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Foreword

In 1968, after a quest lasting 30 years, X-ray analysis of crys-
talline horse hemoglobin at last reached the stage when I
could build a model of its atomic structure. The amino acid
sequences of human globin are largely homologous to those
of horse globin, which made me confident that their struc-
tures are the same. By then, the amino acid substitutions
responsible for many abnormal human hemoglobins had
been determined. The world authority on them was the late
Hermann Lehmann, Professor of Clinical Biochemistry at
the University of Cambridge, who worked in the hospital just
across the road from our Laboratory of Molecular Biology. I
asked him to come over to see if there was any correlation
between the symptoms caused by the different amino acids
substituted in the abnormal hemoglobin and their positions
in the atomic model. The day we spent going through them
proved one of the most exciting in our scientific lives. We
found hemoglobin to be insensitive to replacements of most
amino acid residues on its surface, with the notable exception
of sickle cell hemoglobin. On the other hand, we found the
molecule to be extremely sensitive to even quite small altera-
tions of internal non-polar contacts, especially those near the
hemes. Replacements at the contact between the o and B
subunits affected respiratory function.

In sickle cell hemoglobin an external glutamate was
replaced by a valine. We wrote: “A non-polar instead at a
polar residue at a surface position would suffice to make each
molecule adhere to a complementary site at a neighbouring
one, that site being created by the conformational change from
oxy to deoxy haemoglobin” This was soon proved to be
correct. We published our findings under the title: “The
Molecular Pathology of Human Haemoglobin.” Our paper
marked a turning point because it was the first time that the
symptoms of diseases could be interpreted in terms of
changes in the atomic structure of the affected protein. In
the years that followed, the structure of the contact between
the valine of one molecule of sickle cell hemoglobin and that
of the complementary site of its neighbor became known in
some detail. At a meeting at Arden House near Washington
in 1980, several colleagues and I decided to use this knowl-
edge for the design of anti-sickling drugs, but after an effort

lasting 10 years, we realized that we were running up against
a brick wall. Luckily, the work was not entirely wasted,
because we found a series of compounds that lower the
oxygen affinity of hemoglobin and we realized that this
might be clinically useful. One of those compounds, designed
by DJ Abraham at the University of Virginia in Richmond,
is now entering phase 3 clinical trials. On the other hand,
our failure to find a drug against sickle cell anemia, even
when its cause was known in atomic detail, made me realize
the extreme difficulty of finding drugs to correct a malfunc-
tion of a protein that is caused by a single amino acid sub-
stitution. Most thalassemias are due not to amino acid
substitutions, but to either complete or partial failure to
synthesize o.- or B-globin chains. Weatherall’s chapter shows
that, at the genetic level, there may be literally hundreds of
different genetic lesions responsible for that failure.
Correction of such lesions is now the subject of intensive
work in many laboratories.

Early in the next century, the human genome will be
complete. It will reveal the amino acid sequences of all the
100000 or so different proteins of which we are made. Many
of these proteins are still unknown. To discover their func-
tions, the next project now under discussion is a billion
dollar effort to determine the structures of all the thousands
of unknown proteins within 10 years. By then we shall know
the identity of the proteins responsible for most of the
several thousand different genetic diseases. Will this lead to
effective treatment or will medical geneticists be in the same
position as doctors were early in this century when the
famous physician Sir William Osler confined their task to
the establishment of diagnoses? Shall we know the cause of
every genetic disease without a cure?

Our only hope lies in somatic gene therapy. The chapter
on Molecular Therapeutics describes the many ingenious
methods now under development. So far, none of these
has produced lasting effects, apparently because the trans-
ferred genes are not integrated into the mammalian
genome, but a large literature already grown up bears testi-
mony to the great efforts now underway to overcome this
problem. My much-loved teacher William Lawrence Bragg




used to say “If you go on hammering away at a problem,
eventually it seems to get tired, lies down and lets you catch it.”
Let us hope that somatic gene therapy will soon get tired.

M.E. Perutz
Cambridge

Perutz ME, Lehmann H. (1968) Molecular pathology of human hae-
moglobin. Nature, 219, 902-909.

Perutz ME, Muirhead H, Cox JM, Goaman LCG. (1968) Three-
dimensional Fourier synthesis of horse oxyhaemoglobin at 2.8 A
resolution: the atomic model. Nature, 219, 131-139.
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Preface to the third edition

In the five years since the second edition of Molecular
Hematology, the specialty continues to move forward apace,
both in terms of the management of blood diseases and also
in the basic science underpinning modern hematology. With
each edition we have intentionally expanded the book, and
this third edition sees six new chapters. For example, we now
have a chapter dealing with the History and Development of
Molecular Biology, written by Paul Moss, which will be of
value to those less familiar with molecular biology. “Big
pharma” is using pharmacogenomics in drug development
and we felt that we should include a chapter by Leo Kager
and William Evans, outlining exactly what Pharmacogenomics
is, and how it is of value in drug discovery. One often-
neglected area of non-malignant hematology is Anemia of
Chronic Disease. At long last we have seen some good basic
science in this area and a chapter dealing with this common
anemia was much needed. Tomas Ganz is a recognized
expert in this field and has written a chapter on this topic.
Malaria and its interactions with the red cell is poorly appre-
ciated but our understanding of the processes involved in
malaria infection has improved hence the inclusion of a
chapter on the Molecular Pathology of Malaria by David
Roberts on this topic. Transplantation and stem cell biology
has seen major advances and we have two new chapters
dealing with these topics, namely the Molecular Basis of
Transplantation by Francesco Dazzi and Cancer Stem Cells
by David Taussig with Dominic Bonnet.

