and extrinsic factors that modify the epigenetic
signature, thereby influencing the disposition and effects of drugs.’
Moreover, the dynamic nature of epigenetics provides a mechanism
to modulate the expression of genes that influence drug sensitivity,
and so-called “epidrugs” (i.e., drugs that influence gene expression via
epigenetic mechanisms) have already been successfully incorporated
into the treatment of hematologic diseases (e.g., hypomethylating
agents such as decitabine and vidaza for myelodysplastic syndrome,
and histone deacetylase inhibitors such as vorinostat and romidepsin
for cutaneous T-cell lymphomas).’

Major efforts are ongoing to generate detailed epigenenomic
maps to provide a basis for understanding cellular processes, the
pathogenesis of diseases, and alterations in drug responses, such as the
Encyclopedia of DNA Elements (ENCODE) and the Epigenomics
Roadmap (see Table 8.1).

GENETIC VARIATIONS INFLUENCING DRUG RESPONSE:
PHARMACOGENETICS-PHARMACOGENOMICS-
PHARMACOEPIGENOMICS

Pharmacogenomics is a major element of the recently announced U.S.
President’s Precision Medicine initiative. Mostly empiric approaches
are used to select drug therapy for most patients and most diseases,
despite the fact that there is great heterogeneity in the way people
respond to medications, in terms of both host toxicity and treatment
efficacy. Unfortunately, for almost all medications, interindividual
differences are the rule, not the exception, and these differences result
from the interplay of many variables, including genetics and environ-
ment. Variables influencing drug response include pathogenesis and
severity of the underlying disease being treated; drug interactions;
the patient’s age, sex, nutritional status, and renal and liver func-
tion; the presence of concomitant illnesses; and other components
of treatment. In addition to these clinical variables, both inherited
and acquired (e.g., somatic mutations in cancers) genome variation
can influence the disposition and effects of medications, including
many used to treat hematologic diseases. Clinical observations of
inherited differences in drug effects (based on family studies and
twin studies) were first documented in the 1950s, and the concept of
pharmacogenetics was defined initially in 1959 by Friedrich Vogel as
“the study of the role of genetics in drug response.” The number of
recognized clinically important pharmacogenetic traits grew steadily
in the 1970s; the elucidation of the molecular genetics underlying
these traits began in the late 1980s and 1990s, with their translation
to molecular diagnostics to guide drug therapy being well under-
way in the 2000s. The study of pharmacogenetics began with the
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analysis of genetic variations in drug-metabolizing enzymes and how
those variations translate into inherited differences in drug effects.
Subsequently, the field has incorporated genome-wide approaches
to identify networks of genes that govern the clinical response to
drug therapy (i.e., pharmacogenomics). The terms pharmacogenet-
ics and pharmacogenomics, however, are generally considered to be
synonymous for all practical purposes. With the recognition that
epigenetic modification affects gene expression and can contribute
to variability in drug effects, the field of pharmacoepigenomics has
gained additional attention and importance.

Opverall, pharmacogenomics can be viewed as a broad strategy
to establish models of drug disposition and effects by integrating
information from genome sequencing, functional genomics, high-
throughput molecular analyses, pharmacokinetics (e.g., drug metabo-
lism and disposition), and pharmacodynamics (treatment response).
Approaches to establish pharmacogenomic models include candidate
gene analyses (which focus on the analysis of single genes or sets of
functionally related genes in pathways thought to be important for
the medicine under study) and more agnostic genome-wide analyses.
Pharmacogenomic models can be used to maximize efficacy and
reduce toxicity of existing medications, as well as to identify novel
therapeutic targets.

Comprehensive reviews on pharmacogenomics and epigenomics
are available elsewhere.'>*” Herein, clinically relevant examples are
provided to illustrate the potential of pharmacogenomics and epig-
enomics to improve current drug therapy for hematologic disorders,
to prevent hematologic toxicity, and perhaps to identify novel targets
for developing new therapeutic approaches in hematology.

OPTIMIZATION OF DRUG THERAPY

Drug effects are typically determined by the interplay of several
gene products that influence the pharmacokinetics and pharmaco-
dynamics of medications. Pharmacokinetics entails characterization
of the absorption, distribution, metabolism, and excretion (ADME)
of medications. Pharmacodynamics is the relationship between the
pharmacokinetic properties of drugs and their pharmacologic effects,
cither desired or adverse. The ultimate goals of pharmacogenom-
ics and pharmacoepigenomics in this context are to elucidate the
inherited determinants for drug disposition and response to select
medications and dosages on the basis of each patient’s inherited
ability to metabolize, eliminate, and respond to specific drugs. A
model of how polygenic variables can determine drug response is
illustrated in Fig. 8.1.

GENETIC VARIATIONS THAT INFLUENCE
DRUG DISPOSITION

Drug Metabholism

There are many enzymes involved in drug metabolism, which are
often categorized into phase I reactions that involve oxidation,
reduction, or hydrolysis of medications, and phase II enzymes that
conjugate drugs via acetylation, glucuronidation, sulfation, or meth-
ylation. Although phase I metabolism often inactivates medications,
this is not always the case, as exemplified by codeine’s activation
by cytochrome P450 CYP2D6 and clopidogrel’s activation via
CYP2C19. Phase II conjugation generally makes medications more
water soluble and therefore more readily excreted in the urine, but
some phase II conjugates have pharmacologic effects. Although the
liver is generally considered the major organ for drug metabolism,
phase I and phase II metabolic enzymes are found in many other
tissues, including the kidney, intestinal tract, lung, brain, spleen,
erythrocytes, and lymphocyrtes.

Essentially all genes encoding drug-metabolizing enzymes with
more than 30 families of enzymes in humans exhibit genetic varia-
tion, many of which translate into functional changes in the proteins
encoded. Inheritance of genes containing sequence variations that

alter the function of enzymes they encode, as well as CNVs or
epigenetic signatures that alter the expression of functionally rel-
evant genes, can influence either drug activation or inactivation, and
ultimately determine the extent of drug effects. This is most evident
when polymorphic genes encode enzymes that are involved in crucial
pathways of elimination or activation of the administered medica-
tion. It should also be recognized that genetic polymorphism in
genes that encode the protein targets of medications (e.g., VKORC1,
the target of warfarin) can also have a significant influence on
drug effects.

The focus of this chapter is to provide examples that are rel-
evant to hematologists to illustrate the potential impact of genome
variation on the effects of medications. We discuss enzymes involved
in inactivation of the antileukemic agent MP, as well as genes
encoding the enzyme (CYP2C9) that metabolizes active warfarin
and the gene that encodes its target (VKORCI1). These examples
therefore involve both phase I (CYP2C9) and phase II (thiopurine
S-methyltransferase [TPMT]) drug-metabolizing enzymes and the
target of the most widely prescribed anticoagulant. Our examples
include both inherited genome variations (CYP2C9, TPMT,
NUDT1I5, and VKORC]I) and somatically acquired genome variants
(NT5C2) that have been shown to alter drug effects in humans.
This is a rapidly evolving component of “precision medicine,” thus
providing an understanding of their relevance and potential is of
greater value than attempting a current and comprehensive literature
review.

Thiopurines and Inherited Variants in TPMT and
NUDT15, and Acquired Somatic Variants in NT5C2

MP is metabolized by numerous enzymes, cither to activate it to
thioguanine nucleotides (TGNs) or to inactivate it via methylation or
dephosphorylation of TGNs. Although there is genetic polymorphism
in enzymes involved in MP activation (e.g., hypoxanthine phospho-
ribosyltransferase 1 [HPRT1]), there is little evidence that genetic
polymorphisms in these enzymes play an important role in controlling
the pharmacologic effects of MP, with the exception of patients who
inherit HPRT'1 deficiency, an X-linked disease that occurs in approxi-
mately 1 in 350,000 Caucasian males (Lesch—Nyhan syndrome). In
contrast, genetic polymorphisms in two enzymes involved in the
inactivation of thiopurines (MP, and the MP prodrug azathioprine
and thioguanine) increase the accumulation of their active TGN,
thereby increasing the risk of hematopoietic toxicity; TPMT and
NUDT15 (nucleoside diphosphate linked moiety X-type motif 15).
Inherited variants in TPMT were first discovered in the 1990s, with
two major inactive variant alleles accounting for the majority of inher-
ited TPMT deficiency in major world populations studied to date
(TPMT*3C [rs1800460] for persons of Asian and African ancestry,
and 7PMT*3A [rs1142345 and rs1800469] for persons of European
ancestry). TPMT*3A, TPMT*3C, and TPMT*2 (rs1800462) account
for more than 95% of the clinically relevant TPMT variants; variant
TPMT alleles encode unstable proteins. Patients who are heterozygous
(5% to 10% of persons) are about five times more likely to develop
hematologic toxicity, whereas patients who inherit two variant alleles
(1 in 300 persons) will all develop hematologic toxicity if treated with
conventional doses of thiopurines.'’

It has been recognized for many years that patients of Asian ances-
try develop more hematologic toxicity than patients of European or
African ancestry, yet the frequency of nonfunctional 7PMT alleles
is lower in Asians. Important new insights were recently provided
by the identification of variant alleles of NUDT15 in South Korean
patients with inflammatory bowel disease who developed hematologic
toxicity while receiving azathioprine therapy."' The NUDT15 variant
was very strongly related to thiopurine hematopoietic toxicity. In a
GWAS of children with ALL receiving MP therapy, both TPMT and
NUDT15 were significantly related to thiopurine intolerance in U.S.
children."* Together, these studies show that genetic polymorphisms
in both of these genes influence thiopurine tolerance, and that 7PMT
variants are more common in patients of European and African
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Fig. 8.1 POLYGENIC DETERMINANTS OF DRUG RESPONSE. The potential effects of two genetic
variants are illustrated. One genetic variant involves a drug-metabolizing enzyme (z9p), and the second involves
a drug receptor (middle). Differences in drug clearance (or the AUC) and receptor sensitivity are depicted in
patients who are either homozygous for the wild-type allele (WT/WT) or heterozygous for one wild-type and
one variant allele (WT/V), or have two variant alleles (V/V) for the two genetic variants. At the bortom are
shown the nine potential combinations of drug metabolism, drug-receptor genotypes, and the corresponding
drug-response phenotypes, which were calculated with data from the z9p. The therapeutic indexes (efficacy-
to-toxicity ratios) ranged from 13 (65%:5%) to 0.125 (10%:80%). AUC, Area under the plasma concentration—
time curve; V; variant; W7, wild-type. (Courtesy Evans WE, McLeod HL: Pharmacogenomics: drug disposition, drug
targets, and side effects. N Engl | Med 348:538, 2003. Copyright 2003 Massachusetts Medical Society. All rights reserved.)

ancestry, whereas NUDTI15 variants are much more common in
Asians."”

In addition, it was recently discovered that somatic mutations in
the N75C2 gene (encoding 5-nucleotidase, cytosolic II) are rela-
tively common in ALL cells at the time of disease relapse, conferring
resistance to MP."*'* The mechanisms by which each of these genetic
polymorphisms or somatic mutations influence the pharmacologic
effects of thiopurine medications and the appropriate dosage adjust-
ments for such patients are discussed in greater detail in the following
section.

Inherited Variants in TPMT and NUDT15, and Their
Influence on Thiopurine Hematopoietic Toxicity

The prodrugs MP and thioguanine (TG) are among the agents
that constitute the backbone of treatment for childhood ALL.
Childhood ALL studies have shown that all “homozygous” TPMT-
deficient patients experience dose-limiting hematotoxicity, and some

experience life-threatening hematotoxicity if given conventional
doses of thiopurines."” In TPMT-deficient patients, the thiopurine
dose must be reduced to 10% to 15% of the conventional dose to
avoid severe hematopoietic toxicity. Although many patients with one
nonfunctional TPMT allele can tolerate essentially full doses of thio-
purines (dependent on starting dose and other therapy), thiopurine-
intolerant heterozygous patients typically require a 30% to 50% dose
reduction. Multivariate analyses have demonstrated that children who
have ALL and at least one 7PM7-variant allele tend to respond well
to MP therapy (i.e., 75 mg/m* per day), and may experience better
leukemia control than is obtained in those who have two wild-type
TPMT alleles. Most importantly, in the St. Jude Total protocols pro-
spective MP dose adjustments (i.e., reduced doses in heterozygotes)
were associated with less toxicity without compromise in treatment
efficacy."’

In children in whom MP dose was adjusted according to 7PMT
genotypes, a sequence variant in inosine triphosphatase (/7PA) was



Part I Molecular and Cellular Basis of Hematology
Genotype/Phenotype Drug dose Systemic exposure Toxicity
TPMT alleles Conventional dosing 8 ®
1L T £ 8
% 5000 S 08 Deficient
*2 7 4000 808
- c -
- ATGo3g. ¢ 250 > 3000 o Heterozygote
L 2 3 2000 204
S0 *3A € 1000+ Jo.2 Wild-type|
= ATG460G>A 719A>C O = 2 0
D = . - e T T T T
S| 3¢ viv wit/v wit/wt 15 Deficient Wild-type 3 0 05 1 15 2 25
ATG = Heterozygote Years
719A>G
TPMT phenotype
10 — Individualized dosing g N
wt/w 3]
81 5900 © 5000 §
o
< 6- < 7 4000 2 8@'
©  [|"2,*3A,*3C S 3000 £ 0.67
S 44 250 ©
Il £ 3 2000 204
2 o € 1000 M vl §0.2
O_V/V = 0 = - E 0 T |__-I|.-_|_
0 10 20 30 v/iv wi/v wit/wt (ZD Deficient Wild-type 3 0 05 1 15 2 25
TPMT actvity = Heterozygote Years

TPMT phenotype

Fig. 8.2 GENETIC POLYMORPHISM OF THIOPURINE METHYLTRANSFERASE AND ITS ROLE
IN DETERMINING TOXICITY TO THIOPURINE MEDICATIONS. Under “Genotype/phenotype” (far
left) are depicted the predominant TPMT mutant alleles that cause autosomal-codominant inheritance of
TPMT activity in humans. As shown in the graphs under “Drug dose”, “Systemic exposure”, and “Toxicity”,
when uniform (conventional) dosages of thiopurine medications (e.g., azathioprine, MP, thioguanine) are
administered to all patients, TPMT-deficient patients accumulate markedly higher (10-fold) cellular concentra-
tions of the active TGNs, and TPMT-heterozygous patients accumulate approximately twofold higher TGN
concentrations, which translates into a significantly higher frequency of toxicity (far right). As depicted in the
bottom row of graphs, when genotype-specific dosages of thiopurines are administered, comparable cellular
TGN concentrations are achieved, and all three TPMT phenotypes can be treated without acute toxicity. In
the two graphs under “Drug dose”, the solid or striped portion of each bar depicts the mean MP doses that
were tolerated in patients who presented with hematopoietic toxicity; the stippled portion depicts the mean
dosage tolerated by all patients in each genotype group, not just those patients presenting with toxicity. MP,
Mercaptopurine; 7GN, thioguanine nucleotide; 7PM T, thiopurine S-methyltransferase; », variant; we, wild-
type. (Courtesy Evans WE: Thiopurine S-methyltransferase: a genetic polymorphism that affects a small number of drugs

in a big way. Pharmacogenetics 12:421, 2002.)

identified as a risk factor for febrile neutropenia, illustrating that
when treatment is adjusted for the most penetrant genetic poly-
morphism, less penetrant polymorphisms can emerge as clinically
important.'” TPMT genotypes do not fully explain all variability in
MP sensitivity, and “trans” effects of SNPs that affect TPMT activity
in patients with wild-type 7PMT genotypes have recently been dis-
covered in the protein kinase C and casein kinase substrate in neurons
2 (PACSIN2) gene. More importantly, GWAS investigations have
identified germline variants in the nucleoside diphosphate-linked
moiety X-type motif 15 (NUDT15) gene, which predisposed patients
to azathioprine-related hematopoietic toxicities during treatment
of Crohn disease or MP therapy for ALL: NUDT15 variants were
especially common in East Asians and in Hispanics with high Native
American ancestry.'""

The TPMT genotype is the strongest genetic factor for MP
effects in patients of European and African ancestry, and in 2004
the U.S. Food and Drug Administration (FDA) added information
about TPMT testing for determining the appropriate dosage of MP.
Evidence suggests that 7PMT genotyping before initiation of MP
treatment can be cost effective in children with ALL. By using the
TPMT genotype to individualize thiopurine therapy, clinicians can
now diagnose inherited differences in drug response, thereby prevent-
ing serious toxicities. Guidelines for TPMT genotype and thiopurine
dosing are available from the Clinical Pharmacogenetics Implementa-
tion Consortium (CPIC); these guidelines are periodically updated
at the Pharmacogenomics Knowledge Base (PharmGKB)" (also see
Table 8.1, box on Relevance to Clinical Hematology, and Fig. 8.2).
There are no consensus guidelines for using NUDTI5 variants to

adjust thiopurine dosages, but they are likely to be forthcoming as
these early findings are replicated.

Relevance to Clinical Hematology

MP Dosage Adjustment Based on TPMT Genotypes
in Acute Lymphoblastic Leukemia

MP is a mainstay of treatment of childhood ALL. However, con-
ventional doses of this prodrug can induce severe hematotoxicity in
patients who have impaired thiopurine metabolism in hematopoietic
tissues owing to less stable TPMT enzyme variants. The three major
variant alleles (7PM7172, TPMT*3C, and TPMT*3A) encoding
the variant proteins can quickly be determined by commercially
available Clinical Laboratories Improvement Act—certified molecular
diagnostics or in special laboratories (e.g., Prometheus Labs, CA,
USA) using samples obtained from peripheral blood before MP
therapy. In patients with two nonfunctional alleles (1 out of 300),
MP dosage must be reduced to 10% to 15% of conventional 75 mg/
m” per day dosages. Patients with one variant allele (5% to 10% of
the population) can tolerate MP at full dosage; however, in intolerant
patients, a dose reduction of 50% often is required."

Although inherited variants in NUDT15 are strongly associated
with thiopurine intolerance,'"' precise dosage adjustments to avoid
toxicity without compromising treatment efficacy based on NUDT'15
genotype have not yet been defined owing to its relatively recent
discovery.



Thiopurines and Somatic Variants in NT5C2

To explore molecular mechanisms for drug resistance in childhood
ALL, two study groups recently sequenced the transcriptomes and
whole exomes of diagnostic, remission, and relapse samples from
ALL patients."”'* In B-cell precursor (BCP)-ALL up to 10% and
in T-ALL up to 19% of the relapse samples had mutations in the
NT5C2 nucleotidase. The NT5C2 nucleotidase can inactivate the
thiopurines MP and TG. Remarkably, six of the identified variants
in NT5C2 increased the enzyme activity of the variant proteins (up
to 48-fold), thereby protecting ALL blast cells against thiopurine-
induced apoptosis. Of note, no resistance to other antileukemic
agents was observed when the variant proteins were expressed in
cell lines. Maintenance therapy with the antimetabolites MP and
methotrexate is an essential element for successful ALL therapy,
and one can speculate that resistance to MP can give rise to early
relapse of ALL. Indeed, a significant association of activating N75C2
variants and early ALL relapse was found."”'* Novel strategies are
necessary to overcome this drug resistance phenotype in the subset
of patients with N75C2 mutations, and such strategies may help to
further improve outcome in ALL by avoiding inappropriate drug
levels at the target site (e.g., by using drugs that are not inactivated
via NT5C2 or by design of small molecules that inhibit NT5C2
function).

Inherited Genome Variants in Cytochrome
P450 Enzymes

The cytochrome P450 (CYP) superfamily is a system of phase I
enzymes involved in the metabolism of endogenous substances and
exogenous compounds (e.g., drugs, environmental chemicals). In
humans the CYP enzymes are encoded by more than 57 genes, and
the majority of these genes are polymorphic. Updated information
regarding the nomenclature and properties of the variant alleles with
links to the dbSNP database is available at the human CYP allele
website (see Table 8.1).

On the basis of patient genotype (diplotype) CYP variant alleles,
individuals are often categorized into one of four major predicted
drug metabolism phenotypes: poor metabolizers (having two loss-
of-function alleles), intermediate metabolizers (being deficient in
one allele), extensive metabolizers (having two copies of functional
alleles), and ultrarapid metabolizers (having three or more functional
gene copies due to gene duplications, or two increased-activity alleles,
or one functional allele plus one increased activity allele).