The original chapters remain, and have been thoroughly
updated. Many of these have been taken over by new authors
and have been completely rewritten.

We hope that by adding new topics to the book with each
edition we have covered the most important topics in
modern hematology. Doubtless there are subjects we have
omitted and for this we apologize. We are, as always; open
to suggestions from readers for topics we have not included.
We will try to commission these for future editions.

Completing this book has been a lengthy but worthwhile
task and we hope readers enjoy the final result. Perhaps if
we can stimulate trainee hematologists they may be more
tempted to become involved in the science of hematology
and later contribute to the body of knowledge, as
researchers.

Acknowledgments

As ever, the team at Wiley-Blackwell have been incredibly
patient with us and we are hugely indebted to Maria Khan,
Associate Publishing Director, Medicine, Rebecca Huxley,
Senior Production Editor, Jennifer Seward, Development
Editor, and Alice Nelson, Project Manager. Let’s hope the
fourth edition does not try their patience quite as much.

Drew Provan (a.b.provan@qmul.ac.uk)
John Gribben (j.gribben@qmul.ac.uk)
February 2010
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apical merozoite antigen

acute myeloid leukemia (Chapters 2, 4, 8, 9,
12)

acute myelogenous leukemia (Chapters 5, 6)
accelerated phase (CML)

activated protein C; antigen-presenting cell
acute promyelocytic leukemia
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bone marrow transplantation
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exchanger protein 1

cyclin-dependent kinase inhibitor
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colony-forming unit

colony-forming units — erythroid
colony-forming units — spleen
comparative genomic hybridization
heavy-chain constant region
cyclophosphamide, doxorubicin, vincris-
tine, prednisone (regimen)

complete hematological response
cysteine-rich interdomain region
chronic lymphocytic leukemia
common lymphoid progenitor
chronic myeloid leukemia

chronic myelomonocytic leukemia
complete molecular response

chronic neutrophilic leukemia
chronic non-spherocytic hemolytic anemia
copy number variation

chronic phase (CML)

complete response

cancer stem cell

colony-stimulating factor
circumsporozoite protein

cytotoxic T-lymphocyte antigen
chorionic villus sampling
Diamond-Blackfan anemia
dyskeratosis congenita

diffuse large B-cell lymphoma

donor lymphocyte infusion
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erythrocyte binding antigen
European Group for Blood and Marrow
Transplantation

erythrocyte-binding protein

Eastern Cooperative Oncology Group
endogenous erythroid colony
event-free survival

epidermal growth factor
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erythropoietin receptor
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HPP-CFC

HRD
HSC
HSCT
HSV
1AA
IBMTR

ICAM
ICL
IFN

Ig

IL
IMF
INR
oV

erythropoiesis-stimulating agent
expressed sequence tag

essential thrombocythemia

Fanconi anemia
French—American—British (classification of
myelodysplastic syndromes)
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hematopoietic growth factor
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human platelet antigen

hereditary persistence of fetal hemoglobin
high proliferative potential colony-forming
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hematopoietic stem cell
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c-kitP*Thy-1.1""Lin"*Sca-17* cellular
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linkage disequilibrium

leukocyte function-associated antigen
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long-term culture-initiating cell
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mast cell diseases

mean corpuscular hemoglobin

mean corpuscular hemoglobin
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major cytogenetic response
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Historical background

Linus Pauling first used the term “molecular disease” in
1949, after the discovery that the structure of sickle cell
hemoglobin differed from that of normal hemoglobin.
Indeed, it was this seminal observation that led to the concept
of molecular medicine, the description of disease mechanisms
at the level of cells and molecules. However, until the devel-
opment of recombinant DNA technology in the mid-1970s,
knowledge of events inside the cell nucleus, notably how
genes function, could only be the subject of guesswork based
on the structure and function of their protein products.
However, as soon as it became possible to isolate human
genes and to study their properties, the picture changed
dramatically.

Progress over the last 30 years has been driven by techno-
logical advances in molecular biology. At first it was possible
only to obtain indirect information about the structure and
function of genes by DNA/DNA and DNA/RNA hybridiza-
tion; that is, by probing the quantity or structure of RNA or
DNA by annealing reactions with molecular probes. The
next major advance was the ability to fractionate DNA into
pieces of predictable size with bacterial restriction enzymes.
This led to the invention of a technique that played a central
role in the early development of human molecular genetics,
called Southern blotting after the name of its developer,
Edwin Southern. This method allowed the structure and
organization of genes to be studied directly for the first time
and led to the definition of a number of different forms of
molecular pathology.
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Once it was possible to fractionate DNA, it soon became
feasible to insert the pieces into vectors able to divide within
bacteria. The steady improvement in the properties of
cloning vectors made it possible to generate libraries of
human DNA growing in bacterial cultures. Ingenious
approaches were developed to scan the libraries to detect
genes of interest; once pinpointed, the appropriate bacterial
colonies could be grown to generate larger quantities of
DNA carrying a particular gene. Later it became possible to
sequence these genes, persuade them to synthesize their
products in microorganisms, cultured cells or even other
species, and hence to define their key regulatory regions.