Different populations of metabolizers have been linked to differ-
ent types of variants in the coding region of CYP genes (i.e., SNPs
that alter the amino acid encoded, thereby altering protein function
or stability); SNPs in intronic regions, which can alter CYP gene
mRNA expression; CNVs (e.g., gene deletions, gene duplications)
of CYP genes; or differences in the methylation at CpG islands in
promoter and 5’ regions, which alter expression of CYP genes.

Many pharmacologically relevant variants in CYP genes have been
identified. The focus here is on the variants in CYP2C9, which have
been shown to influence the metabolism of an extensively prescribed
medication: warfarin.

CYP2C9, VKORCI1, and Warfarin

In the United States, the oral vitamin K antagonist warfarin is still
widely used to prevent thromboembolic events in patients with
chronic conditions such as atrial fibrillation, and the drug is prescribed
to more than 1 million persons annually. A narrow therapeutic index
with a risk for serious hemorrhage and interindividual variability
in response to warfarin necessitate individualization of treatment,
which has been based primarily on monitoring prothrombin time
via international normalized ratio (INR) testing. Compared with the
therapeutic INR range (i.c., 2-3), INR greater than 4 is associated
with a 25-fold higher risk of bleeding in elderly patients treated
with warfarin, and the percentage time in therapeutic range (PTTR)
is a widely accepted read-out for treatment effect. Complications
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from inappropriate warfarin dosing remain among the most common
reasons for hospitalization due to adverse drug reactions.

Pharmacologically, warfarin is a racemic mixture of R- and
S-enantiomers that differ in their patterns of metabolism and in
their potency of pharmacologic effects, with S-warfarin being more
potent. Warfarin dose requirements can be influenced by both modi-
fiable (e.g., compliance, dietary vitamin K intake, therapeutic level
surveillance) and nonmodifiable factors (e.g., age, gender, genetics).
Candidate gene studies initially demonstrated that the CYP2C9
genotype influences warfarin clearance, and alters oral anticoagulant
dose requirements and bleeding risks. CYP2C9 is the principal
CYP2C isoenzyme in the human liver, and it is involved in the
oxidative metabolism and inactivation of S-warfarin."

The two most common CYP2C9 variants with diminished enzyme
activities are CYP2C9*2 (1s1799853) and CYP2C9*3 (rs1057910).
Approximately 35% of Caucasians have one or two of these variant
alleles; the *2 and *3 variants are virtually nonexistent in Africans
and Asians (95% express the wild-type genotype [i.e., extensive
metabolizers]).

Compared with the wild-type genotype (CYP2C9*1/*1), patients
with two nonfunctional variants have a reduction of enzyme activity
to approximately 12% for CYP2C9*2/*2 and approximately 5% for
CYP2C9*3/*3. Therefore, the required dose of warfarin is lowest in
homozygous carriers of the CYP2C9*3 variant (e.g., dose reduction
of about 1.6 mg/day) and intermediate in homozygote carriers of
the CYP2C9*2 variant (e.g., dose reduction of about 1 mg/day =

An important finding was the identification of a novel mechanism
underlying warfarin resistance—the discovery of sequence variants
in the warfarin target gene VKORCI, which encodes the vitamin
K epoxide reductase complex 1. This complex regenerates reduced
vitamin K for another cycle of catalysis, which is essential for the
posttranslational y-carboxylation of vitamin K-dependent clotting
factors. A common noncoding variant (-1639G>A, 1s9923231) was
shown to be significantly associated with warfarin dose requirements.
Patients with the -1639 AA genotype require lower initial warfarin
doses (e.g., dose reduction of up to 3 mg/day) when compared with
individuals with the -1639 GG variant. As the -1639G>A poly-
morphism affects a VKORCI transcription factor binding site, the
functional effect of the variant is thought to be related to decreased
VKORCI transcription, leading to lower protein expression. There
are major differences in the distribution of VKOCRI haplotypes
among ethnic groups, and this may explain interethnic differences
in coumarin requirement.”” GWAS in patients treated with warfarin
showed two major signals in and around VKORCI and CYP2C9, and
identified a much weaker association with CYP4F2. The CYP2F4
enzyme catalyzes vitamin K oxidation, and the V433M variant
(rs2108622) was identified to require increased warfarin dosing.
Overall, VKORCI explains approximately 25% of the variance in
coumarin dose requirement, CYP2C9 explains about 15%, and
CYP4F2 explains about 3%."

In 2010 the FDA updated the label on warfarin, providing
VKORCI and CYP2C9 genotype-specific ranges of doses, and
suggested that VKORCI and CYP2C9 genotypes be taken into
consideration when the drug is prescribed. Additionally, dosing
algorithms are available online (e.g., from the International Warfarin
Pharmacogenetics Consortium [IWPC]), including genetic and non-
genetic information that can help to optimize the warfarin starting
dose (see CPIC Guidelines: Table 8.2).

The results of two large randomized trials, which have prospec-
tively evaluated the benefit of genotype-guided warfarin dosing,
have recently been reported. Whereas the European Pharmacoge-
netics of Anticoagulant Therapy (EU-PACT) trial demonstrated
that pharmacogenetic-guided dosing is superior to a fixed-dosing
regimen for achieving therapeutic INRs, the U.S. Clarification of
Optimal Anticoagulation Through Genetics (COAG) study failed
to demonstrate an improvement in PTTR with genotype-guided
dosing compared with the algorithm-guided dosing control arm.
Potential reasons for the differences include differences in the algo-
rithmic strategies and control arms, as well as ethnic heterogeneity. In
summary, the results of these trials and recent metaanalyses indicate
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CPIC Recommendations on Medications Whose Adverse Effects Have Been Associated With Variahility in Candidate Genes
and Manifest Predominantly as Hematologic Abnormalities (see Tahle 8.1, CPIC website)

Adverse Drug Reaction Drug(s) That Cause ADR

Myelosuppression 6-Mercaptopurine
6-Thioguanine

azathioprine

Bleeding risk Clopidogrel

Myelosuppression 5-Fluorouracil (5-FU)
(mucositis,

neurotoxicity)

Warfarin and other
coumarin derivatives

Bleeding risk

Rasburicase and other
drugs (see Ref. 20 and
21 for a full list of
drugs)

Acute hemolytic
anemia

Important Genetic Variant(s)

TPMT*2 (rs1800426), *3A
(rs1800460 + rs1142345),
*3C (rs1142345)

CYP2C19%17 (rs12248560)

Dihydropyrimidine
dehydrogenase: DPYD*2A
(rs3918290), *13
(rs55886062), DPYD
rs67376798 A (on the
positive chromosomal strand)

CYP2C9*2 (rs1799853),
CYP2C9*3 (rs1057910),
VCORC1 (rs9923231)

Deficient or deficient with
chronic nonspherocytic
hemolytic anemia (CNSHA).
A male carrying a class I, II,

CPIC Recommendation

Start with reduced doses for patients with one
nonfunctional TPMT allele, or drastically reduced
doses for patients with malignancy and two
nonfunctional alleles; adjust dose based on degree of
myelosuppression and disease-specific guidelines.
Consider alternative nonthiopurine immunosuppressant
therapy for patients with nonmalignant conditions and
two nonfunctional alleles

Recommends an alternative antiplatelet therapy (e.g.,
prasugrel, ticagrelor) for poor or intermediate CYP2C19
metabolizers if there is no contraindication

For fluoropyrimidines (i.e., 5-FU, capecitabine, or tegafur)
recommends an alternative drug for patients who are
homozygous for DPYD nonfunctional variants, as these
patients are typically DPD deficient. Consider a 50%
reduction in starting dose for heterozygous patients
(intermediate activity)

The best way to estimate the anticipated stable dose of

warfarin is to use the algorithms available on http://
www.warfarindosing.org

Rasburicase is contraindicated in G6PD-deficient patients
with or without CNSHA. In patients with a negative or
inconclusive genetic test results an enzyme activity
test is recommended prior to rasburicase treatment to

or Il allele, a female

determine whether a patient is G6PD deficient

carrying two deficient class
I-111 alleles (see text for

more details)

that pharmacogenetic-guided warfarin dosing is more accurate
than standard fixed, but not algorithm-guided, dosing. Neither the
EU-PACT nor the COAG trial were powered for clinically relevant
endpoints, such as bleeding and thromboembolic events, and the
currently ongoing randomized Genetics Informatics Trial (GIFT) of
Warfarin to Prevent Deep Venous Thrombosis will assess the clinical
outcome benefit of pharmacogenetic-guided warfarin dosing."”

Alternative anticoagulants (e.g., dabigatran, apixaban, rivaroxa-
ban, and edoxaban) have been developed; for example, the dosing
of dabigatran, which acts as a direct thrombin inhibitor, is not
influenced by these genetic polymorphisms, which makes this drug
a potential alternative for patients in whom heredity is associated with
extreme variations in warfarin effects.

DRUG TRANSPORTERS

Although passive diffusion is thought to account for tissue distribu-
tion of some drugs and their metabolites, there is a growing body of
evidence that membrane transporters play an important role in drug
disposition and effects. Membrane transporters are highly expressed
in epithelial cells, and move drugs and other xenobiotics across the
gastrointestinal (GI) tract into systemic circulation and across hepatic
and renal tissue into the bile and urine, respectively, for excretion.
They also distribute drugs into and out of “therapeutic sanctuaries”
such as the brain and testes, and transport them into and out of sites
of action, such as leukemia cells.

The two multi-specific drug transporter superfamilies encompass
the adenosine triphosphate (ATP)-binding cassette (ABC) and the
solute carrier (SLC) transporters.'® Whereas SLC transporters largely,
but not exclusively, mediate cellular uptake, the ABC drug trans-
porters mainly efflux substrates from cells. The function, substrate
specificity, and organ distribution among different transporters vary

and comprehensive drug transporter databases are available else-
where (see Table 8.1). There is also a growing body of data on the
endogenous functions (e.g., transport of metabolites, antioxidants,
signaling molecules, and hormones) of ATP and SLC transporters,
and a number of hematologic diseases were identified to be caused by
variants in these transporters (e.g., variants in SLCI9A2 in thiamine-
responsive megaloblastic anemia, variants in SLCI1A2 in sideroblastic
anemia, variants in SLC4AI in hereditary spherocytosis type 4 and
southeast Asian ovalocytosis, and variants in ABCG5 and ABCGS in
mitochondriopathies with large platelets and ovalocytes). Herein we
provide one selected example on how variants in a drug transporter
(i.e., SLCO1B1) have been identified to influence the disposition and
toxicity of the antileukemic drug methotrexate (MTX).

SLCO1B1 and Methotrexate

The solute carrier organic anion-transporter family member 1B1
(SLCO1B1) gene, for example, encodes an organic anion transporter
1B1 (OATPI1B1) that is located primarily on the sinusoidal face
of human hepatocytes. OATP1B1 mediates the hepatic uptake of
many endogenous compounds (e.g., bilirubin) and xenobiotics such
as HMG-CoA reductase inhibitors (e.g., simvastatin) from sinusoi-
dal blood, resulting in their net excretion from blood, likely via
biliary excretion. A common sequence variant in the coding region
of SLCOI1B1 (rs4149056) decreases the transport activity of the
encoded protein and results in markedly increased plasma concentra-
tions of drugs that are eliminated from the blood via hepatic uptake.
Using GWAS, correlations have been established between variants
in SLCOIBI and myopathy after treatment with the HMG-CoA
reductase inhibitor simvastin.’

In the field of hematology, a GWAS identified the rs4149056

variant to be significantly associated with MTX clearance and GI



toxicity; this association was robustly confirmed with five different
MTX treatment regimens in more than 1000 pediatric ALL patients.'’
Deep sequencing of SLCOIBI identified additional rare (minor allele
frequency of <1%) “damaging” nsSNPs that had larger effect sizes
than the common “damaging” nsSNPs."* SLCO1B1, however, is
associated with hepatobiliary excretion, which is a relatively minor
path for MTX elimination (<30%). Therefore, the overall contribu-
tion of SLCOBIB variants to explaining interindividual variability
in MTX pharmacokinetics is approximately 12% to 15%, and the
major genetic contributors remain largely unknown.

GENETIC VARIATIONS INFLUENCING DRUG TARGETS

To exert their pharmacologic effects most drugs interact with specific
target proteins, such as receptors, enzymes, or proteins involved
in signal transduction, cell cycle control, or other cellular events.
Molecular studies have revealed that many of the genes encoding
these drug targets exhibit genetic variations, which can alter the
sensitivity of these targets to specific medications (e.g., VKORCI
and warfarin effects).

The following section illustrates this, focusing on somatic genetic
variants in chronic myeloid leukemia (CML) cells that alter the
targets of tyrosine kinase inhibitors (TKIs).

BCR-ABL1 and Tyrosine Kinase Inhibitors

Somatic genome variants caused by major structural variants, such
as the t(9;22) chromosomal translocation producing the BCR-ABLI
fusion gene, are major mechanisms underlying many forms of
hematopoietic malignancies. The increased tyrosine kinase activity
of the BCR-ABLI1 protein (encoded by the chimeric BCR-ABL1
or “Philadelphia [Ph] chromosome”) is the driving oncogenic event
in the majority of patients with CML and in a subset of patients
with ALL (Ph-ALL). This realization resulted in the development
of specific TKIs. The treatment of CML was revolutionized with
the introduction of the first TKI imatinib, a small-molecular-weight
drug that binds to ABL1, thereby leading to inhibition of tyrosine
phosphorylation of proteins involved in signal transduction. Ima-
tinib was shown to induce durable remissions in CML patients,
which led to a paradigm shift in cancer treatment—that is, a more
targeted therapy instead of the nonspecific inhibition of rapidly
dividing cells.

Although most patients with CML have a favorable outcome
when treated with imatinib, some patients eventually fail on therapy,
mainly as a result of acquired point mutations in the target kinase
ABL1 that induce drug resistance. Of note, the second-generation
TKIs nilotinib and dasatinib can successfully inhibit the majority of
these mutation proteins that confer resistance to imatinib. However,
one relatively common variant, the T315I or “gatekeeper” variant,
confers resistance to all three drugs.”” To overcome the resistance
mechanisms of the T315I variant, ponatinib, which has activity
against all known single amino acid ABLI mutations including
T3151, was designed and successfully tested in clinical trials, and
its use was first approved by the FDA in 2012 for patients with
CML resistant to other TKIs. However, ponatinib was temporarily
suspended in 2013 due to serious vascular adverse events (VAEs;
i.e., arterial and venous thromboembolic events, arterial hyperten-
sion), and VAEs are now recognized as also limiting the use of
second-generation TKIs. Moreover, the strong selective pressure
of ponatinib has led to the emergence of TKI resistance due to
so-called “compound mutations” in ABL1."” Compound mutations
are multiple-point variants occurring in the same BCR-ABLI allele,
and this drug-resistance mechanism is different to the emergence of
multiple clones with different mutations. In a recent investigation,
computed modeling and in vitro proliferation studies were used
to analyze the impact of compound mutations in BCR-ABLI on
TKI resistance. Molecular dynamic simulations showed, for instance,
that the compound mutation Y253H/E255V induced a shift in the
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P-loop of the ABL1 kinase, obstructing the ponatinib binding site,
resulting in resistance to ponatinib. Moreover, it was found that
additional acquisition of an E255V variant in T315I-positive CML
confers resistance to ponatinib."”

As second- and third-generation TKIs have a risk for VAEs,
especially in older patients with preexisting vascular disease, TKI
selection based on cardiovascular risk factors and mutational BCR—
ABLI status is of utmost importance to guide CML therapy. Upfront
and repeated monitoring of the mutational status of patients with
BCR-ABLI1-positive leukemias can help select appropriate TKIs and
tailor TKI treatment, and also has the potential to provide new
insights into mechanisms underlying selection of resistant clones
during TKI therapy.

ADVERSE DRUG EFFECTS PRESENTING AS
HEMATOLOGIC DISORDERS

Adverse drug reactions (ADRs) constitute a major clinical problem,
and strong evidence indicates that ADRs account for approximately
5% of all hospital admissions and increase the length of hospitaliza-
tion by approximately 2 days. Although the factors that determine
susceptibility to ADRs are unclear in most cases, there is increasing
interest in the role of genetic predisposition to these ADRs; the
possibility of a genetic test to identify patients at risk for rare but
serious adverse effects would be of great clinical value. Based on the
clinical relevance of ADRs, the FDA has provided advice on the use
of certain biomarkers (e.g., variants in 7PM 7T, UGTIAI, CYP2C9,
CYP2C19) to avoid serious adverse drug effects; a full list of these
biomarkers is available on the FDA website (see Table 8.1).

CPIC recommendations on medications whose adverse effects
have been associated with variability in candidate genes and manifest
predominantly as hematologic abnormalities are listed in Table 8.2.
In the following section, we provide information on genetic vari-
ants in G6PD that can cause acute hemolytic anemia (AHA) after
administration of certain drugs.

Glucose-6-Phosphate Dehydrogenase Deficiency
and Rasbhuricase

Occurrence of AHA after mass administration of the antimalaria
drug primaquine (PQ) was first documented in some U.S. soldiers in
Korea. The so-called “PQ sensitivity syndrome” was more common
among African Americans, and clinically identical to “favism” (i.e.,
AHA after ingestion of fava beans). The underlying biochemical (Fig.
8.3) and genetic (variants in G6PD) causes of the clinical phenotype
(i.e., AHA after PQ and fava beans) were identified, and the disease
was named GG6PD deficiency.”’ The severity of AHA in individuals
with G6PD deficiency after treatment with drugs that induce oxida-
tive stress is influenced by host and environmental factors (Fig. 8.3).

The G6PD gene is localized on Xq28, and currently more than
180 genetic variants have been identified, most of which are mis-
sense mutations resulting in single-amino acid substitutions, thereby
affecting G6PD stability.” Complete loss of G6PD is lethal; the
very rare, more complex variants, for instance, in-frame deletions
in exon 10, which affect important regions within the enzyme-like
the substrate binding site, can cause severe transfusion-dependent
chronic nonspherocytic hemolytic anemia (CNSHA). Variants have
been divided into five classes based on enzyme activity in red blood
cells (RBCs) and clinical presentation: class I (CNSHA, activity
<10%), class IT (no CNSHA, activity <10%), class III (no CNSHA,
>10% to 60%), class IV (normal activity; variants G6PD B and
GO6PD A); class V (higher activity). It is estimated that about 5% of
the world’s population have G6PD deficiency, and almost all of these
individuals have class II or III variants.”!

Drugs that have the potential to cause oxidative stress in
erythrocytes, which results in AHA in G6PD-deficient patients,
have been recently classified into two groups: (1) predictable hemo-
lysis (i.e., AHA can be expected in a G6PD-deficient patient after
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Fig. 8.3 Damaging variants in the G6PD gene lead to G6PD deficiency in red blood cells, which, under
oxidative stress (1), leads to depletion of glutathione (with low cellular NADPH and GSH pools causing low
activity of GPX [the enzyme that detoxifies H,O,]) and subsequent loss of protection against oxidation of
proteins, with precipitation of denaturized hemoglobin leading to AHA, and (2) oxidation of hemoglobin
iron with formation of methemoglobin (MetHDb is converted back to Hb via an NADPH-dependent reaction;
as the cellular NADPH pool is low, MetHb accumulates), resulting in methemoglobinemia. The severity of
AHA and tissue hypoxia in individuals with G6PD deficiency after treatment with drugs that induce oxidative
stress is influenced by host factors such as genetic variants in G6PD and (3) comorbidities such as malaria,
methemoglobinemia, and ALL, as well as environmental factors (i.e., drugs, their dose, and schedule of
administration). 6PG, 6-Phosphogluconolactone; AHA, acute hemolytic anemia; ALL, acute lymphoblastic
leukemia; G6P, glucose 6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; GPX, glutathione peroxi-
dase; GSH, glutathione; GSR, glutathione reductase; GSSG, glutathione disulfide; /,0,, hydrogen peroxide;

NADP(H), nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species.

administration of the drug) and (2) possible hemolysis (i.e., AHA
may or may not occur, related to dosage and administration of the
drug, comorbidities).” Drugs with predictable hemolysis include,
for instance, the antimalaria drug PQ and the recombinant urate
oxidase rasburicase. A comprehensive list of drugs is provided in two
exhaustive recent reviews,”””! and we focus on rasburicase herein.