The early work in the field of human molecular genetics
focused on diseases in which there was some knowledge
of the genetic defect at the protein or biochemical level.
However, once linkage maps of the human genome became
available, following the identification of highly polymorphic
regions of DNA, it was possible to search for any gene for a
disease, even where the cause was completely unknown. This
approach, first called reverse genetics and later rechristened
positional cloning, led to the discovery of genes for many
important diseases.

As methods for sequencing were improved and auto-
mated, thoughts turned to the next major goal in this field,
which was to determine the complete sequence of the bases
that constitute our genes and all that lies between them: the
Human Genome Project. This remarkable endeavor was
finally completed in 2006. The further understanding of the
functions and regulation of our genes will require multidis-
ciplinary research encompassing many different fields. The
next stage in the Human Genome Project, called genome
annotation, entails analyzing the raw DNA sequence in order
to determine its biological significance. One of the main
ventures in the era of functional genomics will be in what is
termed proteomics, the large-scale analysis of the protein
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products of genes. The ultimate goal will be to try to define
the protein complement, or proteome, of cells and how the
many different proteins interact with one another. To this
end, large-scale facilities are being established for isolating
and purifying the protein products of genes that have been
expressed in bacteria. Their structure can then be studied by
a variety of different techniques, notably X-ray crystallogra-
phy and nuclear magnetic resonance spectroscopy. The crys-
tallographic analysis of proteins is being greatly facilitated by
the use of X-ray beams from a synchrotron radiation source.

In the last few years both the utility and extreme complex-
ity of the fruits of the genome project have become apparent.
The existence of thousands of single-nucleotide polymor-
phisms (SNPs) has made it possible to search for genes of
biological or medical significance. The discovery of families
of regulatory RNAs and proteins is starting to shed light on
how the functions of the genome are controlled, and studies
of acquired changes in its structure, epigenetics, promise to
provide similar information. However, a full understanding
of the interactions of these complex regulatory systems, pre-
sumably by major advances in systems biology, is still a long
way in the future.

During this remarkable period of technical advance, con-
siderable progress has been made toward an understanding
of the pathology of disease at the molecular level. This has
had a particular impact on hematology, leading to advances
in the understanding of gene function and disease mecha-
nisms in almost every aspect of the field.

The inherited disorders of hemoglobin — the thalassemias
and structural hemoglobin variants, the commonest human
monogenic diseases — were the first to be studied systemati-
cally at the molecular level and a great deal is known about
their genotype—phenotype relationships. This field led the
way to molecular hematology and, indeed, to the develop-
ment of molecular medicine. Thus, even though the genetics
of hemoglobin is complicated by the fact that different varie-
ties are produced at particular stages of human develop-
ment, the molecular pathology of the hemoglobinopathies
provides an excellent model system for understanding any
monogenic disease and the complex interactions between
genotype and environment that underlie many multigenic
disorders.

In this chapter I consider the structure, synthesis and
genetic control of the human hemoglobins, describe the
molecular pathology of the thalassemias, and discuss briefly
how the complex interactions of their different genotypes
produce a remarkably diverse family of clinical phenotypes;
the structural hemoglobin variants are discussed in more
detail in Chapter 15. Readers who wish to learn more about
the methods of molecular genetics, particularly as applied to
the study of hemoglobin disorders, are referred to the reviews
cited at the end of this chapter.

The structure, genetic control and
synthesis of normal hemoglobin

Structure and function

The varying oxygen requirements during embryonic, fetal
and adult life are reflected in the synthesis of different struc-
tural hemoglobins at each stage of human development.
However, they all have the same general tetrameric struc-
ture, consisting of two different pairs of globin chains, each
attached to one heme molecule. Adult and fetal hemoglobins
have o chains combined with B chains (Hb A, 0,,3,), & chains
(Hb A,, 0,,8,) and y chains (Hb F, o,,Y,). In embryos, o-like
chains called £ chains combine with ¥ chains to produce Hb
Portland (&,Y,), or with € chains to make Hb Gower 1 ({¢,),
while o and € chains form Hb Gower 2 (0,¢,). Fetal hemo-
globin is heterogeneous; there are two varieties of y chain
that differ only in their amino acid composition at position
136, which may be occupied by either glycine or alanine; y
chains containing glycine at this position are called “y chains,
those with alanine *y chains (Figure 1.1).