Rasburicase is used in the prophylaxis and treatment of hyper-
uricemia, and the most important indications are tumorlysis (e.g.,
in patients with hyperleukocytosis leukemia or lymphoma) or after
acute renal failure in infants. Rasburicase catalyzes the cleavage of
uric acid, thereby producing hydrogen peroxide. Normally, hydrogen
peroxide is promptly inactivated via glutathione peroxidase (GPX).
In individuals with G6PD deficiency, however, the activity of GPX
is markedly reduced due to impaired glutathione metabolism, and
rasburicase induces AHA and often significant methemoglobinemia.
This can cause severe tissue hypoxia, especially in patients with
leukemia who have already reduced RBC counts, and fatalities have
been reported after rasburicase administration in ALL patients with
G6PD deficiency (Fig. 8.3).”!

The FDA and the European Medicines Agency (EMA) have
contraindicated the use of rasburicase in individuals with G6PD defi-
ciency. However, tumorlysis syndrome (TLS) is also a life-threatening

condition, and one must carefully balance the risk of reversible severe
AHA and methemoglobinemia, which can be treated via RBC
transfusions, and the risk of renal failure and hyperkalemia in TLS.
Online enzyme activity testing before the use of rasburicase (i.e.,
providing results within 1 h) is an ideal but not commonly achiev-
able scenario. More information on available genetic and activity
test options is provided in the recently published CPIC guidelines
(Table 8.2).!

Of interest are the results of a recent pharmacoepigenetic inves-
tigation, in which it was shown that histone deacetylase inhibitors
(HDAC:s) can selectively reinstate enzyme activity in G6PD-deficient
erythroid precursors in vitro by boosting G6PD gene transcrip-
tion.”” Whether administration of the epidrug HDACi sodium
butyrate can also increase G6PD activity in patients with G6PD
deficiency to levels that protect their erythrocytes from oxidative
damage by rasburicase or other oxidative stressors, and if such an
approach is not associated with severe side effects, remains to be
proven. However, the ability of HDACi to increase the transcription
of a subset of active genes, like G6PD, would offer a novel and
appealing therapeutic approach, especially for the subset of patients
with severe forms of enzymopathies, such as CNSAH class I G6PD
deficiency.



DRUG DEVELOPMENT

Optimizing the selection and dosage of medications is a principal
goal of pharmacogenomics. Another important application is in drug
development, which is evolving in parallel with improved insights
into the mechanisms by which medications exert their pharmaco-
logic effects. Such improved insights into the mechanism(s) of drug
action in target cells can help elucidate mechanisms that confer
drug resistance (e.g., inactivation of thiopurines via NT5C2), and
they will facilitate the development of strategies to further enhance
efficacy. This knowledge can be used as a basis to engineer drugs
that amplify treatment effects or bypass resistance mechanisms,
or both.

Here we focus on examples to show how insights from pharma-
cogenomic investigations have helped to develop novel strategies
to further improve outcome in subgroups of children with ALL
who still have a poor outcome despite intensive treatment with
current multiagent risk-adapted therapies (so-called high-risk ALL
[HR-ALL]). Although excellent outcomes with 5-year event-free
survival of higher than 85% can be achieved in childhood ALL
in more developed countries, ALL is still a leading cause of death
from disease in children older than 1 year, and treatment of children
with HR-ALL remains one of the greatest challenges in pediatric
oncology. HR-ALL features include the resistance of leukemia cells
to steroids and multidrug therapy (clearance of leukemia blasts in
the peripheral blood, bone marrow, and sanctuary sites), and the
presence of certain genetic alterations in leukemia cells—for instance,
mixed-lineage leukemia rearrangements (MLL-R), the BCR-ABL1
fusion gene (Ph-ALL), and the recently identified so-called
“Ph-like ALL.”***

The introduction of TKIs in the treatment of Ph-ALL has led to
a significant improvement in outcome, as demonstrated by results
from the Children’s Oncology Group (COG) AALL0031 trial. The
following sections focus on further examples of the development
of novel approaches to treat infants, children, and adolescents with
HR-ALL.

Identification of Novel Therapies for MLL-Rearranged
Infant ALL

Infants (age <1 year) with BCP-ALL have long been recognized to
have very poor outcomes when treated with ALL standard therapy.
The identification that transcriptome profiles separate infant ALL
from ALL and acute myeloid leukemia (AML), and that infant
ALL blast cells are highly sensitive to cytarabine in vitro, provided
the rationale to establish an ALL/AML hybrid treatment concept.
Indeed, Interfant-99 hybrid therapy resulted in better, but still
poor, outcomes, and further improvements of infant ALL therapy
are needed. Of note, the pharmacokinetics of many conventional
antileukemia drugs differ between infants and older children, and
recently an intensive induction therapy concept (with intensive
dosing of standard ALL medications) in the COG AALL0631 trial
had to be modified because of a high rate of fatal toxicities during
this treatment phase. Therefore, the unique drug metabolism profile
in infants (i.e., developmental pharmacology) needs to be considered
when planning future infant ALL trials and novel, less toxic therapies
are needed.

About 80% of infants with ALL have rearrangements of the
MLL gene (MLL-R) at 11923 and MLL translocations. Recently,
next-generation sequencing approaches were used in a Pediatric
Cancer Genome Project investigation and identified that infant
MLL-R ALL has one of the lowest frequencies of somatic mutations
of any as yet sequenced cancer, with a mean of 1.3 nonsilent muta-
tions.” Wild-type MLL is a histone methyltransferase that targets
lysine 4 on histone 3 (H3K4), and leukemias carrying MLL-R (i.c.,
BCP-ALL in infants and older age groups, and AML in adults) can be
considered as prototypical cancers driven by dysregulated epigenetic
mechanisms. MLL rearrangements lead to the loss of the catalytic
methyltransferase domain, with subsequent in-frame fusion to one
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of 70 known translocation partners. The resulting chimeric oncop-
roteins interact with another methyltransferase—DOT1-like histone
H3K79 methyltransferase (DOT1L)—which then methylates lysin
79 in the globular region of histone H3 (H3K79) at MLL target
genes, causing aberrant gene expression and leukemogenesis. Inhibi-
tion of DOT1L has emerged as an attractive concept for therapeutic
intervention in MLL-R leukemias, and in vitro and animal studies
have shown that the recently designed small molecular inhibitors of
DOTIL selectively target MLL-R leukemia cells.”” A phase I trial
(NCT01684150) for the clinical evaluation of the epidrug EPZ-5676
was initiated for patients older than 18 years with MLL-R leukemias,
and if this approach proves to be successful, it remains primed for
testing in infants with MLL-R ALL.

A different approach focuses on targeting the class III receptor
tyrosine kinase (RTK) FMS-like tyrosine kinase-3 (FLT3). Using
genome-wide gene expression analyses, the FL73 wild-type gene was
identified as being overexpressed in MLL-R ALL. FLT3 inhibitors
have been shown to inhibit growth in cells that overexpress FL'T3.”
The COG AALL0631 trial investigates the combination of the FLT3
inhibitor lestaurtinib given after induction therapy in combination
with an intensive chemotherapy backbone in children with MLL-R
infant ALL, and this approach may also help to improve outcomes
in this poor prognostic ALL subtype.

Identification of Novel Therapies for
“BCR-ABL1-like” ALL

In contrast to the prognostically favorable BCP-ALL subtypes
ETVG6-RUNXI, TCF3-PBXI, and hyperdiploid ALL (which
account for almost 50% of childhood ALL cases), BCP-ALL with
the BCR-ABLI (or Philadelphia [Ph]) fusion gene responds poorly
to conventional ALL therapy, and patients with Ph-ALL belong to
the HR-ALL group. Ph-ALL is rare in children (1-15 years, 4.2%),
but is more common in adolescents (16-20 years, 5.9%) and young
adults (21-39 years, 22%); and this is a contributor to the overall
poor prognosis of adolescents and young adults (AYAs) with ALL.

In 2009, genome-wide trancriptome analyses identified a subtype
of HR-BCP-ALL that has a gene expression profile similar to that of
Ph-ALL.*** In contrast to Ph-ALL, leukemia cells in the identified
subtype did not harbor the BCR-ABLI fusion gene; therefore this
HR-ALL subtype has been named Ph-like ALL. Ph-like ALL is more
common, but has the same age distribution pattern as Ph-ALL (i.e.,
1-15 years, 11.9%; 16-20 years, 20.6%; 21-39 years, 27.4%). It
was speculated that genetic alterations that can influence tyrosine
kinase signaling pathways similar to those downstream of BCR—
ABL1 might be involved in the pathogenesis of Ph-like ALL. Indeed,
kinase-activating alterations (fusions, deletions, or point mutations)
were recently identified in a comprehensive analysis, which included
transcriptome, whole-genome, and whole-exome sequencing in 91%
of 154 patients with Ph-like ALL.”®

This large-scale investigation corroborated and extended previous
findings in Ph-like ALL and identified two major subgroups, distin-
guished by the type of cytokine receptor or kinase alterations. For
example, 60% of adolescents with Ph-like ALL had rearrangements
in the lymphoid signaling receptor gene CRLF2 (encoding cytokine
receptor-like factor 2) and concomitant mutations in JAKTI or JAK2
(which encode the Janus kinases [JAKs]). These rearrangements
(e.g., the frequently observed PAX5-JAK2 fusion), when ectopically
expressed in cell lines, activated JAK-STAT signaling and conferred
cytokine-independent proliferation that can be suppressed by the
JAK?2 inhibitor ruxolitinib in vitro. The second major subgroup
within the Ph-like ALL cohort was identified to have fusions that
involve the nonreceptor Abelson-related (ABL)-class kinase genes
(e.g., ABLI and ABL2), as well as activated oncogenic signaling
pathways and cellular proliferation that is potentially inhibited by
TKIs such as dasatinib. Other less frequently observed targetable
alterations affect the N7RK3 gene, which encodes the neurotrophic
tyrosine kinase receptor type 3, and E7V6 (ets variant 6)-NTRK3
fusions have been shown to respond to the ALK inhibitor crizotinib
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in vitro. The in vitro results with the TK, JAK2, and ALK inhibitors
were confirmed in mouse xenograft models, when patient-derived
Ph-like ALL cells were exposed to respective inhibitors based on the
genetic profile of the leukemia cells.”

In summary, this provides evidence that kinase-activating genetic
alterations are biologically relevant drivers in Ph-like ALL, and that
the genetic signature can help to select drugs such as TKIs, JAK2
or ALK inhibitors. However, rapid molecular profiling is needed to
identify potentially actionable mutations in patients with Ph-like
ALL, and additional prospective trials are needed to establish their
benefit in the clinical setting. In contrast to children, outcomes in
ALL have not improved significantly during recent decades in the
AYA cohort; and as Ph-like ALL is the most common subtype in
AYAs, the introduction of signaling pathway inhibitors may be an
attractive strategy to improve outcome in these patients who have
been therapeutically neglected for too long.

FUTURE DIRECTIONS

Pharmacogenomics has already proven to be an important approach
to improve drug therapy, and as of March 2015 the FDA has included
information on pharmacogenomic biomarkers in the labels of more
than 130 medications. A full list of these medications and further
details are available on the FDA’s website (see Table 8.1). There is,
however, a relatively slow pace of translating pharmacogenomics into
clinical practice. Laboratory tests (e.g., liver and kidney function
tests) are widely used to adjust drug dosages, but even though tech-
nology for testing relevant pharmacogenomic biomarkers is widely
available, simple, robust, and inexpensive genotyping tests are rarely
used to optimize drug therapy. As of 2015 only five institutions in
the United States are routinely performing “preemptive genotyping”
for pharmacogenomic traits to guide the optimal selection of medica-
tions and their dosage. Because genotyping at the time of prescribing
is compromised by the relatively long delay until genotype results
are available, prospective genotyping early in a person’s life or at the
time of initial illness is a more efficient and cost-effective approach.
In addition, because a person’s germline genotype does not change
over a lifetime, it only needs to be done once. As genotyping becomes
faster and cheaper, it is anticipated that this issue may no longer be
an obstacle. In addition, educative and legislative initiatives, and the
implementation of user-friendly decision-support systems (e.g., as
realized in the “Clinical implementation of pharmacogenomics—
PG4KDS protocol” at St. Jude Children’s Research Hospital)* will
help to make pharmacogenomic biomarkers a routine part of clinical
care.

The recent unprecedented gain of insights into the human genome
and genomic variations among individuals has already changed
the practice of medicine. High-throughput technologies, such as
hybridization-based microarray approaches and next-generation
sequencing technologies, are available for genome-wide analyses
of genomic variants, gene expression patterns, epigenetic patterns,
and proteomic and metabonomic profiles. Moreover, sophisticated
methods have been developed to integrate these data in order to
uncover genotype—phenotype interactions, and some of the most
important methods are metadimensional and multistaged analyses.”
The recent application of these genome-wide tools has already yielded
novel insights into drug actions and led to important drug discoveries.

Moreover, these tools are being used to elucidate differences
between genomes of normal cells and cancer cells (e.g., the Pediatric
Cancer Genome Project; see Table 8.1), and this knowledge has
the potential to illuminate paths toward novel prognostic markers
(those that can be used for risk stratification in clinical trials) and/
or novel therapeutic targets (those that can be used to discover new
medications).

Once novel candidate genes have been identified via GWA
studies, functional investigations such as systematic mutagenesis,
RNA interference, and genome-wide CRISPR/Cas9 knockouts
or enhancement of gene expression, use of overexpression systems
(cDNA, open-reading frame and miRNA expression libraries), and

chemistry-based approaches to biologic pathway perturbations are
likely to accelerate the discovery of pharmacogenomics mechanisms.
The outputs of such studies will advance understanding of the phar-
macology of existing medications and will help to identify genes
and pathways involved in drug resistance and novel therapeutic
targets.

One important consideration in modern medicine is that clinically
useful approaches must also be cost effective. About a decade ago,
the cost for the first full human genome sequence was approximately
US$3 billion; this cost is now (2015) about US$1000. The markedly
lower cost for robust genotyping points to an exciting future for
genomics and pharmacogenomics research and translation, suggesting
that the current approach to selecting medications (often “trial and
error”) will continue to evolve into more scientific-based methods for
selecting the optimal medications and doses for individual patients—
with genomics playing an increasing role in such therapeutic
decisions. As pharmacoggenomics research expands the number of
robust associations between genome variation and drug response,
the challenges of successful clinical translation and implementation
will be hurdle that will need to be overcome for precision medicine
is to become a reality.”'
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CHAPTER

HEMATOPOIETIC STEM CELL BIOLOGY
Marlies P. Rossmann, Stuart H. Orkin, and John P. Chute

Hematopoietic stem cells (HSCs) are characterized by their unique
ability to self-renew and give rise to the entirety of the blood and
immune system throughout the lifetime of an individual." HSCs
are very rare cells, representing approximately one in 100,000 bone
marrow (BM) cells in the adult.” The concept of the existence of an
HSC that is capable of reconstituting hematopoiesis in vivo was first
introduced more than 60 years ago, when Jacobson et al’ demon-
strated that lead shielding of the spleen protected mice from otherwise
lethal y-irradiation.’ Subsequently, Jacobson and colleagues® demon-
strated that similar radioprotection of mice could be achieved via
shielding of one femur. Shortly thereafter, it was demonstrated that
intravenous injection of BM cells also provided radioprotection of
lethally irradiated mice.” Interestingly, investigators initially hypoth-
esized that the radioprotected spleen or BM provided soluble factors
that mediated radiation protection.”” However, subsequent experi-
ments by Nowell et al'” and Ford et al'' critically demonstrated that
transplanted BM cells provided radioprotection directly via cellular
reconstitution of the blood system. The historical significance of these
studies cannot be overestimated because they provided the basis for
not only the ultimate isolation and characterization of HSCs but also
for the field of hematopoietic cell transplantation.

Subsequent landmark studies by Till and McCulloch' demon-
strated that transplantation of limiting doses of BM cells gave rise to
myeloid and erythroid colonies in the spleens of irradiated recipient
mice. Importantly, Till and McCulloch showed that the numbers of
colonies detected in recipient mice was proportional to the numbers
of BM cells injected into the irradiated mice, suggesting that a par-
ticular population of hematopoietic cells was capable of reconstituting
hematopoiesis in vivo."”'* The clonogenic nature of a subset of BM
cells was definitively shown when these investigators irradiated BM
cells and then transplanted the cells into lethally irradiated mice.
Persistent chromosomal aberrations were demonstrated in spleen
colonies in recipient mice."” It was subsequently shown that cells
within the spleen colonies were radioprotective of lethally irradiated
mice and contained myeloid, erythroid, and lymphoid cells."*'®
Taken together, these data strongly suggested the presence of hema-
topoietic stem or progenitor cells that were capable of in vivo engraft-
ment and generation of multilineage progeny from a small number
of parent cells.””

EMBRYONIC ORIGIN OF HEMATOPOIETIC STEM CELLS

Mammalian hematopoiesis occurs in several waves, which are sepa-
rated temporally and spatially and produce different cell types: a
transient first “primitive” is followed by a “prodefinitive” and then a
“definitive” wave, which is lasting through life."**" While most of the
evidence is derived from the mouse, data from humans, albeit limited,
point to a very comparable hematopoietic program.*"*

During embryogenesis, the hematopoietic cells of the first, primi-
tive wave are formed when cells from the epiblast that constitute the
prospective mesoderm ingress and migrate through the primitive
streak between the endoderm and ectoderm, both in the embryo
proper and in the extraembryonic yolk sac (YS). In the latter, meso-
dermal cells aggregate to form blood islands surrounded by visceral
endodermal cells on mouse embryonic day (E) 7-7.5. The close
proximity of erythroid cells and vascular endothelium in YS blood
islands, their origin from mesoderm and their simultaneous differen-
tiation led to the proposal of a common precursor, the hemangioblast,

over a century ago.””* In support of this hypothesis, a spontaneous
zebrafish mutant, cloche (named for its bell-shaped heart because of
the loss of endothelium), lacks both vasculature and hematopoietic
cells but no other mesodermal lineages such as cardiac progeni-
tors.”””® The gene mutated in cloche was recently cloned and encodes
a PAS (PER-ARNT-SIM)-domain-containing basic helix-loop-helix
(bHLH) transcription factor (npas4l), which belongs to the same class
that also includes the aryl hydrocarbon receptor and HIF-10..** Also,
mice lacking FLK1 (VEGFR2, a receptor for vascular endothelial
growth factor), expressed on endothelial (progenitor) cells, fail to
develop both vascular endothelium and blood islands during embryo-
genesis.r’28 Indeed, gene tracing studies in mouse and human
embryonic stem cell cultures identified a progenitor with both
hematopoietic and endothelial potential.”’

Primitive hematopoiesis encompasses the generation of primarily
large erythroid cells and primitive macrophages.”** Following this
initial wave, beginning at mouse E8.25, erythromyeloid progenitors
are generated as prodefinitive progenitors.”** Both waves arise
transiently in the YS during a time comparable to the first trimester
in humans,” but the cells lack the capacity for self-renewal and
multilineage differentiation present in definitive HSCs. The first
definitive HSCs capable of long-term, multilineage reconstitution of
irradiated adult recipient mice appear at E10.5 in the intraembryonic
region encompassing the aorta, gonads, and mesonephros (AGM), in
particular in hematopoietic intraaortic clusters in the ventral wall of
the dorsal aorta.””***" Then, within a remarkably short period of 1.5
days during embryonic development virtually all HSCs are born that
will replenish the hematopoietic system throughout fetal and adult
life.""** Several complementary studies using lineage tracing experi-
ments in both mice and zebrafish have demonstrated that within the
dorsal aorta, hemogenic endothelial cells (ECs) are the direct precur-
sors of definitive HSCs.*" In a process known as endothelial-to-
hematopoietic transition, HSCs bud off the hemogenic endothelium
to form intraaortic hematopoietic clusters from which they are
released into circulation. Interestingly, while the AGM gives rise to
HSCs, it is not the site of hematopoietic differentiation.”® Rather,
HSCs colonize the fetal liver where they expand and then differenti-
ate (“ and references therein).