The synthesis of hemoglobin tetramers consisting of two
unlike pairs of globin chains is absolutely essential for the
effective function of hemoglobin as an oxygen carrier. The
classical sigmoid shape of the oxygen dissociation curve,
which reflects the allosteric properties of the hemoglobin
molecule, ensures that, at high oxygen tensions in the lungs,
oxygen is readily taken up and later released effectively at the
lower tensions encountered in the tissues. The shape of the
curve is quite different to that of myoglobin, a molecule that
consists of a single globin chain with heme attached to it,
which, like abnormal hemoglobins that consist of homote-
tramers of like chains, has a hyperbolic oxygen dissociation
curve.

The transition from a hyperbolic to a sigmoid oxygen
dissociation curve, which is absolutely critical for normal
oxygen delivery, reflects cooperativity between the four
heme molecules and their globin subunits. When one of
them takes on oxygen, the affinity of the remaining three
increases markedly; this happens because hemoglobin can
exist in two configurations, deoxy(T) and oxy(R), where
T and R represent the tight and relaxed states, respectively.
The T configuration has a lower affinity than the R for
ligands such as oxygen. At some point during the addition
of oxygen to the hemes, the transition from the T to the R
configuration occurs and the oxygen affinity of the partially
liganded molecule increases dramatically. These allosteric
changes result from interactions between the iron of the
heme groups and various bonds within the hemoglobin
tetramer, which lead to subtle spatial changes as oxygen is
taken on or given up.
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Fig. 1.1 The genetic control of human hemoglobin production in embryonic, fetal and adult life

The precise tetrameric structures of the different human
hemoglobins, which reflect the primary amino acid sequences
of their individual globin chains, are also vital for the various
adaptive changes that are required to ensure adequate tissue
oxygenation. The position of the oxygen dissociation curve
can be modified in several ways. For example, oxygen affinity
decreases with increasing CO, tension (the Bohr effect). This
facilitates oxygen loading to the tissues, where a drop in pH
due to CO,; influx lowers oxygen affinity; the opposite effect
occurs in the lungs. Oxygen affinity is also modified by the
level of 2,3-diphosphoglycerate (2,3-DPG) in the red cell.
Increasing concentrations shift the oxygen dissociation
curve to the right (i.e., they reduce oxygen affinity), while
diminishing concentrations have the opposite effect. 2,3-
DPG fits into the gap between the two [ chains when it
widens during deoxygenation, and interacts with several spe-
cific binding sites in the central cavity of the molecule. In
the deoxy configuration the gap between the two [ chains
narrows and the molecule cannot be accommodated. With
increasing concentrations of 2,3-DPG, which are found in
various hypoxic and anemic states, more hemoglobin mol-
ecules tend to be held in the deoxy configuration and the
oxygen dissociation curve is therefore shifted to the right,
with more effective release of oxygen.

Fetal red cells have greater oxygen affinity than adult red
cells, although, interestingly, purified fetal hemoglobin has
an oxygen dissociation curve similar to that of adult hemo-
globin. These differences, which are adapted to the oxygen
requirements of fetal life, reflect the relative inability of Hb
F to interact with 2,3-DPG compared with Hb A. This is
because the y chains of Hb F lack specific binding sites for
2,3-DPG.

In short, oxygen transport can be modified by a variety of
adaptive features in the red cell that include interactions

between the different heme molecules, the effects of CO, and
differential affinities for 2,3-DPG. These changes, together
with more general mechanisms involving the cardiorespira-
tory system, provide the main basis for physiological adapta-
tion to anemia.

Genetic control of hemoglobin

The o.- and B-like globin chains are the products of two dif-
ferent gene families which are found on different chromo-
somes (Figure 1.1). The B-like globin genes form a linked
cluster on chromosome 11, spread over approximately 60 kb
(kilobase or 1000 nucleotide bases). The different genes that
form this cluster are arranged in the order 5'—e—y—"y-yB—
8-B-3". The o-like genes also form a linked cluster, in this
case on chromosome 16, in the order 5-{—y{—yol-02—
o1-3". The ¥, y{ and o genes are pseudogenes; that is,
they have strong sequence homology with the B, { and o
genes but contain a number of differences that prevent them
from directing the synthesis of any products. They may
reflect remnants of genes that were functional at an earlier
stage of human evolution.

The structure of the human globin genes is, in essence,
similar to that of all mammalian genes. They consist of long
strings of nucleotides that are divided into coding regions,
or exons, and non-coding inserts called intervening sequences
(IVS) or introns. The B-like globin genes contain two
introns, one of 122130 base pairs between codons 30 and
31 and one of 850-900 base pairs between codons 104 and
105 (the exon codons are numbered sequentially from the
5’ to the 3" end of the gene, i.e., from left to right). Similar,
though smaller, introns are found in the o and { globin
genes. These introns and exons, together with short non-
coding sequences at the 5 and 3’ ends of the genes, represent
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the major functional regions of the particular genes.
However, there are also extremely important regulatory
sequences which subserve these functions that lie outside the
genes themselves.