Evidence from studies in mice suggests that some adult hemato-
poiesis also occurs at sites other than the AGM. By E12 the fetal liver
contains more HSCs than can be accounted for by HSCs generated
in the AGM alone.”® Quantitative analysis of HSC distribution
showed that both YS* and placenta’”* generate definitive HSC that
migrate to the liver and other hematopoietic sites.”® Lastly, a c-Myb-
and thus HSC-independent cell lineage that emerges between E8.5
and E9.5 in the YS has recently been shown to give rise to YS mac-
rophages and later on to tissue macrophages in brain (microglia), liver
(Kupffer cells), and skin (Langerhans cells).”*

DEFINITION AND CHARACTERIZATION OF
HEMATOPOIETIC STEM CELLS

Phenotype

Murine HSCs

The HSC is the most well-defined somatic, multipotent stem cell in
the body. With the emergence of antibody technology and flow
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Fig. 9.1 PHENOTYPE OF MURINE AND HUMAN HEMATOPOIETIC STEM CELLS (HSCs). Long-
term HSCs (LT-HSCs), short-term HSCs (ST-HSCs), and multipotent progenitor cells (MPPs) have precise
cell surface markers that discriminate them from more committed progenitor cells. (Adapted from Prohaska SS,
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Thomas” hematopoietic cell transplantation, UK, 2008, Wiley-Blackwell, p 36-63.)

cytometry' >

and coupled with in vitro and in vivo functional
assays,” ** biologists have developed reproducible methods to analyze
and isolate murine and human HSCs with a high level of enrichment.
In mice, Weissman and colleagues were able to show that antibody-
based depletion of BM cells expressing myeloid, B cell, T cell, and
erythroid cells along with positive selection for cells expressing c-Kit,
Sca-1, and Thy—l.llo (“KTLS” cells), allowed for enrichment for
HSCs to approximately one of 10-30 cells as measured by the capac-
ity to provide long-term, multilineage hematopoietic reconstitution
in a competitively transplanted, lethally irradiated congenic
mouse.”** Because Thy-1.1 is not expressed in many strains of
mice,’" additional markers were developed, including FLK2 (FLT3),
the absence of which was shown to substantially enrich for murine
long-term (LT)-HSCs.”% Similarly, it has been demonstrated that
the isolation of murine BM c-Kit"Sca-1"Lin™ (KSL) cells based upon
the lack of expression of CD34 (34" KSL) enriches for HSCs with
long—term(r)econstituting capability at the level of one of 5-10 cells
(Fig, 9.1).%

An alternative and effective method for isolating BM HSCs
involves the use of intravital dyes, Hoechst 33342 (Ho33342) and
Rhodamine 123 (Rh123).7* HSCs, unlike more committed pro-
genitor cells, efficiently efflux these dyes such thac HSCs display
low-intensity staining for these dyes.”*”> Li and Johnson”> demon-
strated that HSCs capable of long-term, multilineage repopulation
in lethally irradiated mice were significantly enriched in the
Rh123"“Sca-1*Lin" cells, but Rh123"Sca-1"Lin~ cells possessed little
repopulating activity. Similarly, McAlister et al’”? showed that isolation
of Ho33342" BM mononuclear cells significantly enriched for both
the potential to produce colony-forming units in the spleen (CFU-S)
on day 14 and cells capable of radioprotection and multilineage
reconstitution in lethally irradiated mice. A subsequent and impor-
tant refinement in the use of Ho33342 to isolate HSCs was made by
Goodell et al,”* who showed that a Ho33342 side population (SP)
can be identified via the emission of Ho33342 at two wavelengths,
which yields a tail profile on flow cytometric analysis. Importantly,
isolation of Ho033342 SP cells has been shown to yield variable
enrichment for HSCs compared with 34 FLT3 KSL cells, and this
may be caused by the sensitivity of the assay to variations in stainin;
techniques and batch-to-batch differences in Ho33342 dye.”*
However, Matsuzaki et al” demonstrated that transplantation of

single Ho33342 SP 34 KSL cells into lethally irradiated C57BL/6
mice yielded donor cell multilineage engraftment greater than 1% in
more than 95% of transplanted mice. Therefore, the combination of
Ho33342 SP cells with 34" KSL markers provides a basis for isolation
of highly enriched LT-HSCs from mice.”””*”®

A major advance in this field involved the discovery by Kiel et al*
that the surface expression of CD150, a member of the signaling
lymphocyte activation molecules (SLAM) family, significantly
enriched for murine BM HSCs. It was also shown that the absence
of CD41 and CD48 on CD150" cells enriches further for the HSC
population and that approximately half of CD150"CD41°CD48 or
CD150"CD48KSL cells reconstitute lethally irradiated mice com-
petitively transplanted with limiting numbers of cells.” Taken
together, isolation of SLAM- and KSL-enriched BM cells has become
a reproducible and efficient strategy to isolate murine LT-HSCs with
maximal enrichment (see Fig. 9.1)."

Although this chapter focuses on the phenotypic and functional
characterization of HSCs, increasing evidence suggests that a subset
of adult Tecell progenitors may possess myeloid potential.***
Using various methodologies, Bell et al® and Wada et al*® first
reported that adult T-cell thymic progenitors possessed myeloid
differentiation potential. However, a subsequent study using in vivo
transplantation models did not confirm the myeloid potential of
adult T cells.** More recently, De Obaldia et al reported that the
majority of resident granulocytes in the mouse thymus were derived
from early thymic progenitors.”” Mechanistically, it has also been
shown that the transcription factor, HESI, constrains myeloid gene
expression in T-cell progenitors via repression of C/EPB-0..* Taken
together, these data suggest that a population of common lymphoid
progenitors (CLPs) may indeed possess myeloid differentiation
potential.”** Recent studies have also clarified the nature of CLPs
and have dissected this population further into an all-lymphoid
progenitor cell (ALP), which retains full lymphoid potential and
thymic seeding capability, and B lymphoid progenitor cells (BLPs),
which is restricted to the B-cell lineage.”” Whereas ALPs are character-
ized by the lack of surface expression of LY6D, BLPs demonstrate
expression of LY6D and upregulate the B-cell-specific factors, EBF1
and PAX5.” The phenotypic markers of the hematopoietic hier-
archy through myeloid and lymphoid differentiation are shown in
Fig. 9.2.
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fication and differentiation of HSCs are shown. CLE common lymphoid progenitor; CMP common myeloid
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Human HSCs selection for surface expression of CD38 and depletion of lineage

Significant progress has also been made in the phenotypic charac-
terization of human HSCs via flow cytometric analysis combined
with in vivo transplantation assays in immune-deficient mice.***
Of particular note, although murine HSCs can be characterized by
the absence of CD34 expression on the cell surface, human HSCs
are primarily enriched using CD34 surface expression, and this
provides the basis for confirming sufficient HSC content to allow
for successful hematopoietic cell transplantation in patients."””*”!
There is also some controversy in this area because some investiga-
tions have suggested that LT-HSCs can be isolated from CD34"
human hematopoietic cells.”” Of note, only a small percentage
(<0.1%) of CD34" human hemaropoietic cells possess the capacity
to engraft following intravenous injection into nonobese diabetic/
severe combined immune deficient (NOD/SCID) mice.*® Further
enrichment of human HSCs has been demonstrated via negative

surface markers.*””’*” Thy-1 (CD90) surface expression also enriches
for multilineage colony-forming ability and in vivo reconstituting
capacity of human hematopoietic cells.'””® Majeti et al showed that
the Lin"CD34"CD38 CD45RA Thy-1" population in human cord
blood (CB) was enriched at the level of one in 10 cells for LT-HSCs.”®
The authors also showed that candidate multipotent progenitor cells
(MPPs) were demarcated by the Lin"CD34*CD38"CD45RA Thy-1~
population, suggesting that the loss of Thy-1 reflects the transition
of LT-HSC:s to short-term (ST)-HSCs/MPPs."”

CD49f" Human HSCs

Although it is possible to enrich murine BM HSCs to the level
of nearly single-cell purity using various combinations of cell
surface markers, isolation of human BM HSCs to the same level
of purity has not been readily achieved.”***” However, Notta et al
demonstrated that intrafemoral injection of a fluorescence-activated
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cell sorting (FACS)-purified population of human CB
CD34"CD38 CD45RA Thy-1" cells that were additionally purified
based on surface expression of the integrin a6 (CD49f) yielded 6.7-
fold increased human donor chimerism at 20 weeks in NOD/SCID
IL2RY"™ (NSG) mice compared with injection with the identical
dose of CD34*CD38 CD45RA Thy-1"CD49f™ cells.'” Only the
Thy-1"CD49f" cells could be serially transplanted in this study, and
the enrichment for LT-HSCs via limiting dilution analysis was esti-
mated to be approximately one in 11 CD34'CD38 CD45RA Thy-
1'*CD49f" cells.'” Further purification of this population of cells
using Rh123 dye demonstrated that single-cell transplantation of
Thy—lJrRhlZ3l°CD49fJr cells yielded long-term, multilineage engraft-
ment in five of 18 transplanted recipients. Serial transplantation was
also successful in two of four secondary mice, suggesting that at least
some of the Thy-1"Rh123°CD49f" cells undergo self-renewal.”” Of
note, because mice were transplanted via intrafemoral injection in
these studies, it remained unknown whether this panel of markers
equally identified human HSCs capable of homing properly to the
BM after intravenous injection. Nonetheless, these studies revealed
that the addition of CD49f" to the panel of human LT-HSC markers
provided an improved capability to isolate human HSCs at a level of
purity that was comparable to that applied to murine HSC isolation.

Recently, two novel cell surface markers for human HSCs
were identified, CD166 (activated leukocyte adhesion molecule)
and protein tyrosine phosphatase-sigma (PTPo).""'” Human
Lin"CD34"CD38°CD49f'CD166" cells engrafted in primary
and secondary NSG mice at a significantly higher level than
Lin"CD34"CD38 CD49f'CD166 cells."”" Interestingly, CD166 is
also expressed by BM osteoblasts and it was postulated that CD166
mediated HSC maintenance in vivo via hemophilic interactions
between CD166 expressed on HSCs and osteoblasts.'”’ Quarmyne
etal reported that NSG mice transplanted with human CB
Lin"CD34"CD38 CD45RA PTPo™ cells displayed 15-fold higher
human hematopoietic cell engraftment at 16 weeks compared
to mice transplanted with Lin"CD34"'CD38 CD45RA™ cells or
Lin"CD34"CD38 CD45RAPTPG" cells.'”” PTPG was shown to
negatively regulate both murine and human HSC repopulation fol-
lowing transplantation, via inhibition of the RhoGTPase, RAC1.'"

Functional Characterization

In Vitro Assays

The colony-forming cell (CFC) assay does not measure HSC
content but rather committed myeloid progenitor cell content via
a 14-day assay for colonies within methylcellulose media that is
supplemented with specific growth factors.”” The CFC assay measures
colony-forming unit-granulocyte/macrophage (CFU-GM), burst-
forming unit-erythroid (BFU-E) and CFU-granulocyte/erythroid/
macrophage/megakaryocyte (CFU-GEMM). The CFU-GEMM, or
CFU-mix colonies, represent a more immature progenitor cell popu-
lation. B- and T-cell progenitor cell content can also be measured via
in vitro assays but requires specialized coculture conditions, which are
described elsewhere.”® %14

The long-term culture-initiating cell (LT'C-IC) assay is a 6-week
in vitro assay in which BM cells are cocultured with murine stromal
cells for four weeks followed by replating of the entire culture system
into methylcellulose and additional two-week assay for colony forma-
tion.”®! The LTC-IC, unlike the CFC, measures a more immature
stem/progenitor cell population, although the results of the LTC-IC
are inherently dependent and limited by technical variabilities in
stromal coculture experiments.”® Importantly, the LTC-IC popula-
tion lacks long-term repopulating cells because transplantation of
LTC-ICs into mice in a competitive transplantation assay does not
result in any long-term reconstitution.”**"

The cobblestone area-forming cell (CAFC) assay also involves
coculture of HSCs with preestablished stromal cell monolayers and
relies on microscopic quantification of cobblestone-forming cells
embedded underneath the stromal layer.'”' It has been shown that

CAFC content correlates well with colony-forming unit-spleen
(CFU-S) content on day 12 and marrow repopulating capacity.”*'"’
However, similarly to the LTC-IC, the CAFC assay does not measure
LT-HSCs. An advantage of the CAFC and LTC-IC assays is that the
estimate of stem/progenitor cell content is not confounded by the
homing capacity of the cell population being tested. However,
competitive transplantation assays provide a more physiologically
relevant measure of functional HSC content and allow quantification
of LT-HSC content as well as homing efficiency.**"*'"”

In Vivo Assays

Colony-Forming Unit-Spleen Assay

The first reproducible in vivo assay for hematopoietic progenitor cells
(HPCs) was the CFU-S assay, which was developed by Till and
McCullough.'*® In this assay, BM cells are injected into lethally
irradiated mice, and macroscopic spleen colonies are measured from
one to three weeks after injection.”® These colonies represent short-
term repopulating cell and MPP activity but do not measure LI-HSC

content.”’”*

Competitive Repopulation Assay

A significant advance in the study of hematopoiesis was the develop-
ment of the competitive repopulating assay (Fig. 9.3).”*'" In this assay,
an unknown population of hematopoietic cells is transplanted via
intravenous injection into lethally irradiated syngeneic mice along
with a competing dose of host-derived BM cells.”*'™""* This assay has
been refined over time such that it is typically performed using a limit-
ing dilution method in which several cell doses (typically more than
three to five doses; 7 = 10 mice/dose level) of BM cells or purified
HSCs (e.g., CD34 KSL cells) are injected into lethally irradiated mice
along with a fixed dose of host competitor BM cells, such thata fraction
of the recipient mice can be predicted to have nonengrafement.”'"!?
This approach allows the application of Poisson statistical analysis to
provide an estimate of competitive repopulating units (CRUs) within
the donor hematopoietic cell population.”'""""> An important feature
of the CRU assay is the potential to estimate the frequency of LI-HSCs
in a given hematopoietic cell population. Donor cell engraftment that
is detected within the first 8 to 12 weeks after transplantation, reflects
the contribution of ST-HSCs, which extinguish at or beyond 12 weeks
posttransplant. Therefore, the number of LT-HSCs cannot be con-
vincingly estimated until more than 12-20 weeks posttransplanta-
tion.”*""" Dykstra et al'"” showed that competitive transplantation of
single, phenotypic HSCs results in stable donor cell engraftment in
lethally irradiated mice beyond 16 weeks, and retroviral marking of
HSCs revealed that stable donor-derived hematopoiesis was not
observed in recipient mice until six months posttransplant.'"*

A commonly used and rigorous approach to estimate the presence
of LT-HSC:s is the performance of secondary, tertiary, and quaternary
HSC transplants.”” This approach is based on the principle that a
singular feature of primitive LT-HSCs is the capacity to serially
reconstitute multilineage hematopoiesis in vivo without exhaus-
tion.”* 118 In this method, whole BM is typically collected from
primary recipient mice and then injected, along with host competitor
BM cells, into lethally irradiated syngeneic mice. Donor cell repopu-
lation is then measured at 12-20 weeks posttransplantation. Serial
transplantation assays have the limitation of being potentially con-
founded by variables such as homing efficiency of the donor
cells.”®""”'*" Therefore, as pointed out by Purton and Scadden’ in
an excellent review of this subject, serial transplantation assays may
be better suited to studies of wild type hematopoietic cell populations
as opposed to mutant mice-derived hematopoietic cells, which may
have alterations in homing or engraftment mechanisms independent
of HSC content.”® Utilization of whole BM avoids issues regarding
the fidelity of phenotypic markers of HSCs in mutant mice and is
perhaps more broadly feasible than FACS-isolated HSC populations
at some centers.”>'?'"'** However, the use of purified HSCs avoids
the potential confounding effects of accessory cells contained within
the BM graft on donor cell repopulation and allows for precise
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Fig. 9.3 COMPETITIVE REPOPULATION ASSAY. Bone marrow (BM) cells from donor mice carrying
the CD45.2 allele are sorted by fluorescence-activated cell sorting (FACS) and transplanted with an excess of
BM cells from CD45.1 mice into lethally irradiated CD45.1 recipient mice. In general, three to four months
posttransplantation, peripheral blood cells are analyzed by flow cytometry to identify the fraction of donor
CD45.2 BM cells that, if present, must have homed to and engrafted the myeloablated recipient mouse. While
short-term hematopoietic stem cells (ST-HSCs) do not persist in the recipient mouse after four months,
long-term (LT)-HSCs are defined by their presence in the recipient mouse after four months and the ability
to repopulate secondary, tertiary, and quaternary recipients. (Adapted from hitp://stemcellassays.com/2011/11/
experimental-bone-marrow-transplantation-101-%E2%80%93-part-2-congenic-mouse-model/.)

determination of effects of growth factors on HSC content in vitro
compared with unmanipulated BM.'">'” Lastly, Poisson statistical
analysis and estimation of CRU frequency is based on particular
criteria for “positive” donor engraftment in recipient mice, typically
0.1-1% multilineage donor engraftment.'”>'*® Therefore, the estima-
tion of CRU frequency can be substantially altered depending on
what criteria for engraftment are established. Given the limitations
of flow cytometric analysis for accurate multilineage engraftment of
hematopoietic cells, it is recommended that greater than 1% multi-
lineage engraftment is used as a criterion for evidence of donor cell
repopulation using the competitive repopulating assay.”

Clonal Dynamics of HSCs

Historically, the transplantation assay, in which prospectively purified
cell populations are transplanted into myeloablated recipients, has
served as the “gold standard” for testing BM compartments for HSC
potential. A single HSC can reconstitute the entire hematopoietic
system of the host under optimal conditions.””*”**!'>'*” Based on
initial transplantation studies, HSCs have been fitted into a simple
linear branching hierarchy.'* Such a hierarchical model assumes that
all HSCs have similar developmental potential and, when committed
to differentiate, can give rise to both a myeloid and lymphoid pro-
genitor with equal probability. However, tracking experiments with
individual retrovirally marked HSCs have revealed extensive hetero-
geneity within the HSC pool,"*"'*"*'*" wwhich was subsequently
confirmed by limiting dilution transplantation.”'*"*""'> Several
models have been put forth to explain how diversity in HSC func-
tionality is generated. These are broadly separated into instructive and
intrinsic regulation models. According to the instructive models, each
HSC is provided with slightly different cues from the microenviron-
ment in which it resides.”*"*® On the other hand, intrinsic regulation
of HSC heterogeneity is either completely unpredictable (stochas-
tic) 7% or “programmed” (deterministic).'*>'*

The development of methods to obtain highly purified HSCs by
FACS has permitted single-cell transplants that address the basis of
heterogeneity.'>'*"!*1% These studies demonstrate the existence of

myeloid and lymphoid “biased” HSCs and that long-term repopula-
tion is dependent on sustained myeloid reconstitution, irrespective of
a contribution to the lymphoid compartment. HSCs may also differ
in their response to extrinsic signals such as transforming growth
factor-B1 (TGF-B1)."'" A striking observation is the stable propa-
gation of HSC “heterogeneity” upon secondary transplanta-
tion."" 1% This finding argues for some intrinsic regulation in
which all HSC:s in a clone follow a predetermined fate that is preset
earlier in development.

Hematopoiesis as analyzed by transplantation is generally oligo-
clonal, that is, only few of the transplanted HSC clones contribute
to multilineage repopulation.'*"'*"**!>! These results have argued for
a “clonal succession” model of stem cell activation which posits that
a small number of HSCs are sequentially activated from a pool of
otherwise noncycling quiescent cells, but that these HSCs exhaust
and are replaced over time.'"*"*"? In contrast, the “clonal stability”
model states that many or all HSCs have a low but constant cell cycle
activity allowing them to continuously contribute to an organism’s
blood life-long. Support for this model is derived from experiments
showing that after transplantation a few HSC clones persist for a long
time."**"**!> HSCs could also show both models’ behaviors as other
studies have shown that HSCs may reversibly switch between the
quiescent and self-renewal state in a homeostatic environment or
when challenged by injury, respectively.'”*"**

A general limitation to transplantation approaches is their depen-
dence on HSCs that home to and engraft a niche, proliferate rapidly
and tolerate the stress imposed by the engraftment and an unbalanced
cytokine milieu in myeloablated niches. Novel studies have recently
explored endogenous, unperturbed hematopoiesis in the mouse and
demonstrated that steady-state hematopoiesis appears to rely pre-
dominantly on rather long-lived progenitors rather than HSCs."”'®’
These studies argue for the dominant contribution of MPPs or
ST-HSCs to hematopoiesis in the untransplanted mouse. Thus, in
contrast to the transplantation setting, native hematopoiesis is highly
polyclonal, supported by the successive recruitment of thousands of
clones and as such fits the clonal succession model.

Why more restricted progenitors, such as ST-HSCs or MPPs,
cannot repopulate the hematopoietic system after transplantation
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is unknown but presumably relates to the ex vivo handling of cells
for transplantation or the stress of increased proliferation following
transplantation. Furthermore, while it is commonly thought that in
myeloid malignancies the “cell of origin”, which acquires the first
cancer-promoting mutation'®' is an HSC because of their extended
lifespan, these recent studies suggest that long-lived progenitors
ight b ally suitabl didates fi initiati s,
might be equally suitable candidates for tumor-initiating cells.