At the 5 non-coding (flanking) regions of the globin
genes, as in all mammalian genes, there are blocks of nucle-
otide homology. The first, the ATA box, is about 30 bases
upstream (to the left) of the initiation codon; that is, the start
word for the beginning of protein synthesis (see below). The
second, the CCAAT box, is about 70 base pairs upstream
from the 5" end of the genes. About 80-100 bases further
upstream there is the sequence GGGGTG, or CACCC, which
may be inverted or duplicated. These three highly conserved
DNA sequences, called promoter elements, are involved in the
initiation of transcription of the individual genes. Finally, in
the 3" non-coding region of all the globin genes there is the
sequence AATAAA, which is the signal for cleavage and
polyA addition to RNA transcripts (see section Gene action
and globin synthesis).

The globin gene clusters also contain several sequences
that constitute regulatory elements, which interact to
promote erythroid-specific gene expression and coordina-
tion of the changes in globin gene activity during develop-
ment. These include the globin genes themselves and their
promoter elements: enhancers (regulatory sequences that

Gene

mRNA precursor

Excision of introns
Splicing of exons

Processed mRNA

Translation

Fig. 1.2 The mechanisms of globin gene
transcription and translation

increase gene expression despite being located at a consider-
able distance from the genes) and “master” regulatory
sequences called, in the case of the B globin gene cluster, the
locus control region (LCR), and, in the case of the o genes,
HS40 (a nuclease-hypersensitive site in DNA 40kb from the
o globin genes). Each of these sequences has a modular
structure made up of an array of short motifs that represent
the binding sites for transcriptional activators or
repressors.

Gene action and globin synthesis

The flow of information between DNA and protein is sum-
marized in Figure 1.2. When a globin gene is transcribed,
messenger RNA (mRNA) is synthesized from one of its
strands, a process which begins with the formation of a
transcription complex consisting of a variety of regulatory
proteins together with an enzyme called RNA polymerase
(see below). The primary transcript is a large mRNA precur-
sor which contains both intron and exon sequences. While
in the nucleus, this molecule undergoes a variety of modifi-
cations. First, the introns are removed and the exons are
spliced together. The intron/exon junctions always have the
same sequence: GT at their 5" end, and AG at their 3’ end.
This appears to be essential for accurate splicing; if there is



a mutation at these sites this process does not occur. Splicing
reflects a complex series of intermediary stages and the inter-
action of a number of different nuclear proteins. After the
exons are joined, the mRNAs are modified and stabilized; at
their 5" end a complex CAP structure is formed, while at
their 3’ end a string of adenylic acid residues (polyA) is
added. The mRNA processed in this way moves into the
cytoplasm, where it acts as a template for globin chain pro-
duction. Because of the rules of base pairing, i.e., cytosine
always pairs with thymine, and guanine with adenine, the
structure of the mRNA reflects a faithful copy of the DNA
codons from which it is synthesized; the only difference is
that, in RNA, uracil (U) replaces thymine (T).

Amino acids are transported to the mRNA template on
carriers called transfer RNAs (tRNAs); there are specific
tRNAs for each amino acid. Furthermore, because the
genetic code is redundant (i.e., more than one codon can
encode a particular amino acid), for some of the amino
acids there are several different individual tRNAs. Their
order in the globin chain is determined by the order of
codons in the mRNA. The tRNAs contain three bases,
which together constitute an anticodon; these anticodons
are complementary to mRNA codons for particular amino
acids. They carry amino acids to the template, where they
find the appropriate positioning by codon—anticodon base-
pairing. When the first tRNA is in position, an initiation
complex is formed between several protein initiation factors
together with the two subunits that constitute the ribos-
omes. A second tRNA moves in alongside and the two
amino acids that they are carrying form a peptide bond
between them; the globin chain is now two amino acid
residues long. This process is continued along the mRNA
from left to right, and the growing peptide chain is trans-
ferred from one incoming tRNA to the next; that is, the
mRNA is translated from 5" to 3’. During this time the
tRNAs are held in appropriate steric configuration with
the mRNA by the two ribosomal subunits. There are specific
initiation (AUG) and termination (UAA, UAG and UGA)
codons. When the ribosomes reach the termination codon,
translation ceases, the completed globin chains are released,
and the ribosomal subunits are recycled. Individual globin
chains combine with heme, which has been synthesized
through a separate pathway, and then interact with one
like chain and two unlike chains to form a complete hemo-
globin tetramer.

Regulation of hemoglobin synthesis

The regulation of globin gene expression is mediated mainly
at the transcriptional level, with some fine tuning during
translation and post-translational modification of the gene
products. DNA that is not involved in transcription is
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held tightly packaged in a compact, chemically modified
form thatis inaccessible to transcription factors and polymer-
ases and which is heavily methylated. Activation of a particu-
lar gene is reflected by changes in the structure of the
surrounding chromatin, which can be identified by enhanced
sensitivity to nucleases. Erythroid lineage-specific nuclease-
hypersensitive sites are found at several locations in the 3
globin gene cluster. Four are distributed over 20 kb upstream
from the € globin gene in the region of the B globin LCR
(Figure 1.3). This vital regulatory region is able to establish
a transcriptionally active domain spanning the entire 3
globin gene cluster. Several enhancer sequences have been
identified in this cluster. A variety of regulatory proteins
bind to the LCR, and to the promoter regions of the globin
genes and to the enhancer sequences. It is thought that the
LCR and other enhancer regions become opposed to the
promoters to increase the rate of transcription of the genes
to which they are related.