REGULATION OF HEMATOPOIETIC STEM CELL FATE

HSCs have the capacity to generate more stem cells, a process called
self-renewal, and to produce cells that differentiate into the entire
spectrum of mature hematopoietic cells. The balance between these
fate choices is thought to be regulated by the type of cell division that
HSCs undergo.'®* Asymmetrical cell divisions result in one HSC (self-
renewal) and one committed HPC, allowing the maintenance of the
stem cell pool while concomitantly ensuring the supply of differenti-
ated cells. However, during development and regeneration the stem cell
pool must have the capacity to expand. This can be achieved by sym-
metrical cell divisions, which will lead to two daughter HSCs capable
of self-renewing. Another outcome of symmetric division would be two
HPCs, diminishing and ultimately exhausting the HSC pool. The fate
decision governing this balance between self-renewal and differentia-
tion is regulated by cell-intrinsic including transcriptional and epigen-
etic mechanisms that are intertwined with cell-extrinsic mechanisms
from the microenvironment or by the action of systemic factors.

Extrinsic Regulation

The past three decades have yielded substantial progress in the dis-
covery and characterization of intrinsic and extrinsic mechanisms that
regulate HSC self-renewal and differentiation. Despite this, the
translation of these discoveries into the development of translatable
methods to expand human HSCs ex vivo or therapeutics to induce
HSC expansion in vivo has proven to be difficult. Therefore, further
dissection of the mechanisms governing HSC function continues to
be a high priority. The following pathways are extrinsically controlled
and reflect unique mechanistic targets for the development of thera-
peutics to amplify the human HSC pool.

NOTCH Signaling

The NOTCH signaling pathway has been shown to have an impor-
tant role in regulating the development of the central nervous system,
eye, muscle, hematopoietic system, and germline, among others.'0>104
To date, four NOTCH receptors have been identified (NOTCH1-4)
as well as five ligands for Notch receptors (JAGGED1 and 2 and
DELTAL, 3, and 4).'® Ligand receptor interaction on HSCs induces
two NOTCH cleavage steps, the last of which is mediated by y-secretase
and releases the constitutively active NOTCH-intracellular domain
(NICD). The NICD then translocates to the nucleus, interacts with
the DNA-binding protein RBPJ] (recombination signal binding
protein for immunoglobulin kappa J region) and initiates transcrip-
tion of target genes such as the transcription factors HES1 and
HES5 (mammalian homologues of Drosophila hairy and Enhancer
of split).'*"* Depending on the specific NOTCH ligand, different
NOTCH receptors and thus different NOTCH target genes are acti-
vated, leading to diverse cellular outcomes. For example, NOTCH1
activation by Deltal and 4 is required for T-cell differentiation while
it inhibits differentiation of the B-cell lineage. Jagged2- or Deltal-
mediated activation of NOTCH2 inhibits myeloid differentiation
and induces the generation of LT-HSCs and MPPs.'*'”

Activation of NOTCH signaling is sufficient to induce ex vivo
HSC expansion. Retroviral expression of the Nozch1 ICD in murine
HSCs leads to the generation of an immortal, cytokine-dependent
cell line with multilineage in vivo repopulating capacity,”' and
immobilized Deltal promotes a several-log expansion of murine

HSC cultures."”” Furthermore, Jagged2-mediated activation of
NOTCH signaling inhibits the differentiation of human CB CD34"
cells,'” and culture of human CB HSCs with soluble human Jagged1
induces HSC expansion ex vivo."”* NOTCH ligands that are expressed
in the surrounding BM niche are thought to be critical in promoting
HSC maintenance through the activation of NOTCH receptors
expressed on HSCs. For example, BM osteoblasts express JaggedI and
blocking NOTCH activation with a Y-secretase inhibitor significantly
decreases murine HSC expansion in BM osteoblast cocultures.'”
Similarly, sinusoidal ECs that express NOTCH ligands stimulate
expansion of wild-type but not NotchI™ Notch2™ LT-HSCs in
vitro.'”® However, although deletion of Jaggedl, Notchl, or Rbpj
results in impaired embryonic hematopoiesis in the mouse, the physi-
ologic role of NOTCH signaling in the maintenance of the adult
HSC pool in vivo is controversial.'”” Deletion of Jaggedl was shown
to have no effect on HSC content in mice,'” and deletion of Répj
caused no defect in HSC repopulating capacity.'” Interestingly, while
neither Notchl nor Notch2 were found to be required for HSC
function under homeostatic conditions in vivo,"””'”” challenging the
BM with chemotherapy or radiation in the presence of a conditional
Notch2 deletion resulted in more rapid myeloid differentiation at the
expense of HSC self-renewal.'”

In keeping with the evidence obtained from mouse studies that
activation of NOTCH signaling can induce HSC expansion, Delaney
et al'” showed that serum-free culture of human CB progenitor
cells with immobilized Deltal plus cytokines for three weeks yielded
a 5.3-fold increase in human hematopoietic cell engraftment in
transplanted NOD/SCID mice. This group subsequently completed
a phase I clinical trial showing that transplantation of CB cells,
which had been expanded with immobilized Deltal along with an
unmanipulated CB unit shortened the time interval to neutrophil
recovery (median, 16 days) compared with a cohort that received
two unmanipulated CB units (median, 26 days)."™ Of note, in this
phase I study, the unmanipulated CB cells demonstrated dominant
engraftment by day 80 after transplant and in seven of eight reported
recipients, ex vivo expanded CB cells were not detectable in recipients
by day 40 posttransplant.'®® The extinction of the Deltal-expanded
CB units might be explained by T-cell depletion as donor CB CD8*
T cells of a successful graft have been shown to mediate the rejection
of the other CB unit in the setting of double CB transplantation.'™!

WNT Signaling

WNT signaling is initiated by the interaction of WNT ligands with
the so-called Frizzled/LRP (lipoprotein receptor-related protein) cell
surface receptor complex. In the absence of ligand binding, the WNT
signal transducer P-catenin is phosphorylated by kinases such as
glycogen synthase kinase-3 beta (GSK-3p), leading to its rapid deg-
radation. Upon activation of the canonical WNT pathway, B-catenin
is no longer phosphorylated and thereby stabilized, translocates into
the nucleus and interacts with transcription factors of the T-cell
factor/lymphoid enhancer factor (LEF/TCF) family to regulate
expression of target genes.'** Several lines of evidence implicate WNT
signaling in the regulation of HSC self-renewal and differentiation.
First, WNT proteins have been shown to be expressed at sites of
embryonic and fetal hematopoiesis, and WNT ligands, receptors and
LEF/TCEF transcription factors are expressed by adult HSCs as well
as the BM microenvironment.'**'** Second, ample evidence suggests
that activation of WNT signaling is capable of promoting HSC
expansion, at least in vitro."”"'® Using mice transgenic for human
BCL2 enabling HSCs to survive in the presence of stem cell factor
(SCF) alone,"""" it was shown that BM KTLS cells treated with
purified WNT3A protein or transduced with active B-catenin ex vivo
resulted in their expansion and multilineage reconstitution of com-
petitively transplanted recipients.®'® In a related study, treating
immune-deficient recipient mice with a GSK-3f inhibitor after
transplantation of lineage-depleted human CB HSCs increased their
engraftment and repopulating capacity, which was accompanied by
faster recovery from posttransplant cytopenia.”” Importantly,



WNT-mediated maintenance of the HSC pool was demonstrated to
depend on intact NOTCH signaling,m suggesting a deterministic
role for the NOTCH pathway in controlling the effects of WNT
signaling on the undifferentiated HSC pool."” On the other hand,
HSCs from mice engineered to conditionally express a stable form of
-catenin were blocked in differentiation and failed to self-renew
leading to their exhaustion.”>"” These results raise the possibility
that the prior report of HSC expansion in response to B-catenin
overexpression may have been affected by the use of Bc/2 transgenic
mice.'” Alternatively, WNT signaling might have a more ;)ronounced
role in vitro than in the more complex in vivo setting.'

Some WNT ligands, e.g., WNT5A, are able to activate pathways
other than the canonical WNT pathway, depending on the particular
WNT receptor context.'”” In vivo activation of noncanonical WNT
signaling via systemic administration of WNT5A was shown to
induce a greater than threefold increase in human CB HPC repopula-
tion in NOD/SCID mice."* More recent studies have demonstrated
noncanonical WNT signaling in the BM niche to be required for
HSC maintenance in vitro and in vivo."”®"” Interestingly, it was
shown that Wanz5a expression is increased in ageing LT-HSCs. Induc-
tion of Wnt54 in young mice induced ageing-associated HSC phe-
notypes, including apolarity, decreased repopulation capacity and
myeloid bias. Conversely, knocking down W25 in old mice attenu-
ated HSC ageing.””

Although activation of WNT signaling can induce HSC expan-
sion, it is uncertain whether WNT signaling is indispensable for
normal hematopoiesis to occur. Conditional deletion of -catenin in
adult BM progenitors did not impair their ability for multilineage
reconstitution.””' In support of these results, hematopoietic cell abla-
tion of porcupine, a membrane-bound O-acyl transferase essential for
WNT ligand secretion and receptor interaction, had no effect on
proliferation, differentiation, and self-renewal of adult HSCs in
vivo.””> Conversely, embryonic conditional knockout of B-catenin
caused a deficiency in self-renewal of murine LT-HSCs,”” and HSCs
derived from Want34" mice failed to repopulate secondary recipi-
ents,”" suggesting that WNT signaling might have different roles in
embryonic versus adult HSCs.

TGF-B and Hedgehog Signaling

The TGF-$ pathway represents a signaling mechanism that can be
activated by members of the TGF-} superfamily including TGF-f,
activins and bone morphogenetic proteins (BMPs).*” Each of these
ligands binds to a specific receptor heterodimer composed of a type
I and II receptor, leading to the phosphorylation of a subset of
the receptor-regulated SMAD proteins (R-SMADs: SMADI, 2, 3,
5, and 8). Thus activated R-SMADs then form a complex with
the common SMAD SMAD4, and translocate into the nucleus
to co-regulate target gene transcription. Another class of SMADs,
inhibitory SMADs (SMADG and 7) block TGF-f family signaling
by binding to R-SMADs.

TGE-B is one of the most potent inhibitors of HSC proliferation
in vitro, and neutralization of TGF-f releases HSCs from
quiescence.”’"*" It has been suggested that TGF-f mediates cell cycle
inhibition in HSCs via upregulation of cyclin-dependent kinase
inhibitors, p21, p27 and p57, as well as downregulation of cytokine
receptors.”” "> The role of TGF-B in vivo appears to be more
complex. TGF-B likely functions as a negative hematopoietic regula-
tor in vivo as supported by the observation that deletion of TGF-$1
results in extensive myelopoiesis in mice”* as well as defective homing
of HSCs.”"” Moreover, HSCs from mice with a conditional deletion
of the TGF-B type II receptor show increased cell cycling and
impaired repopulation capacity.”' Conversely, TGF-B type I receptor
null mice display normal HSC self-renewal and regeneration in vivo,
although these HSCs exhibited increased proliferation in vitro.”'”*'*
The discrepancies between different knockout phenotypes could be
caused by differences in expression levels of the TGF-3 receptors in
HSCs and thus different in vivo importance.”” Still, TGF-p is con-
sidered a critical signal for HSC quiescence also in vivo.*”
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BMP signaling is required for mesoderm formation and pattern-
ing, and BMPs are key regulators for the hematopoietic specification
from mesoderm across different species (reviewed in™”). BMP4
has been shown to modulate adult human HSC maintenance and
proliferation in a concentration-dependent manner, with high BMP4
levels extending the survival of hematopoietic repopulating cells in ex
vivo cultures.””” However, in vivo, BMP signaling does not seem to be
required for adult HSC function as determined in mouse knockouts
for its signal transducers, SMAD1 and 5.2 On the other hand,
complete inhibition of the SMAD network has demonstrated the
importance of SMAD proteins in regulating HSC self-renewal in vivo.
Conditional deletion of Smad4 in mice led to a significantly reduced
ability of HSCs to repopulate primary and secondary recipients.””
Also, retrovirus-mediated overexpression of the inhibitory Smad7
promoted HSC self-renewal in vivo.?! Taken together, these results
have been interpreted to indicate that SMADA4 positively regulates
HSC self-renewal independently from its role as a mediator of SMAD
pathway signaling. This hypothesis is supported by evidence demon-
strating that SMAD proteins can activate WNT signaling,”****’ which
has been shown to promote HSC expansion as discussed earlier.

As in other species and developmental contexts,”***>**® an intersec-
tion between BMP4 and Hedgehog signaling has been described in
the human hematopoietic system. Hedgehog proteins play an essential
role in the embryonic development of a wide variety of organs, and,
like BMPs, they are required for mesoderm patterning.”””*** Culture
of human CB progenitor cells with Sonic Hedgehog (SHH), one of
three human Hedgehog proteins,””*** promoted the expansion of
cells capable of multilineage repopulation in NOD/SCID mice.”'
The addition of Noggin an endogenous inhibitor of BMP4, blocked
the effect of SHH on CB stem cell proliferation in vitro, whereas
Hedgehog inhibition did not block BMP4-induced hematopoietic
stem and progenitor cell (HSPC) proliferation, suggesting that BMP4
acts downstream of SHH in the regulation of human HSC growth.”'
Several other studies suggest that hedgehog signaling regulates HSC
growth. Mice heterozygous for the Hedgehog antagonist Patched]
(Ptcl) were shown to have an expanded HSC compartment™ and
their fetal HSCs exhibited increased colony-forming potential in
serial plating assays.”” Interestingly, while conditional deletion of the
Hedgehog effector Smoothened (Sm0) resulted in a profound loss of
LT-HSCs in the embryo,zj4 conditional deletion of Smo or pharma-
cologic inhibition of Hedgehog had no effect on HSC content or
hematopoiesis in adult mice.”>?° Thus, Hedgehog signaling during
embryogenesis might be required for certain aspects of HSC function
important in adult life.””’

CXCL12-CXCR4 Signaling

CXCL12 is a chemokine that is expressed by BM osteoblasts, ECs, and
perivascular stromal cells in the BM microenvironment and regulates
the homing and retention of HSCs.””* **’ Expression of CXCL12 or
its receptor, CXCR4, is necessary for HSC maintenance in vivo, 2241
Recently, Ding et al reported that deletion of Cxc/12 from perivascular
stromal cells or vascular ECs depleted HSCs in mice, whereas deple-
tion of Cxc/12 from nestin” mesenchymal cells or osteoblasts had no
effect on HSC numbers.”’ Greenbaum et al also showed that deletion
of Cxcl12 in PrxI-expressing perivascular stromal cells led to HSC
depletion,” confirming the importance of CXCL12 signaling in the
perivascular niche for HSC maintenance. A more detailed review of
CXCL12-CXCR4 signaling in the context of the BM microenviron-
ment, as well as a comprehensive review of HSC-HSC niche signaling
interactions”® are presented in Chapter 11.

INTRINSIC PATHWAYS
Transcription Factors

Transcription factors are proteins that bind specific sequences of DNA
within promoter or enhancer regions to regulate the process of
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transcribing DNA into RNA.** Because the intrinsic phenotype or state
of a cell is the result of its gene expression, it is governed by the concerted
action of transcription factors (guided by the epigenetic landscape dis-
cussed further below). The balance between self-renewal and differentia-
tion of HSC:s is intricately regulated by transcription factors of many
different classes.””” Several general principles have emerged. First, given
the relative limited number of transcription factors, they are used at
multiple stages in development, such that they may be required in HSCs
and also subsequently in lineage differentiation.”® Second, the balance
between self-renewal and lineage commitment is thought to be

regulated, at least in part, by the antagonism of lineage-specific tran-
scription factors. To promote a given lineage, transcription factors need
to actively counteract factor(s) supporting other cell fates. Third, and
most relevant to clinical situations, most hematopoietic transcription
factors are subject to somatic mutation and/or chromosomal transloca-
tion in one or more hematopoietic malignancies. Thus, malignancy can
be viewed as a disruption of normal development. Fig. 9.2 depicts key
transcription factors within the hematopoietic hierarchy, and Table 9.1
summarizes main roles of critical transcription factors in HSPCs and
hematologic malignancies.

Roles of Critical Transcription and Epigenetic Factors in Hematopoietic Stem and Progenitor Cells (HSPCs) and Hematologic

Malignancies
Requirement in HSPCs® Type of Alteration Disease Reference
Transcription Factor
SCL Mesoderm-endothelial/ Chromosomal translocations T-ALL 245, 263, 533
(TAL-1) hematopoietic lineage involving TCR genes;
transition; SIL-TAL1I fusion gene;
MegE lineage differentiation aberrant expression for other
reasons
LMO2 Primitive erythropoiesis; Chromosomal translocations T-ALL 533, 534
generation and maintenance of involving TCR genes; (B-cell lymphoma;
definitive HSCs interstitial deletion; B-ALL;
aberrant expression for other X-SCID gene therapy
reasons associated T-cell leukemia)
GATA2 EHT; Mutations MonoMAC, 535
HSC survival and self-renewal; MDS, AML, CMML, Emberger
MegE, mast cell, monocyte syndrome
lineage differentiation
RUNX1 (AML1, Formation of intraaortic RUNXI-ETO chromosomal AML 536, 299, 288
CBF-o) clusters and HSCs during translocations;
EHT; mutations
lymphopoiesis
CBF-B Emergence of HSCs from HE CBF-B-MYHI11 chromosomal AML 288, 537, 538
(CBFB) (in complex with RUNX1) translocations
E2A Maintenance of adult LT-HSC; E2A-PBX1 chromosomal Pre-B-cell ALL; 245, 539
(TCF3) LMPP, CLP, early thymocyte translocations; T-cell lymphoma
progenitor, pro-B-cell mutations
differentiation
ETV6 Maintenance/survival of adult ETV6-RUNX1 chromosomal Pre-B-cell ALL; 299, 539, 297, 540
(TEL) LT-HSCs translocations; immature adult T-ALL
mutations
MYB Self-renewal and multilineage Chromosomal translocation T-ALL 541-543
(C-MYB) differentiation of adult involving TCR;
LT-HSCs duplication
EVI1 Generation of definitive HSCs; Aberrant expression; AML; 246, 544
Self-renewal of adult LT-HSCs Chromosomal translocations MDS, CML blast crisis
involving RUNX1 and ETV6
Epigenetic Factor
MLL Generation of definitive HSCs; Chromosomal translocations ALL, AML 545, 546
adult HSC quiescence and involving AF4, AF9, ENL,
self-renewal AF10, ELL, AF6, etc. (79)
DNMT3A HSC differentiation Mutations AML, T-cell leukemia and 348
lymphoma, MDS
TET2 HSC differentiation Mutations, CMML, AML, MDS, T-cell 547, 548
IDH1/2 mutations lymphoma, DLBCL
ASXL1 HSC differentiation Mutations CMML, AML, MDS 549, 359, 550

?Data from complete or conditional knockout studies in mice

AML, acute myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia; CML, chronic myeloid leukemia; CMML, chronic myelomonocytic leukemia; DLBCL, diffuse
large B-cell lymphoma; EHT, endothelial-to-hematopoietic transition; HE, hemogenic endothelium; HSC, hematopoietic stem cell; HSPCs, hematopoietic stem and
progenitor cells; LMPP, lymphoid primed multipotent progenitors; MDS, myelodysplastic syndrome; MegE, megakaryocyte/erythrocyte; MLL, mixed-lineage leukemia;
MonoMAC, monocytopenia and Mycobacterium avium complex infections; SIL, SCL interrupting locus; T-ALL, T-cell acute lymphoblastic leukemia; X-SCID, X-linked
severe combined immunodeficiency.