These regulatory regions contain sequence motifs for
various ubiquitous and erythroid-restricted transcription
factors. Binding sites for these factors have been identified in
each of the globin gene promoters and at the hypersensitive-
site regions of the various regulatory elements. A number
of the factors which bind to these areas are found in all
cell types. They include Spl, Yyl and Usf. In contrast, a
number of transcription factors have been identified,
including GATA-1, EKLF and NF-E2, which are restricted
in their distribution to erythroid cells and, in some cases,
megakaryocytes and mast cells. The overlapping of eryth-
roid-specific and ubiquitous-factor binding sites in several
cases suggests that competitive binding may play an impor-
tant part in the regulation of erythroid-specific genes.
Another binding factor, SSP, the stage selector protein,
appears to interact specifically with € and y genes. Several
elements involving the chromatin and histone acetylation
required for access of these regulatory proteins have been
identified.

The binding of hematopoietic-specific factors activates
the LCR, which renders the entire B globin gene cluster
transcriptionally active. These factors also bind to the
enhancer and promoter sequences, which work in tandem
to regulate the expression of the individual genes in the
clusters. It is likely that some of the transcriptional factors
are developmental stage-specific, and hence may be respon-
sible for the differential expression of the embryonic, fetal
and adult globin genes. The o globin gene cluster also con-
tains an element, HS40, which has some structural features
in common with the § LCR, although it is different in aspects
of its structure. A number of enhancer-like sequences have
also been identified, although it is becoming clear that there
are fundamental differences in the pattern of regulation of
the two globin gene clusters.
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Fig. 1.3 The positions of the major regulatory regions in the § and a globin gene clusters
The arrows indicate the position of the erythroid lineage-specific nuclease-hypersensitive sites. HS, hypersensitive.

In addition to the different regulatory sequences outlined
above, there are also sequences which may be involved
specifically with “silencing” of genes, notably those for the
embryonic hemoglobins, during development.

Some degree of regulation is also mediated by differences
in the rates of initiation and translation of the different
mRNAs, and at the post-transcriptional level by differential
affinity for different protein subunits. However, this kind of
post-transcriptional fine tuning probably plays a relatively
small role in determining the overall output of the globin
gene products.

Regulation of developmental changes in
globin gene expression

During development, the site of red cell production moves
from the yolk sac to the fetal liver and spleen, and thence to
bone marrow in the adult. Embryonic, fetal and adult hemo-
globin synthesis is approximately related in time to these
changes in the site of erythropoiesis, although it is quite clear
that the various switches, between embryonic and fetal and
between fetal and adult hemoglobin synthesis, are beauti-
fully synchronized throughout these different sites. Fetal
hemoglobin synthesis declines during the later months of
gestation and Hb F is replaced by Hb A and Hb A, by the
end of the first year of life.

Despite a great deal of research, very little is known about
the regulation of these different switches from one globin

gene to another during development. Work from a variety
of different sources suggests that there may be specific
regions in the o and B globin gene clusters that are respon-
sive to the action of transcription factors, some of which may
be developmental-stage-specific. However, proteins of
this type have not yet been isolated, and nothing is known
about their regulation and how it is mediated during
development.

The molecular pathology
of hemoglobin

As is the case for most monogenic diseases, the inherited
disorders of hemoglobin fall into two major classes. First,
there are those that result from reduced output of one or
other globin genes, the thalassemias. Second, there is a wide
range of conditions that result from the production of struc-
turally abnormal globin chains; the type of disease depends
on how the particular alteration in protein structure inter-
feres with its stability or function. Of course, no biological
classification is entirely satisfactory and those which attempt
to define the hemoglobin disorders are no exception. There
are some structural hemoglobin variants which happen to
be synthesized at a reduced rate and hence are associated
with a clinical picture similar to thalassemia. And there are
other classes of mutations which simply interfere with the
normal transition from fetal to adult hemoglobin synthesis,



a family of conditions given the general title hereditary per-
sistence of fetal hemoglobin. Furthermore, because these
diseases are all so common and occur together in particular
populations, it is not uncommon for an individual to inherit
a gene for one or other form of thalassemia and a structural
hemoglobin variant. The heterogeneous group of conditions
that results from these different mutations and interactions
is summarized in Table 1.1.

Over recent years, determination of the molecular pathol-
ogy of the two common forms of thalassemia, oc and B, has
provided a remarkable picture of the repertoire of mutations
that can underlie human monogenic disease. In the sections
that follow I describe, in outline, the different forms of
molecular pathology that underlie these conditions.