Transcription Factors Required for the Specification
of HSCs

As one of the few transcription factors known to be essential for the
mesoderm-hemangioblast transition, the ETS class protein ETV2 is
expressed in a subset of FLK1" cells with enhanced endothelial and
hematopoietic potential and downregulated thereafter.”*" Together
with the forkhead transcription factor FOXC2, it cooperatively
induces the FLK1" mesoderm by stimulating the expression of key
endothelial and hematopoietic genes such as Flk1, vascular endothelial
(VE)-cadberin, Tie2, Scl and Notch4.**®

Before the emergence of HSCs, the bHLH protein SCL is required
for the specification of the bipotent hemogenic endothelium within
the hemangioblast during embryonic development.” Its knockout
in mice, as well as that of its binding partner LIM domain protein
Lmo2,”" 7 results in the lack of hematopoiesis with early embryonic
lethality,253 256 and an absence of adult HSCs.””*** SCL expression is
regulated by three hematopoiesis-specific enhancers, one of which
comprises an ETS/ETS/GATA motif that binds ETS transcription
factors FLI1 and ELF1 as well as GATA2, revealing the transcriptional
cascade at the top of the hematopoietic hierarchy.”’ Interestingly,
once emerged, HSCs require either SCL or the closely related bHLH
factor LYLI for function and survival.”***** Elevated expression of
SCL and/or LMO2, as well as LYLI is found in 35-65% of T-cell
acute lymphoblastic leukemia (T-ALL), mostly because of chromo-
some translocations but also, in the case of SCL, intragenic
deletions.”

GATA2, a zinc finger transcription factor, is expressed before HSC
emergence in the paraaortic splanchnopleura and later in the AGM.***
GATA2 has been shown to be essential for the production of cells
belonging to all lineages in definitive (or adult) hematopoiesis.****
Interestingly, it functions to preserve the pool of immature HSPCs
by preventing the differentiation of hematogenic precursor cells.””
Thus, reduction of GATAZ2 expression or activity is a prerequisite for
HSC commitment. Heterozygous germline mutations in GATAZ2 are
the cause of several previously known clinical syndromes: MonoMAC
(monocytopenia and Mycobacterium avium complex infections),”***
which are also described as combined dendritic cell, monocyte, B and
natural killer lymphoid or DCML deficiency.”**"" Individuals with
MonoMac almost invariably progress to a distinct form of myelodys-
plastic syndrome (MDS) and in 14% and 8% to acute myeloid
leukemia (AML) and chronic myelomonocytic leukemia (CMML),
respectively.”’” Familial myelodysplastic and AML syndrome™” as well
as Emberger syndrome (primary lymphedema with predisposition to
AML)”* also belong to this group, and in some cases are caused by
the identical GATA2 mutation.

The core-binding protein RUNXI and its obligate binding partner
CBE-f are both required for the transition from hemogenic endo-
thelium to definitive HSCs.”>"® Runx! expression is upregulated
during the endothelial-to-hematopoietic transition (EHT) in the
hemogenic endothelium, probably by GATA2, the ETS transcription
factors FLI1 and PU.1 and the SCL complex (SCL, LMO2, LDB1).””
RUNXI1 then induces expression of other critical transcription factors
such as GFI1 and GFIB which in turn downregulate the endothelial
markers TIE2, VE-cadherin and KIT.**" In addition, RUNXI1 causes
rapid global reorganization of transcription factors such as SCL, FLI1
and C/EBP which is critical for the EHT and hematopoietic fate.”
RUNXI is also required to antagonize the effects of the homeobox
transcription factor HOXA3, a negative regulator of specification of
the hemogenic endothelium. HOXA3 represses a cascade of transcrip-
tion factors that promote hemogenesis while at the same time inducing
a set of genes critical for maintaining endothelial character.”* RUNX1
and CBF-f3 are the most common target of chromosomal transloca-
tions in acute leukemia. In particular, translocations resulting in
RUNXI-ETO and CBF-B-MYH11 cumulatively account for 15% of
AML.** Consistent with the fact that neither RUNXI-ETO™ nor
CBF-B-MYHI’® induce leukemia by themselves in mouse models
but rather require additional mutations, next-generation sequencing
studies have identified both as preleukemic lesions.”**?* In addition,
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mutations in RUNXI are observed in patients with various hemato-
logic diseases including MDS, CMML, ALL, de novo and therapy-
related AML and the autosomal dominant preleukemic syndrome
familial platelet disorder with predisposition to AML (FPD/AML).*

Transcription Factors Required for HSC
Homeostasis

Many transcription factors from different protein classes that play a
role in setting up the hematopoietic hierarchy are necessary for HSC
self-renewal in competitive transplantation assays.' For example, SCL
is expressed much higher in LT-HSCs compared to ST-HSCs, and
promotes their quiescence,”” which preserves the LT-HSC pool.””
In HSC:s as well as differentiating progenitors, SCL exists in different
complexes most of which include GATA2 (or GATAL in the erythroid
lineage), E2A and the non-DNA binding adaptor proteins LMO2
and LDB1.””*" Loss of any of these SCL partners leads to defects
in HSC maintenance.”>>20>292-2%4 Apart from GATA2 and LMO2,
also deregulation of E2A causes hematologic malignancies. Six
percent of all pediatric ALLs, in particular pre-B cell ALL (23%) are
caused by a chromosomal translocation that fuses the £24 gene with
PBXI (pre-B-cell leukemia homeobox 1),7%° which encodes an
important HOX interacting factor discussed later.

The ETS-related transcriptional repressor TEL/ETVG6 is specifi-
cally required for HSC survival but not their emergence.””” Like E2A,
also ETVG is involved in chromosomal translocations; the E7V6-
RUNX1 is the most common fusion gene in pediatric cancers, found
in 22% of childhood ALL (of the pre-B-cell subtype).””® In contrast
to the translocation generating the £24-PBX1 fusion gene most of
the ETV6-RUNX1I fusions seem to originate in utero.””

Another transcription factor associated with human malignancies,
EVII, is specifically expressed in LT-HSCs. When overexpressed in
mice Evil boosts LI-HSC self-renewal, whereas its heterozygous loss
leads to marked reduction of their self-renewal capacity.””’ Aberrant
expression of EVII isoforms is observed in 8-11% of AML,"*** and
28% of mixed-lineage leukemia (MLL)-rearranged AML,” and
usually associated with a poor prognosis.”* Furthermore, its translo-
cation with E7V6 or RUNXI is associated with progression to blast
crisis in chronic myeloid leukemia (CML).*"**"

The HOX Cluster in HSC Self-Renewal

Homeobox (HOX) genes encode homeodomain-containing tran-
scription factors critical for embryonic patterning, organized into
four paralogous clusters (A, B, C, and D) on four chromosomes.*”
Because of limited DNA sequence specificity and selectivity, HOX
proteins function through interaction with DNA-binding cofactors,
in particular, PBX and/or myeloid ectopic insertion site (MEIS)
family members.””"* At least 22 of the 52 HOX genes (none from
the HOXD cluster) are expressed in mouse and human HSPCs and
are subsequently downregulated to permit lineage commitment.’”’
Therefore, continuous HOX expression generally blocks differentia-
tion and leads to rapid expansion of preleukemic HSPCs. In mice,
overexpression of HOXAI0 has been shown to block myeloid and
lymphoid differentiation leading to AML."* This is also the case for
Hoxa9, in particular conjunction with Meis! or the E2A-Pbx1 fusion
gene.”' ' HOXA9 overexpression belongs to a gene signature that
distinguishes AML from ALL, and in AML patients highly correlates
with treatment failure.”™*

A number of leukemic chromosomal translocations, either directly
or indirectly, lead to the overexpression of HOX genes. The nuclear
pore complex protein NUP98 was first implicated in hematologic
malignancies by the discovery of NUP98-HOXAY fusions in
AML.>"*'® Approximately half of all NUP98 translocations involve
HOX genes, most commonly HOXA9 in AML, MDS, CML and
CMML, but also HOXA11 and HOXA13 as well as their paralogues
in the B and C cluster.”"”'® While the overall prevalence of these
fusions is low, they are associated with a poor prognosis.’”
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In normal HSPCs, the expression of HOX genes is regulated by
MLLI1,” as part of a multiprotein complex that regulates the chro-
matin structure at HOX clusters.’””**> MLLI fusion proteins in
MLLI-rearranged leukemias further induce the transcription of
specific HOX genes including HOXAS5, HOXA9 and HOXA10.>%*
Indeed, HOX gene overexpression is essential for MLLI1-fusion
induced leukemogenesis as demonstrated by the dependence of
transplanted AMLs induced by both MLLI-ENL and MLLI-AF4
rearrangements on HOXA9.>*

Transcription Factor Networks

Transcription factors act within larger multiprotein complexes. In the
setting of hematopoiesis, transcription factors often act positively to
sustain their own expression, while simultaneously acting to cross-
regulate other transcription factors, thereby establishing complex
transcriptional networks. With the advent of genome-wide molecular
studies, networks can be constructed computationally. Examples
include a core heptad regulatory network consisting of SCL, LYLI,
LMO?2, ERG, FLI1, GATA2 and RUNX1 bound to over 1,000 genes
in HSPCs”"*** or a regulatory module composed of GATA1, GFI1
and GFI1B with a potentially important role in specifying early
lymphoid cells.”” Also, profiling of transcription factors in single
HSPCs combined with computational lineage progression analysis
suggests a role for GATA2 in driving a network that specifies mega-
karyocytic and erythroid from lymphomyeloid lineage cells.””* As
these constructed networks become more mature, in silico methods
will predict developmental outcomes that can be tested experimen-
tally by modulation of one or multiple transcription factors in a direct
manner.””’ A comprehensive understanding of how gene regulatory
networks are perturbed in hematologic malignancies may lead to
new therapeutic approaches based on restoring normal regulatory
patterns.

Epigenetic Regulation of HSC Self-Renewal

Epigenetic regulation leads to a “stably heritable phenotype resulting
from changes in a chromosome without alteration in the DNA
sequence”.”” Epigenetic modifications include DNA methylation,
covalent histone modification, chromatin remodeling and mecha-
nisms involving noncoding RNAs which will be discussed further
later. By modifying chromatin structure and accessibility, epigenetic
mechanisms regulate the expression of genes involved in determining
the balance between self-renewal and lineage commitment of HSCs,
ultimately leading to all hematopoietic cell types. Epigenetic dysregu-
lation has been implicated in the pathogenesis of virtually all hema-
tologic malignancies.”*** In contrast to genetic mutations, epigenetic
alterations are in principle reversible, making epigenetic modifiers
attractive targets for the innovative treatment of hematologic malig-
nancies. Fig. 9.2 depicts key epigenetic factors within the hematopoi-
etic hierarchy, and Table 9.1 summarizes main roles of critical
epigenetic factors in HSPCs and hematologic malignancies.

DNA methylation plays a critical role in HSC self-renewal and
commitment.””* Through recruitment of multiprotein complexes,
methylated DNA results in transcriptional repression of nearby genes.
In mammalian cells, DNA methylation occurs at cytidines, mostly in
the context of CpG dinucleotides, dispersed throughout the genome
and clustered (as CpG islands) within gene promoters. In a number
of hematologic cancers, for example, the progression from MDS to
AML, promoter CpG islands become hypermethylated and the
affected genes, including tumor suppressor genes silenced.” Further-
more, subgroups of AML can be defined by unique DNA methylation
profiles, which can be used to stratify AML patients with respect to
their overall survival.* The family of DNA methyltransferases
includes the de novo DNA methyltransferases DNMT3A and
DNMT3B that establish methylation whereas another family
member, DNMT1, maintains DNA methylation.”** DNA meth-
ylation is required for HSCs to differentiate. Conditional knockout

of Dnmt3a, further pronounced by ablation of Dnmz3b, leads to an
accumulation of self-renewing HSCs in the BM which lose their
differentiation capacity upon serial transplantation.”** Next-
generation sequencing studies have identified DNM73A mutations
in most hematologic malignancies, in particular in patients with
cytogenetically normal AML (over 30%),’ ® where they can be
detected as preleukemic lesions,”**** and T-ALL (16%°"; for a
complete list see’™®). In contrast, DNM T mutations have been rarely
found in AML.™*

Recently it was discovered that DNA methylation is in fact revers-
ible,””* owing to the activity of ten-eleven translocation (TET)
proteins (TET1, TET2, and TET3), which iteratively oxidize
5-methylcytosine present in methylated CpG dinucleotides.””’ Mice
deficient for 7e¢2, the only TET expressed in the BM, show enhanced
self-renewal of HSCs and develop a CMML-like disease.”*** TET2
is mutated in 49% of CMML’” and up to 23% of AML”**
patients. Interestingly, gain-of-function mutations in isocitrate dehy-
drogenase 1 and 2 (IDHI/2) that indirectly impair TET2 function
are mutually exclusive with 7E72 mutations in AML. IDHI and 2
are found mutated in 13-33% of AML cases and lead to similar
methylation profiles as 7E72 mutations.””***% IDH1/2 enzymes
catalyze the conversion of isocitrate to 0-ketoglutarate (0-KG), but
mutated IDH1/2 further convert 0i-KG to 2-hydroxyglutarate, which
inhibits the 0-KG dependent TET2 enzyme.”****

The effects of histone modifications are combinatorial in nature,
and there is crosstalk between DNA methylation and histone modi-
fications.”® Histones have protruding flexible and charged NH,-
termini (“tails”) that can be posttranslationally modified in various
ways, by methylation, acetylation, phosphorylation, ubiquitination
and sumoylation, to name but a few.®” Many histone modifications
have been implicated in HSC self-renewal by knockout or overexpres-
sion of chromatin regulators that function as their “writers”, “readers”
or “erasers” (for a recent list, see’®). Recurrent mutations of CREBBP
and/or and EP300, members of the histone acetyltransferase family
that activate transcription, have been detected in several lymphoma
types,”” and 18% of relapsed pediatric ALL patients exhibit muta-
tions in the enzymatic domain of CREBBE, which are thought to
contribute to drug resistance.””

Unlike histone acetylation, methylation of histones can have
activating or repressive effects, dependent on the context and the
targeted histone residue. With respect to active marks, most epigen-
etic studies have focused on lysine methylation carried out by lysine
methyltransferases (KMTs) and removed by lysine demethylases
(KDMs). The large multidomain KMT MLLI is essential for the
generation of definitive HSCs in the mouse,””" likely through its
regulation of HOX cluster genes.”” The MLLI locus has been found
to be frequently involved in chromosomal translocations in up to
70% of infant and childhood AML and ALL and in 5-10% of adult
leukemia,”” generally associated with a poor prognosis.”” 85% of
MLL]I translocations involve six proteins (AF4, AF9, ENL, AF10,
ELL, and AF6), of which MLLI1-AF4 in ALL and MLLI-AF9 in
AML are most common.”* Many MLLI fusion partners belong to
the super elongation complex (SEC); when fused to MLL1 the aber-
rantly recruited SEC bypasses the normal transcription initiation-to-
elongation checkpoints leading to high expression of MLL1-regulated
genes such as HOX, WNT and leukemic stem cell target genes.””
Furthermore, almost all fusion proteins aberrantly recruit another
KMT, DOT1L, which by methylating H3K79 induces the expres-
sion of MLLI target genes sufficient for leukemogenesis such as
HOXA9 and MEIS1°"" In addition, MLLI fusion proteins provoke
a global loss of DNA methylation in AMLs.”® In fact, Dnmtl
haploinsufficiency, while not perturbing normal HSC function, sig-
nificantly delays leukemia progression in the MLL-AF9 AML mouse
model.””’

At many lineage-specifying promoters in HSCs, epigenetic activa-
tors are balanced with repressive complexes, namely the polycomb
repressive complex 1 (PRC1) and PRC2. The latter typically com-
prises the catalytically active EZH2, as well as EED and SUZ12, and
is responsible for di- and trimethylation of H3K27, a repressive
histone mark that is then “read” and maintained by PRC1 through



histone H2A ubiquitination.”**”” EZH2 also recruits DNA methyl-
transferases to its target genes, thereby enhancing its repressive
effect.”™ Overexpression of Ezh2 in mice enhances LT-HSC self-
renewal by silencing differentiation genes’'”** and causing a shift to
the expression of proliferation genes.”” EZH2 has been described
with either tumor suppressive or oncogenic roles, depending on the
cellular context. EZH2 gain-of-function mutations, resulting in
overall “hyper-trimethylation”, occur in 7.2% and 21.7% of follicular
lymphoma and diffuse large B-cell lymphoma, respectively. Loss-of-
function mutations have been observed in 12% of myelodysplastic/
myeloproliferative neoplasms and 18% of T-ALL cases but are rare
in de novo AML (1-2%). PRCs do not bind to DNA directly but
require the interaction with other proteins such as ASXL1. ASXLI is
mutated in 6-30% of AML and 43% of CMML.” These mutations
hinder ASXL1 from recruiting PRC2 to and thus repressing target
genes such as HOXA9.**

Regulation of HSCs by Noncoding RNAs

Sequencing the human genome revealed that less than 1.5% of the
DNA encodes proteins’ > but, remarkably, subsequent analyses dis-
covered that still 76% of the genome is transcribed into RNA.**
Many noncoding RNAs (ncRNAs) are enriched in HSCs compared
to hematopoietic progenitors.”®” ncRNAs other than ribosomal RNAs
and transfer RNAs are arbitrarily categorized into long ncRNAs
(IncRNAs) and short ncRNAs if >200 or <200 nucleotides long,
respectively. Among the short ncRNAs, microRNAs (miRNAs) are
~22-nucleotide regulatory ncRNAs that repress gene expression
predominantly by binding to the 3" untranslated re§ion of protein-
encoding mRNAs leading to their destabilization.”® A miRNA can
target large numbers of mRNAs, and a single mRNA can be regulated
by multiple miRNAs.”® HSCs depend on miRNA function for their
survival as demonstrated by the finding that deletion of Dicer or Ars2,
both essential factors for miRNA biogenesis results in HSC apoptosis
and BM failure.””*””" More than 100 different miRNAs are specifi-
cally expressed during hematopoiesis, preferentially targeting and
fine-tuning expression of transcription factors and their upstream
activators.””” Hematologic malignancies show characteristic changes
in their miRNA expression profiles. For example, ALL samples can
be classified into subtypes according to their miRNA expression
patterns.””

Numerous miRNAs are specifically enriched in HSPCs, including
miR-155,"" miR-125a,””" miR-125b,"">” miR-29a,””® miR-126,
and miR-130a.”” Overexpression of the miRNA cluster miR-99b/
let7e/125a or miR-125a alone is capable of expanding the HSC pool
in mice,””"*”"" potentially by inhibiting apoptosis of HSCs medi-
ated by the proapoptotic gene Bakl, which is a miR-125a target.””!
In addition, several miRNAs have been implicated in regulating HPC
differentiation, including miR-155 (lymphoid and myeloid develop-
ment),”***" miR-223 (myeloid development)**“** and the miR-181/
miR-150/miR-17-92 cluster (lymphoid development).”**” The
example of miR-155 shows that, like transcription factors, some
miRNAs are repurposed during hematopoietic ontogeny.*”

Most of the miRNAs conferring a competitive advantage to the
engrafted BM have been implicated in malignant transformation, and
are therefore called oncomiRs.””” Overexpression of miR-125 family
members causes myeloid and lymphoid malignancies in
mice® 7010 and they are upregulated in chromosomal translo-
cations leading to MDS/AML and B-cell ALL.“**'* oncomiRs
contribute to leukemic phenotypes by different mechanisms such as
expediting cell cycle transitions,”” targeting tumor suppressors such
as TET2,"" or dysregulating the balance between lineage-specific
transcription factors.””" miR-155, the first miRNA shown to be suf-
ficient to cause lymphoblastic leukemia or high-grade lymphoma in
a transgenic mouse model,"'* is overexpressed in B-cell lymphomas"’
and AML."**"” miR-196, which is upregulated specifically during
the transition from quiescent LT-HSCs to ST-HSC:s, targets several
of its neighboring HOX genes important for self-renewal such as
HOXA9."*% Tjke HOX genes, miR-196b is transcriptionally
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regulated by MLL and highly induced in MLL-rearranged leukemias,
contributing to an unfavorable prognosis.””**** In this context,
miR-196 has been shown to be necessary for MLL-AF9 dependent
immortalization of BM cells.””* miRNAs can also function as tumor
suppressors, exerting their function by targeting oncogenes. For
example, the miRNA cluster miR-15a/miR16-1 is deleted or epige-
netically silenced in 68% of chronic lymphoid leukemia patients,
resulting in the upregulation of its target oncogene BLC2."