Table 1.1 The thalassemias and related disorders.

o Thalassemia

C(O

ot d Thalassemia
Deletion (—or)

Non-deletion (o)

y Thalassemia

€Yop Thalassemia

B Thalassemia Hereditary persistence of

B° fetal hemoglobin
B* Deletion
Normal Hb A, (8B)°
“Silent” Non-deletion
Linked to B globin genes
3B Thalassemia SyB*
) B
(3B)° Unlinked to B globin genes

(*vdB)°
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The P thalassemias

There are two main classes of (3 thalassemia, 3° thalassemia,
in which there is an absence of B globin chain production,
and B* thalassemia, in which there is variable reduction in
the output of B globin chains. As shown in Figure 1.4, muta-
tions of the B globin genes may cause a reduced output of
gene product at the level of transcription or mRNA process-
ing, translation, or through the stability of the globin gene
product.

Defective B globin gene transcription

There are a variety of mechanisms that interfere with normal
transcription of the (3 globin genes. First, the genes may be
either completely or partially deleted. Overall, deletions of
the 3 globin genes are not commonly found in patients with
B thalassemia, with one exception: a 619-bp deletion involv-
ing the 3’ end of the gene is found frequently in the Sind
populations of India and Pakistan, where it constitutes
about 30% of the B thalassemia alleles. Other deletions are
extremely rare.

A much more common group of mutations, which results
in a moderate decrease in the rate of transcription of the 8
globin genes, involves single nucleotide substitutions in or
near the TATA box at about —30 nucleotides (nt) from the
transcription start site, or in the proximal or distal promoter
elements at —90nt and —105nt. These mutations result in
decreased B globin mRNA production, ranging from 10 to
25% of the normal output. Thus, they are usually associated
with the mild forms of B* thalassemia. They are particularly
common in African populations, an observation which
explains the unusual mildness of B thalassemia in this racial

Deletions

S

IVS 2

PR C

I FS SPL SPL FS SPL
NS NS

Point mutations

SPL FS Poly A
NS
100 bp

Fig. 1.4 The mutations of the B globin gene that underlie B thalassemia
The heavy black lines indicate the length of the deletions. The point mutations are designated as follows: PR, promoter; C, CAP site; |, initiation
codon; FS, frameshift and nonsense mutations; SPL, splice mutations; Poly A, poly A addition site mutations.
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group. One particular mutation, C—T at position —101 nt
to the B globin gene, causes an extremely mild deficit of 3
globin mRNA. Indeed, this allele is so mild that it is com-
pletely silent in carriers and can only be identified by its
interaction with more severe 3 thalassemia alleles in com-
pound heterozygotes.

Mutations that cause abnormal processing of mRNA

As mentioned earlier, the boundaries between exons and
introns are marked by the invariant dinucleotides GT at the
donor (5”) site and AG at the acceptor (3") site. Mutations
that affect either of these sites completely abolish normal
splicing and produce the phenotype of B° thalassemia. The
transcription of genes carrying these mutations appears to
be normal, but there is complete inactivation of splicing at
the altered junction.

Another family of mutations involves what are called
splice site consensus sequences. Although only the GT dinu-
cleotide is invariant at the donor splice site, there is conser-
vation of adjacent nucleotides and a common, or consensus,
sequence of these regions can be identified. Mutations
within this sequence can reduce the efficiency of splicing to
varying degrees because they lead to alternate splicing at the
surrounding cryptic sites. For example, mutations of the
nucleotide at position 5 of IVS-1 (the first intervening
sequence), G—C or T, result in a marked reduction of 3
chain production and in the phenotype of severe B* tha-
lassemia. On the other hand, the substitution of C for T at
position 6 in IVS-1 leads to only a mild reduction in the
output of B chains.

Another mechanism that leads to abnormal splicing
involves cryptic splice sites. These are regions of DNA which,
if mutated, assume the function of a splice site at an inap-
propriate region of the mRNA precursor. For example, a
variety of mutations activate a cryptic site which spans
codons 24-27 of exon 1 of the B globin gene. This site con-
tains a GT dinucleotide, and adjacent substitutions that alter
it so that it more closely resembles the consensus donor
splice site result in its activation, even though the normal
splice site is intact. A mutation at codon 24 GGT—GGA,
though it does not alter the amino acid which is normally
found in this position in the (3 globin chain (glycine), allows
some splicing to occur at this site instead of the exon—intron
boundary. This results in the production of both normal and
abnormally spliced B globin mRNA and hence in the clinical
phenotype of severe 3 thalassemia. Interestingly, mutations
at codons 19, 26 and 27 result in both reduced production
of normal mRNA (due to abnormal splicing) and an amino
acid substitution when the mRNA which is spliced normally
is translated into protein. The abnormal hemoglobins pro-
duced are Hb Malay, Hb E and Hb Knossos, respectively. All

these variants are associated with a mild B* thalassemia-like
phenotype. These mutations illustrate how sequence changes
in coding rather than intervening sequences influence RNA
processing, and underline the importance of competition
between potential splice site sequences in generating both
normal and abnormal varieties of B globin mRNA.

Cryptic splice sites in introns may also carry mutations
that activate them even though the normal splice sites remain
intact. A common mutation of this kind in Mediterranean
populations involves a base substitution at position 110 in
IVS-1. This region contains a sequence similar to a 3" accep-
tor site, though it lacks the invariant AG dinucleotide. The
change of the G to A at position 110 creates this dinucle-
otide. The result is that about 90% of the RNA transcript
splices to this particular site and only 10% to the normal site,
again producing the phenotype of severe " thalassemia
(Figure 1.5). Several other [ thalassemia mutations have
been described which generate new donor sites within IVS-2
of the B globin gene.