In contrast to miRNAs, little is known about the expression of
IncRNAs in HSPCs and only a few IncRNAs have been further
functionally characterized. Several recent studies have compiled lists
of IncRNAs expressed in HSCs, some of which are downregulated in
more differentiated progeny™***” and in leukemic cells.”” Knock-
down of a IncRNA specifically expressed in mouse BM LT-HSCs
increased self-renewal of HSC:s in vivo and abolished recruitment of
the transcription factor E2A, essential for the development of multi-
lineage HPCs,”” to chromatin.” HSCs from female mice depleted
for Xist IncRNA (responsible for X chromosome inactivation) were
shown to have maturation defects and to be compromised in their
repopulation capacity.””’ Furthermore, all Xist mutant female mice
developed highly aggressive mixed myeloproliferative neoplasms/
MDS."” With those relatively few studies the overall relevance of
IncRNAs for the pathogenesis of hematopoietic diseases is not yet
well understood.

HEMATOPOIETIC STEM CELL METABOLISM

The role of oxidative and nonoxidative glucose metabolism in regu-
lating HSC and HPC function has recently been elucidated.”” Wang
et al reported that deficiencies in either lactate dehydrogenase A
(LDHA) or the M2 isoform of pyruvate kinase (PKM2), two enzymes
which catalyze the fermentation of glucose to lactate, result in dif-
ferential effects on HSC and progenitor cell function.” Deletion of
Ldha inhibited normal HSC and progenitor cell function, whereas
deficiency in Pkm2 impaired progenitor cell function without affect-
ing HSCs.”" The authors further showed that deficiency of either
Ldha or Pkm?2 inhibited leukemia initiation, suggesting that these
metabolic enzymes may be therapeutically useful in targeting leuke-
mia.”" Separately, Ito et al demonstrated that the loss of peroxisome
proliferator-activated receptor & (PPAR-9) or inhibition of mitochon-
drial fatty acid oxidation induced the loss of HSC maintenance.*
Interestingly, this PPAR-86-FAO axis was considered to serve as a
“metabolic switch” which regulated HSC symmetric versus asym-
metric division.”’ The tumor suppressor gene, Lkb1, which encodes
a serine/threonine kinase that regulates phosphorylation of AMP-
activated protein kinase, was also shown to be essential for HSC
maintenance.””” Lkb1 inactivation was shown to deplete quiescent
HSCs associated with depletion of all hematopoietic subpopulations,
coupled with mitochondrial defects, depletion of ATP and alterations
in lipid and nucleotide metabolism.*”

Not surprisingly, the metabolic state of HSCs is influenced by the
hypoxic microenvironment in which HSCs reside.”***** Specifically,
hypoxia contributes to the maintenance of quiescent HSCs which
have high expression of HIF-1o and rely primarily on anaerobic
glycolysis, rather than oxidative phosphorylation, to produce
ATP***° The therapeutic importance of understanding the cellular
metabolic state of HSCs was recently highlighted by Liu et al,”” who
showed that treatment of HSCs with alexidine dihydrochloride,
a selective inhibitor of the mitochondrial phosphatase PTPMT1,
reprogrammed HSC metabolism from aerobic to glycolysis, resulting
in increased HSC maintenance in culture. Alterations in HSC
metabolism have also been described with aging, thereby impacting
HSC function. Mohrin et al recently reported that SIRT7, a histone
deacetylase which regulates the expression of the mitochondrial
master regulator, nuclear respiratory factor 1, was reduced in aging
HSCs.”® SIRT7 inactivation was shown to increase mitochondrial
folding stress and compromise the regenerative capacity of HSCs,
suggesting that alterations in the mitochondrial unfolded protein
response contribute to HSC aging.**
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Soluble Proteins and Small Molecules That Regulate
Hematopoietic Stem Cell Self-Renewal

Function in HSC

Growth Factor Self-Renewal Reference®

NOTCH ligands Sufficient, not necessary 167, 171-173,
177,178

WNT proteins Sufficient, ? necessary 185, 189, 201,
203

BMPs ? Sufficient, SMAD4 220

necessary

SCF Necessary, not sufficient 439

TPO Necessary, not sufficient 440

CXCL12 Necessary 239, 242

RAR-y Necessary 117

ANGPTL Sufficient 441, 442

PGE, Sufficient 445, 448

PTN Necessary, sufficient 107, 454

AHR antagonist Sufficient 456

“References are representative, not all-inclusive.

AHR, aryl hydrocarbon receptor; ANGPTL, angiopoietin-like protein; BMP, bone
morphogenetic protein; CXCL12, C-X-C motif chemokine 12; HSC,
hematopoietic stem cell; PGE,, prostaglandin E,; PTN, pleiotrophin; RAR-y,
retinoic acid receptor y; SCF, stem cell factor; TPO, thrombopoietin.

Adapted from Zon L: Intrinsic and extrinsic control of haematopoietic stem cell
self-renewal. Nature 453:306, 2008, with permission.

NOVEL GROWTH FACTORS FOR HEMATOPOIETIC STEM
CELLS AND CLINICAL TESTING

Several novel proteins and small molecules have been reported to
promote potent expansion of murine or human HSCs in culture
(Table 9.2)."7%%% Moreover, leveraging insights into the mecha-
nisms which regulate HSC self-renewal and differentiation, several
different approaches to expand human CB HSCs have been tested in
early clinical trials. Zhang et al™"' reported the discovery of the pro-
teins angiopoietin-like 2 (ANGPTL2) and ANGPTL3 in a fetal liver
stromal cell line and demonstrated that the addition of ANGPTL2
or ANGPTL3 to cytokine cultures supported a 24- to 30-fold expan-
sion of human BM cells capable of long-term repopulation in
NOD/SCID mice. Subsequently, Zhang et al*** demonstrated that
the addition of ANGPTL5 and insulin-like growth factor binding
protein 2 (IGFBP2) to the combination of SCE TPO, and FGF1
supported up to a 20-fold increase in human CB cells capable of
8-week engraftment in NOD/SCID mice. Of note, because the
addition of ANGPTL5 and IGFBP2 did not substantially increase
total cell expansion compared with SCE TPO, and FGF1 alone, it
remains possible that treatment with ANGPTL proteins or IGFBP2
may enhance the homing of HSCs in immune-deficient transplant
models.”” Because of their potency in expanding human CB HSCs
in preclinical models, ANGPTL proteins represent attractive targets
for translation into the clinic. Recently, several ANGPTL proteins,
including ANGPTL2 and ANGPTLS5 have been found to bind and
activate the immune-inhibitory receptor human leukocyte
immunoglobulin-like receptor B2 (LILRB2).** Interestingly, studies
in zebrafish and human cells indicate that ANGPTL2, through its
interaction with LILRB2, leads to cleavage and activation of the
NOTCH receptor, ultimately inducin§ MYC target genes stimulat-
ing HSPC formation and expansion.”

North et al” reported that prostaglandin E, (PGE,) positively
regulates HSC formation in the zebrafish model. These authors also
demonstrated that short-term (2-hour) treatment of murine HSCs
with PGE, produced a two- to threefold increase in donor cell
repopulation in transplanted mice compared with mice transplanted
with untreated cells."” Subsequently, Goessling et al*® showed

that PGE, modulates WNT signaling via regulation of B-catenin
degradation and PGE,/WNT activation regulated both hematopoi-
etic regeneration in the zebrafish and long-term HSC repopulation
in mice. Hoggatt et al"” also showed that short-term exposure to
PGE, promoted the enhanced homing and repopulation of human
CB HSCs in immune-deficient mice caused by increased CXCR4
expression on PGE,-treated CB HSCs. Ex vivo treatment with PGE,
was subsequently shown to increase human CB CFC content and
engraftment capacity after transplant into immune-deficient mice,
and PGE,-treated BM cells were also found to provide more than
one year of multilineage reconstitution in a nonhuman primate
model.**® Based on these encouraging results, a phase I clinical trial
was undertaken, in which one unmanipulated CB unit and a second
CB unit that was cultured for two hours in the presence of
16,16-dimethyl PGE, (dmPGE,) were transplanted into adult
patients after nonmyeloablative conditioning. dmPGE,-treated CB
cells resulted in accelerated neutrophil recovery (17.5 days versus 21
days) and long-term engraftment in 10 of 12 patients.”

Recently, screening strategies in human cells have been success-
fully used to identify novel growth factors, developmental factors
and chemical compounds, for HSCs. Himburg et al identified
pleiotrophin (PTN), a heparin binding growth factor, from a gene
expression analysis of human brain-derived endothelial cells (ECs)
that support human HSC expansion in vitro.” " Treatment of
murine BM HSCs with PTN produced a 10-fold expansion of long-
term repopulating HSCs in culture, and systemic administration of
PTN to irradiated mice caused a 20-fold increase in the recovery
of BM LTC-ICs in vivo."” Mechanistically, PTN signaling caused
the upregulation of PI3K/AKT signaling and Hesl expression in
HSCs, suggesting that activation of these signaling cascades may
contribute to PTN-mediated HSC expansion.'”” Mice lacking P
had 11-fold less BM HSC content than their wild-type littermares.**
Interestingly, LT-HSC content, as measured in tertiary and quater-
nary transplants, was increased in chimeric mice with P deletion
in the BM microenvironment compared with wild-type mice.””
Taken together, these results suggest that PTN regulates BM HSC
expansion and regeneration, and in the context of constitutive P
knockout, P loss in hematopoietic cells may dominate over effects
of Ptn loss in the niche.'”* Further studies will be necessary to
resolve these questions and define the potential therapeutic efficacy
of PTN. Boitano et al”** described a screening approach of more than
100,000 heterocyclic compounds for the capacity to maintain human
CD34" cells in culture for five days. This screen yielded the discovery
of the purine derivative StemRegenin 1 (SR1), which was shown to
promote the expansion of human CB repopulating cells in vitro.”
Three-week cultures of human CB CD34" cells with thrombopoietin,
SCE FLT?3 ligand, interleukin-6 (IL-6), and SR1 promoted a 17-fold
increase in SCID-repopulating cells compared with the progeny of
cultures containing thrombopoietin, SCE FLT3 ligand, and IL-6
alone.”® SR1 appears to mediate its effects via inhibition of the aryl
hydrocarbon receptor. Aryl hydrocarbon receptors are expressed by
HSCs, but the downstream signaling mechanism through which SR1
mediates HSC expansion remains unknown.”® Recently, Dahlberg
et al reported that the combination of SR1 with the NOTCH ligand,
Delta®™8%, caused a threefold increase in human CB-derived myeloid
repopulation in NSG mice at two weeks compared to CB cells
cultured with Delta™ "¢ or SR1 alone.”” Preliminary results from
a phase I trial of transplantation with SR1-treated CB cells have
demonstrated the feasibility and safety of this approach.””

In a recent analysis of growth factors elaborated by an AGM-
derived stromal cell line, Wohrer et al reported that nerve growth
factor and collagen 1, when added to a defined serum-free medium
containing SCF and IL-11, produced fourfold expansion of murine
long-term repopulatin% HSCs in seven-day cultures compared to
SCF and IL-11 alone.””*" Separately, treatment of human CB HSCs
with a pyrimidoindole derivative, UM171, was shown to promote a
13-fold expansion of CB cells capable of repopulating NSG mice at
20 weeks posttransplantation.”®’ Although the mechanism of action
of UM171 has not been elucidated, preliminary analyses suggested
that UM 171 inhibited erythroid and megakaryocytic differentiation



of human HSCs in culture. Jaroscak et al*®* tested the combination
of FL'T3 ligand, a GM-CSF/IL-3 fusion protein, and erythropoietin
in a continuous perfusion culture system as a means to expand human
CB cells before transplant. Similarly, Shpall et al*®® tested the capacity
of SCE, granulocyte colony-stimulating factor (G-CSF), and mega-
karyocyte growth and differentiation factor to expand human CB
cells that were then transplanted into adult CB transplant recipients.
An alternative approach to cytokine-based expansion of human CB
cells was suggested by Peled et al****** who demonstrated a 159-fold
increase in human CD34" cells after seven-week culture with a copper
chelator, tetraethylenepentamine (TEPA), and cytokines. Subse-
quently, de Lima et al®o’ reported the safety and feasibility of culturing
human CB cells with TEPA and SCF, FLT3 ligand, IL-6, and throm-
bopoietin followed by transplantation into patients in a phase I/1I
clinical trial. Although each of these clinical trials has shown the
feasibility of transplanting ex vivo—cultured CB cells, none demon-
strated substantial acceleration in hematopoietic cell engraftment in
CB transplant recipients compared to historical controls. However,
the TEPA plus cytokine strategy is being tested further in a })hase 11/
IIT study in several countries, including the United States.' 0

Several other clinical trials have recently indicated progress toward
the clinical expansion of human CB HSC:s for therapeutic purposes.
De Lima et al reported a median time to neutrophil engraftment of
15 days in recipients of one unmanipulated CB unit plus CB cells
cultured with mesenchymal stromal cells, compared to 24 days in
historical controls, although long-term donor hematopoiesis derived
almost exclusively from the unmanipulated cord blood unit. % Lastly,
Horwitz et al reported that transplantation of one unmanipulated
CB unit and the progeny of 21-day culture of human CB cells with
nicotinamide produced earlier neutrophil recovery (13 versus 25
days for historical controls) and dominant engraftment from the
nicotinamide-treated CB unit in eight of 11 treated patients.’”

GENERATING HEMATOPOIETIC STEM CELLS FROM
PLURIPOTENT STEM CELLS AND BY REPROGRAMMING
OF SOMATIC CELLS

Globally more than 50,000 patients per year receive allogeneic and
autologous HSC transplantations as treatments for congenital and
acquired hematopoietic diseases and other malignancies.47[] At present,
the only cell sources for HSC transplantations are BM, CB, or
mobilized peripheral blood. However, insufficient numbers, shelf-life
concerns as well as immunologic incompatibility leading to graft-
versus-host disease, even in human leukocyte antigen-matched grafts,
limits their availability.””"*”> One option to generate more HSCs is
by expanding existing HSCs in vitro as described earlier. Despite
substantial efforts, this has proven difficult; because of their tendency
to differentiate in culture, the expansion of HSC:s is not very efficient
and does often not lead to fully functional HSCs in terms of their
migratory behavior and long-term multilineage reconstitution
potential, /0473474

The observation in 1981 that embryonic stem cells (ESCs) could
be derived from mouse or, later, human blastocystszﬂs’w7 fueled
experiments to differentiate HSCs from ESCs. In 2006, the discovery
that mouse or human fibroblasts could be reprogrammed to induced
pluripotent stem cells (iPSCs) by retroviral transduction with the
same four factors, OCT3/4, SOX2, KLF4, and c—Myc,m'Mg opened
the door for the possibility of autologous stem-cell based therapies in
the clinic.®"**" Since its first report this technology has been con-
stantly modified® and is allowing the generation of iPSC lines from
patients with a variety of blood disorders (references in“). This
approach presents a new opportunity for disease modeling and drug
screening.

Numerous methods for directed differentiation of HSCs from
ESCs or more recently iPSCs have been developed, but so far none
yield long-lived cells with full HSC functionality. In a recent study,
inducible expression of five transcription factors, HOXA9, RORA,
ERG, SOX4, and MYB imparted human ESC- and iPSC-derived
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progenitors with short-term myeloid and erythroid engraftment
potential.””® This and similar approaches are characterized by the lack
of robust lymphoid potential, likelz‘y because these progenitors are
developmentally still too immature.™

In light of the obstacles in generating HSCs from ESCs or iPSCs,
approaches to directly reprogram somatic cells into HSCs, or trans-
differentiate them to hematopoietic cells are being explored as
alternative strategies. The concept of direct reprogramming was first
demonstrated with the conversion of embryonic fibroblasts into
contracting myocytes by just the transcription factor MyoD."™
Pluripotency-related factors are upregulated during endogenous
reconstitution of mouse hematopoiesis after irradiation.”*® Thus,
studies successfully reprogramming human skin fibroblasts directly
into HSPC-like cells used the pluripotency factors OCT4 or SOX2
together with a specific cytokine cockrail.***"” While these cells
engrafted, they again lacked lymphoid potential. In contrast to these
examples of indirect lineage conversion via a less differentiated state,
direct lineage conversion (or transdifferentiation) attempts have
included the enforced expression of transcription factors critical for
normal hematopoiesis.”*® In analogy to the HSC-producing hemo-
genic endothelium, human umbilical-vein ECs cultured on an artifi-
cial vascular niche and overexpressing four transcription factors
(FOSB, GFII, RUNXI and PU.I) yielded serially transplantable
hematopoietic colonies.”® However, these cells did not differentiate
into T cells. In another approach demonstrating the benefit of the
niche, lymphoid or myeloid progenitors were transduced with a
transcription factor cocktail (HLF, LMO2, PBXI, PRDMS5,
RUNXITI and ZFP37) and matured in irradiated mice to yield
serially transplantable HSCs producing all lineages.”” Despite this
progress in mice, fully functional human HSCs have not yet been
generated in vitro. In addition, future studies will have to focus on
strategies to avoid the risk of malignant transformation inherent in
any directed differentiation or cellular reprogramming method.”'

HEMATOPOIETIC STEM CELL REGENERATION

Although much is now known about the intrinsic and extrinsic
mechanisms that regulate adult HSC self-renewal and differentia-
tion,"'**'* the process through which HSCs regenerate after injury
(e.g., chemotherapy or radiation) remains less well understood. Suc-
cessful delineation of the mechanisms that control HSC regeneration
has significant therapeutic potential because a large proportion of
patients with cancer receive myelosuppressive or myeloablative
therapy during the course of their disease. Signaling through the
BMP and WNT signaling pathways has been shown to be necessary
for hematogoietic regeneration to occur in zebrafish after sublethal
irradiation.””” These authors further demonstrated that SMAD and
TCE the downstream effectors of BMP and WNT signaling, respec-
tively, couple with master regulators of myeloid and erythroid
differentiation (C/EBPo and GATAI) to drive lineage-specific
regeneration.””” In a murine model of hematopoietic injury, Congdon
et al"” showed that Wnrl0b expression is increased in BM stromal
cells in response to irradiation, and WNT signaling is activated in
BM HSCs after irradiation. As discussed earlier, in a zebrafish model,
activation of WNT signaling during hematopoietic regeneration is
modulated by PGE, "™ WNT reporter activity was responsive to
PGE, treatment, and the effect of Wnt8 toward enhancing hemato-
poietic recovery after sublethal irradiation was inhibited by adminis-
tration of indomethacin, a PGE, antagonist.” NOTCH signaling
has also been implicated in the regulation of hematopoietic regenera-
tion after stem cell transplantation.””” Deletion of Nozch2, but not
Notch1, was shown to delay myeloid reconstitution in mice after stem
cell transplantation.'” These data suggest that the BMP, WN'T, and
NOTCH pathways are attractive mechanistic targets for strategies to
augment hematopoietic regeneration after myelosuppressive therapy.

Additional signaling pathways have been implicated in regulat-
ing hematopoietic regeneration. Deletion of plasminogen (Plg), a
fibrinolytic factor, was shown to prevent HPC proliferation and
recovery after 5-fluorouracil (5-FU)-induced myelosuppression in
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mice.”’* Conversely, activation of PLG by administration of tissue
plasminogen activator promoted HPC proliferation and differentia-
tion after myelosuppression, and this effect was dependent on matrix
metallopeptidase 9-mediated release of cKit ligand.””* Similarly,
Trowbridge et al”** reported that mice that were heterozygous for the
hedgehog receptor Prtcl, displayed earlier recovery of hematopoiesis
after 5-FU-induced myelosuppression compared with wild-type lit-
termate mice. Hedgehog binding blocks PTC1-mediated inhibition
of SMO, thereby promoting downstream Hedgehog signaling. There-
fore, heterozygous Prcl mice have enhanced Hedgehog signaling, and
these results implicate Hedgehog signaling as positively regulating
short-term hematopoietic regeneration after injury. However, this
acceleration in hematopoietic recovery in mice heterozygous for
Prcl occurred at the expense of LI-HSCs, which were exhausted in
these mice.””” Genetic studies have similarly demonstrated that the
homozygous deletion of S/ip in mice (SH2-containing inositol phos-
phatase) is associated with increased loss of HSCs after 5-FU exposure
compared with heterozygous Ship deletion.”” In a similar model of
5-FU-mediated myelosuppression, Nemeth et al*”® reported that mice
deficient in the high-mobility group box 3 (Hmg36) DNA binding
protein exhibited more rapid recovery of phenotypic HSCs compared
with wild-type mice. The enhanced recovery of the stem/progenitor
pool in Hmgb3-deficient mice was associated with activation of WNT
signaling, again suggesting that activation of the WNT pathway may
accelerate HSC recovery after myelosuppression. Of note, expression
of a constitutively active form of the signal transducer and activa-
tor of transcription 3 (Staz3) in HSCs increases their regenerative
capacity after transplant into lethally irradiated mice.” In this
study, it was not determined whether alteration in Swz3 expression
affected HSC regeneration after myelosuppression (e.g., 5-FU or
irradiation).””’

At the cellular level, increasing evidence suggests an important
role for BM ECs in promoting hematopoietic regeneration after
myelotoxic stress.”* ™! Genetic deletion or antibody-based inhibition
of VEGFR2, which is expressed by sinusoidal BM ECs, was shown to
delay both BM vascular and hematopoietic recovery after total-body
irradiation (TBI)."” Systemic infusion of syngeneic or allogeneic ECs
has also been shown to significantly accelerate the recovery of both
the HSC pool and overall hematopoiesis in mice after high-dose
TBL """ Salter et al’' and Butler et al'® further demonstrated
that hematopoietic regeneration after irradiation is dependent on
VE-cadherin-mediated vascular reorganization because administra-
tion of a neutralizing anti-VE-cadherin antibody caused significant
delay in hematologic recovery in mice after TBI. While the precise
mechanisms through which BM ECs regulate HSC regeneration
in vivo remain unclear, it was shown that systemic administration
of PTN, a heparin binding growth factor that is secreted by both
BM and brain ECs, causes a rapid increase in recovery of the HSC
pool in mice after high-dose TBI.'”” Taken rtogether, these studies
suggested that the BM vascular niche may be an important reservoir
for the discovery of growth factors and membrane-bound proteins
that mediate HSC regeneration. Additional studies have further
validated the important role of the BM vascular niche in regulating
HSC regeneration following myelosuppressive injury. Deletion of
the proapoptotic proteins, BAK and BAX, from 7ie2-expressing BM
ECs was shown to protect HSCs from radiation-induced depletion
in mice, independent of HSC-autonomous effects.’” Furthermore,
Doan et al reported that EGF is expressed by BM ECs after TBI
and that systemic administration of EGF improved HSC regenera-
tion and survival after TBL.* EC-specific deletion of the NOTCH
ligand, Jaggedl, has also been shown to cause delayed white blood
cell recovery and decreased survival in mice following sublethal
TBL>" Interestingly, recent studies have suggested several novel
mechanisms through which HSC regeneration can be augmented
following radiation-induced myelotoxicity, including augmentation
of the thrombomodulin-activated protein C pathway,”” administra-
tion of the bactericidal/permeability-increasing protein (rBPL,,),”"
activation of nuclear factor erythroid-2-related factor 2°” or Ras/
MEK/ERK signaling in HSCs.”*® Interestingly, it was also recently
shown that both HSCs and leptin receptor-expressing BM stromal

cells secrete Angiopoietin 1 (ANGPT1) and that deletion of Angpt!
in these cell populations accelerated vascular and hematopoietic
recovery in mice after irradiation.’” Taken together, these studies
reveal the remarkable complexity and orchestration of molecular
responses to myelotoxicity and also suggest several potential pathways
that can potentially be exploited for the therapeutic regeneration
of HSC:s.

Lastly, the effect of age on the capacity for HSCs to regenerate
after myelosuppressive challenge remains an important question.”"’
Clinical studies have confirmed the impaired reconstitutive capacity
of HSCs from older patients in autologous stem cell transplant set-
tings.”"" Not surprisingly, older mice with defects in DNA damage
repair mechanisms (nucleotide excision repair, nonhomologous
end-joining) and telomere maintenance displayed severe defects in
their capacity to reconstitute hematopoiesis after transplantation
into lethally irradiated recipient mice compared with age-matched
control subjects that retained the DNA repair and telomerase
genes.512 Furthermore, Flach et al recently showed that aging HSCs
display heightened levels of replication stress during cell cycling as
a result of decreased expression of mini-chromosome maintenance
replicative helicase components and altered DNA replication forks.””
Therefore, therapeutic targeting to accentuate these DNA repair and
replication mechanisms may facilitate the recovery of the functional
HSC pool after myelosuppression and may lessen the oncogenic risk
incurred via repeated exposure to DNA-damaging therapies (e.g.,
alkylators and irradiation).”"*”"* Interestingly, prolonged fasting has
been shown to ameliorate chemotherapy-induced HSC damage
and age-dependent myeloid bias in mice, associated with reduc-
tion in IGF1 levels.”"" Further research into the HSC-autonomous
and extrinsic mechanisms which regulate HSC aging and HSC
regeneration during aging should be prioritized going forward and
will hopefully yield therapeutic avenues to reverse some aspects of
hematopoietic aging.

HEMATOPOIETIC STEM CELLS AND MALIGNANCY

Similar to the HSC at the apex of the hematopoietic hierarchy, an
entity termed a leukemic stem cell (LSC) has been proposed to drive
tumorigenesis because of its ability to self-renew and reinitiate leuke-
mia upon transplantation in an experimental setting (e.g., mouse
transplang; Fig. 9.4).””7" A clonal origin of a hematopoietic malig-
nancy was first demonstrated for CML where the presence of the
characteristic Philadelphia chromosome in myeloid, erythroid,
megakaryocytic and B-lymphoid cells suggested a common origin,m’
%" which was later proven by molecular analysis.”*' Genetic analyses
in a case of CML also provided the first proof for another important
concept in cancer, that of clonal evolution (see Fig. 9.4),>* which
had already been hypothesized for solid tumors.’'® This model posits
that a subclone within the initial LSC-derived clone acquires addi-
tional genetic or epigenetic alterations that convey a growth advantage
and lead to heterogeneity within the tumor.””” Whereas the HSC pool
itself does not expand during progression of chronic phase CML to
blast crisis, granulocyte-macrophage progenitors (GMPs) with
increased expression of the continuously active tyrosine kinase fusion
protein BCR-ABL and high self-renewal capacity driven by activation
of nuclear B-catenin are amplified.”” Thus, the LSC may differ from
the tumor-initiating “cell of origin”.'*”* While in CML the tumor-
initiating HSC maintains the chronic phase of the disease, subsequent
genetic events arising in the GMPs give rise to LSCs sustaining the
blast crisis.

The first cancer stem cell to be identified in any malignancy was
the LSC in AML.”"** CD34'CD38" cells but not CD34"CD38" cells
derived from all known AML subtypes (except for the AML subtype
M3) repopulated secondary NOD/SCID recipient mice and fully repro-
duced AML.”***%* Next-generation sequencing efforts have revealed the
clonal evolution in primary and relapsed AML.* 234352652 \7hile
healthy and AML genomes contain hundreds of exonic mutations,*’
as few as two key somatic “driver” mutations enable clonal expansion
of a cell that takes along all the background “passenger” mutations.



Fig. 9.4 CLONAL DYNAMICS IN HEMATOLOGIC MALIGNAN-
CIES. (A) The cancer stem cell (CSC) model assumes a hierarchical structure
akin the normal hematopoietic hierarchy. The CSC can give rise to the
hematopoietic lineage but usually results in a differentiation block leading to
the accumulation of immature progenitor (blast) cells. (B) The clonal evolu-
tion model suggests that a carcinogen-induced change in a normal cell confers
a growth advantage to that cell permitting its clonal expansion. Selective
pressures are responsible for some mutant subclones to expand while others
become extinct or dormant. A combination of both models is also possible.
(A, Adapted from Wang J, Ma Y, Cooper MK: Cancer stem cells in glioma: challenges
and opportunities. Transl Cancer Res 2, 429, 2013. B, Adapted from Greaves M,
Maley CC: Clonal evolution in cancer. Nature 481, 306, 2012; Nowell PC: The
clonal evolution of tumor cell populations. Science 194, 23, 1976.)

An additional driver mutation occurring in this clone then gives rise
to the founding LSC.”"” Mutations in either the LSC itself or again its
subclones can evolve into the dominating clone in relapsed AML.>
Genomic profiling of AML patients has yielded strong evidence for the
presence of nonmalignant preleukemic HSPCs******% that survive
chemotherapy and produce mature lymphoid cells while at the same
time generating new waves of mutant clones as the disease progresses.
Mutations in epigenetic genes, for instance, DNMT3A, IDH2 and
ASXL1I, are often identified in the ancestral clones, suggesting their
early role in AML pathogenesis, whereas mutations in NPM1 and
signaling genes appear to be acquired later.”****¢ Of note, DNMT34
and ASXLI are also among the three most recurrently mutated
genes in clonal hematopoiesis (along with 7E72) and present with
a frequency of about 10% of healthy people over 65 years.”">”
Furthermore, these findings indicate that the LSC crucial for driving
the progression to AML can be a downstream progenitor (in this
case, a GMP and/or multilymphoid progenitor). Further support
comes from mouse models: LSCs from leukemias initiated by forced
expression of an MLL-AF9 fusion gene (common in AML patients)
in GMPs retain the identity of the progenitor cells, despite having
acquired self-renewal potential.”** The identification of both tumor-
initiating ancestral HSPCs and LSCs has important implications for
the treatment of hematologic malignancies, as relapse-causing clones
may be unrelated to the predominant clones at diagnosis in ~-50% of
patients with B-cell acute lymphoblastic leukemia (B-ALL), T-ALL
and AML.**
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CHAPTER

STEM CELL MODEL OF HEMATOLOGIC DISEASES

Justin Taylor and Omar Abdel-Wahab

CELL OF ORIGIN STUDIES IN HEMATOLOGIC
MALIGNANCIES

One of the prevailing models of cancer development proposes that a
cancer is initiated and maintained through the function of cancer
stem cells (CSCs), which represent a rare population of cells within
a cancer that have an indefinite proliferative potential and are ulti-
mately responsible for the generation of the bulk of cancer cells. This
so-called cancer stem cell hypothesis has been best studied in hema-
topoietic malignancies. The ability to purify hematopoietic cells more
easily than cells from other tissues, combined with the well-defined
cell-surface markers of hematopoietic cells, has allowed the prospec-
tive isolation of nearly every hematopoietic cell subset from humans
as well as mice.

The CSC hypothesis proposes that cancers are organized into
hierarchical populations like normal tissues. At the apex of hierarchy
are largely quiescent long-lived CSCs with marked self-renewal capac-
ity that sustain the disease and give rise to the majority of the bulk
cancer cells that constitute the disease. While identification of a single
normal hematopoietic cell subset as the target of the malignant
transformation and the cellular reservoir for disease has been possible
for a variety of myeloid leukemias and lymphomas, pinpointing a
single cell as the target of malignant transformation has not yet
proven possible for other hematopoietic malignancies. In this chapter,
we will discuss efforts to identify the malignant stem cell for each of
the common forms of myeloid and lymphoid leukemias.

ACUTE MYELOID LEUKEMIA

The first evidence of a stem cell origin of malignancy came from
studies in 1997 performed by Blair et al' as well as Bonnet and Dick”
into acute myeloid leukemia (AML). These studies demonstrated that
most leukemia cells were unable to proliferate extensively and that
only a subset of cells was consistently clonogenic. In these studies a
small subset of human Thyl"CD34°'CD38~ AML cells (0.2-1.0%)
was identified and shown to be the only cells capable of transferring
human AML to immunodeficient mice. In humans, normal hema-
topoietic stem cells (HSCs) reside in the lineage-negative (Lin")
CD34"CD38°CD90"CD45RA™ compartment and generate multi-
potent progenitors with lymphomyeloid potential (LMPPs) defined
as Lin"CD34"CD38° CD90 " CD45RA" cells, as well as more commit-
ted myeloid progenitors that are present in the CD34°CD38" com-
partment.” Among the myeloid progenitors, the common myeloid
progenitors (CMDPs), granulocyte-macrophage progenitors (GMPs),
and megakaryocyte-erythroid progenitors (MEPs) can be discrimi-
nated based on differential expression of CD123 (IL3RA), CD110
(MPL), and CD45RA.

The initial observation that AML leukemia-initiating cells (LICs)
reside within the CD34'CD38" compartment suggested that AML
HSCs are rare cells that most closely resemble normal HSCs sharing
a common limited immunophenotype and being in rare populations
(Fig. 10.1). However, subsequent data have suggested that this con-
clusion is an oversimplification and that the cell of origin of any
myeloid malignancy is likely dictated by a combination of the specific
genetic and epigenetic alterations present in the individual patient as
well as the cells in which these alterations occur. For example, the

aforementioned earliest studies of LICs in AML relied on their
transplantation into immunodeficient nonobese diabetic/severe
combined immunodeficient (NOD/SCID) mice (see box on Evolu-
tion of Immunodeficient Mouse Models) to assay the ability of a
defined population of AML cells to give rise to AML in vivo. However,
using more immunodeficient xenotransplant models, primary human
cells from both CD34"CD38" and CD34"'CD38" compartments
have been shown to have LIC activity. In addition, work by Vyas and
colleagues has revealed that two expanded populations, both with
LIC activity, exist in CD34* AML (Fig. 10.1)." One population
shares the immunophenotype of normal LMPPs and the other
mirrors the GMP population. The LMPP-like leukemic stem cell
(LSC) population can give rise to the GMP-like LSC population but
either can give rise to AML in immunocompromised mice in vivo.
As described in the box on Functional Evaluation of Cell-of-
Origin In Vivo, the leukemogenic effects of specific oncogenes
directly depend on the specific oncogene as well as the target cell of
expression. Based on these facts, consistent LICs may be most easily
defined for specific genetically defined subsets of leukemias (such as
specific chronic leukemias defined by specific translocations or point
mutations) but are much more difficult to define for normal karyo-
type AML. For example, expression of the AMLI-ETO fusion tran-
script, generated by the common t(8;21) translocation in AML, can
be detected not only in leukemic cells but also in normal HSCs from
patients in clinical remission from AML.® However, these AMLI-
ETO—expressing HSCs are not leukemic and can differentiate into
myeloid and erythroid cells in vitro in a manner similar to HSCs
without the AMLI-ETO fusion transcripts (Fig. 10.1). Similarly,
analysis of mice expressing the AMLI-ETO fusion from the endog-
enous AmlI locus in vivo has revealed that AMLI-ETO—expressing
HSCs have aberrant self-renewal capacity but do not develop overt
leukemia unless additional genetic abnormalities are present. These
data strongly suggest that acquisition of additional genetic abnormali-
ties in a subset of HSCs or their progeny is required to give rise to
overt leukemia. In these studies the HSCs bearing the AMLI-ETO
fusion reside within the Lin"CD34"CD38" subpopulation that is also
the immunophenotype of normal human HSCs, suggesting that the
initiating lesion must occur in a cell with an immunophenotype of
normal HSCs. However, leukemic cells from 30% to 40% of patients
with AML do not express CD34, and LICs from some patients with
AML can actually be CD34". Interestingly, prior work evaluating the
location of the PML-RARA transcript present in acute promyelocytic
leukemia (APL) revealed that the PML-RARA translocation is actu-
ally present in CD34 CD38" populations and not in CD34"CD38~
HSC-enriched populations’ (Fig. 10.1). These data clearly reveal that
there is enormous heterogeneity in the cell-of-origin of AML.
Advancement in techniques to map genetic alterations in cancer
have allowed for much finer tracking of somatic mutations in AML
and other hematopoietic malignancies with a normal karyotype. It is
now believed that an average of five coding mutations is present in
adults with de novo AML. Several groups have now studied the
occurrence of somatic mutations in bulk AML cells and the remain-
ing seemingly nonaffected HSCs. This work has clearly shown that
the HSC compartment in patients with AML contains HSCs with
none of the mutations found in the AML as well as HSCs with
various combinations of genetic alterations similar to that present in
the bulk malignant cells (Fig. 10.1). These latter HSCs are now
understood to be “preleukemic stem cells” that initiate AML and can
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Flg 10.1 SCHEMATIC MODELS DEPICTING THE ORIGIN OF LEUKEMIC STEM CELLS (LSCs)
IN VARIOUS MYELOID MALIGNANCIES. (A) Genetic evidence from some forms of acute and chronic
myeloid leukemias reveals that the inciting genetic event occurs in a cell type in which normal hematopoietic
stem cells (HSCs) are enriched (lineage-negative (Lin))CD34"CD38"). For example, the AMLI-ETO and
BCR-ABL translocations found in acute myeloid leukemia (AML) and chronic myelogenous leukemia (CML)
are present in HSCs. In addition, the JAK2V617F mutation is present in HSCs. However, presence of these
mutations alone may not be sufficient to generate overt AML and may be associated with aberrant self-renewal
(as is the case with AMLI-ETO) or chronic myeloproliferation (as with BCR-ABL and JAK2VG617F) alone.
(B) In contrast, other forms of AML appear to be generated due to acquisition of genetic alterations in a cell
type more differentiated than HSCs. For example, PML-RARA translocations occur in Lin"CD34"CD38" cells
in patients with acute promyelocytic leukemia (APL). (C) In addition, in a proportion of patients with de
novo non-APL AML, LSC activity may be present in a cell with an immunophenotype distinct from HSCs.
In some cases, multiple populations of LSCs may be present, each with a distinct immunophenotype as shown.
(D) Finally, most recently it has been proposed that genetic alterations may occur in a proportion of HSCs
in patients with AML and that confer aberrant self-renewal properties to these cells. Further stepwise accumula-
tion of genetic alterations then occurs in these preleukemic HSCs results in an overt malignant phenotype.
As shown, mutations associated with the preleukemic HSCs include genes affecting DNA methylation and
chromatin state whereas mutations associated with frank leukemia include genetic alterations associated with
increased cell proliferation.

Progenitors
(CD34+ CD38+)

@&yLsc

also be identified in remission samples, indicating that they are able
to survive induction chemotherapy (see box on Preleukemic Stem

Xenotransplantation of human hematopoietic cells into immuno-
compromised mice has been an important assay for studying normal
and malignant human hematopoiesis for more than 50 years.® The first
breakthrough in xenograft modeling of human hematopoiesis was the
discovery of the severe combined immune deficient (SCID) mouse.
Transplantation of human bone marrow cells into the SCID mouse
not only regenerated T and B cells, which the mice lacked geneti-
cally, but also continued to generate myeloid progenitors long-term.
SCID mice are limited by high levels of innate immune function that
impede human engraftment, however. To circumvent this limitation,
SCID mice were back-crossed onto nonobese diabetic (NOD) mice
harboring innate immune defects. NOD-SCID mice support higher
levels of human engraftment but are limited by the development of
thymic lymphomas and persistence of functioning natural killer (NK)
cells. Both of these problems were addressed by deletion of the IL-2
receptor common gamma chain. Resultant NOD/SCID/gamma-null
(NSG) mice have complete loss of B, T, and NK cells and their defective
cytokine signaling also prevents lymphomagenesis. NSG mice support
higher levels of human donor cell engraftment and serve as assays that
functionally assess the ability of potential cancer stem cells to initiate
a malignancy. Newer types of humanized mice, such as the MISTRG
mouse, have been developed that express human cytokines that are
not cross-reactive with murine cells and are able to stimulate the
growth of more human cell types in vivo.° Other humanization strategies
include constitutive expression of HLA class | and Il that strengthens
T-cell function or constitutive expression of Sirpa, a transmembrane
protein on macrophages that induces tolerance to human grafts. Loss
of function mutations in KIT proto-oncogene receptor tyrosine kinase
(KIT) have allowed for the creation of hematopoietic stem cell (HSC)
xenografts without the need for irradiation of the recipient mouse.’

Cells)."""" Many of the mutations that occur in preleukemic HSCs
confer growth properties that allow them to outcompete normal
HSCs and presumably lead to relapse. Interestingly, mutations occur-
ring in preleukemic HSCs are enriched in genes regulating DNA
methylation, chromatin modifications, and the cohesion complex
while genetic alteration activating signaling are often present in more
downstream overt malignant cells and absent from preleukemic

HSCs.

MYELODYSPLASTIC SYNDROMES

Much as in AML, tracking major chromosomal abnormalities
allowed earlier investigators to establish that clonal hematopoiesis
in MDS originated in HSCs. Studies performed in 2000 identified
deletion of the long arm of chromosome 5 (del(5q)) in the HSCs of
patients with del(5q)-MDS. Moreover, del(5q) CD34"CD38" cells
possessed MDS-initiating potential based upon in vitro and in
vivo stem cell assay. Systems subsequently improved phenotypic
identification of HSCs have allowed investigators to focus on
Lin"CD34"CD38 CD90"CD45RA™ cells as candidate CSCs in
MDS. These studies showed that in patients with del(5q)-MDS,
99% of Lin"CD34"CD38 CD90"CD45RA™ cells contained del(5q)
and that they were molecularly and functionally distinct from clon-
ally involved GMPs and MEPs.”” By gene expression profiling and
principle component analysis of RNA sequencing