Another family of mutations that interferes with  globin
gene processing involves the sequence AAUAAA in the 3’
untranslated regions, which is the signal for cleavage and
polyadenylation of the B globin gene transcript. Somehow,
these mutations destabilize the transcript. For example, a
T—C substitution in this sequence leads to only one-tenth
of the normal amount of B globin mRNA transcript and
hence to the phenotype of a moderately severe B tha-
lassemia. Another example of a mutation which probably
leads to defective processing of function of 3 globin mRNA
is the single-base substitution A—C in the CAP site. It is not
yet understood how this mutation causes a reduced rate of
transcription of the 3 globin gene.

There is another small subset of rare mutations that
involve the 3" untranslated region of the B globin gene and
these are associated with relatively mild forms of B tha-
lassemia. It is thought that these interfere in some way with
transcription but the mechanism is unknown.

Mutations that result in abnormal translation of
globin mRNA

There are three main classes of mutations of this kind. Base
substitutions that change an amino acid codon to a chain
termination codon prevent the translation of B globin
mRNA and result in the phenotype of B° thalassemia. Several
mutations of this kind have been described; the commonest,
involving codon 17, occurs widely throughout Southeast
Asia. Similarly, a codon 39 mutation is encountered fre-
quently in the Mediterranean region.

The second class involves the insertion or deletion of one,
two or four nucleotides in the coding region of the B globin
gene. These disrupt the normal reading frame, cause a



Normal splicing

B gene

Fig. 1.5 The generation of a new splice
site in an intron as the mechanism for a
form of B* thalassemia

For details see text.

B* thalassemia

frameshift, and hence interfere with the translation of
globin mRNA. The end result is the insertion of anomalous
amino acids after the frameshift until a termination codon
is reached in the new reading frame. This type of mutation
always leads to the phenotype of ° thalassemia.

Finally, there are several mutations which involve the 3
globin gene initiation codon and which, presumably, reduce
the efficiency of translation.

Unstable B globin chain variants

Some forms of B thalassemia result from the synthesis of
highly unstable B globin chains that are incapable of forming
hemoglobin tetramers, and which are rapidly degraded,
leading to the phenotype of B° thalassemia. Indeed, in many
of these conditions no abnormal globin chain product can
be demonstrated by protein analysis and the molecular
pathology has to be interpreted simply on the basis of a
derived sequence of the variant 3 chain obtained by DNA
analysis.

Recent studies have provided some interesting insights
into how complex clinical phenotypes may result from the
synthesis of unstable 3 globin products. For example, there
is a spectrum of disorders that result from mutations in exon
3 which give rise to a moderately severe form of B tha-
lassemia in heterozygotes. It has been found that nonsense
or frameshift mutations in exons I and II are associated with
the absence of mRNA from the cytoplasm of red cell precur-
sors. This appears to be an adaptive mechanism, called non-
sense-mediated decay, whereby abnormal mRNA of this type
is not transported to the cytoplasm, where it would act as a
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template for the production of truncated gene products.
However, in the case of exon III mutations, apparently
because this process requires the presence of an intact
upstream exon, the abnormal mRNA is transported into the
cytoplasm and hence can act as a template for the produc-
tion of unstable 3 globin chains. The latter precipitate in the
red cell precursors together with excess o chains to form
large inclusion bodies, and hence there is enough globin
chain imbalance in heterozygotes to produce a moderately
severe degree of anemia.

The o thalassemias

The molecular pathology of the o thalassemias is more com-
plicated than that of the 3 thalassemias, simply because there
are two o globin genes per haploid genome. Thus, the
normal o globin genotype can be written oo/awct. As in the
case of P thalassemia, there are two major varieties of o
thalassemia, o and o thalassemia. In o thalassemia one of
the linked o globin genes is lost, either by deletion (-) or
mutation (T); the heterozygous genotype can be written
—o/ooe or o'a/oon. In o thalassemia the loss of both o
globin genes nearly always results from a deletion; the het-
erozygous genotype is therefore written ——/ao. In popula-
tions where specific deletions are particularly common,
Southeast Asia (SEA) or the Mediterranean region (MED),
it is useful to add the appropriate superscript as follows:
——Eo0r or —MEP/ oo, Tt follows that when we speak of an
“ou thalassemia gene” what we are really referring to is a
haplotype; that is, the state and function of both of the linked
o globin genes.
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o Thalassemia

Three main molecular pathologies, all involving deletions,
have been found to underlie the 0. thalassemia phenotype.
The majority of cases result from deletions that remove both
o globin genes and a varying length of the o globin gene
cluster (Figure 1.6). Occasionally, however, the a globin
gene cluster is intact but is inactivated by a deletion which
involves the major regulatory region HS40, 40kb upstream
from the o globin genes, or the o globin genes may be lost
as part of a truncation of the tip of the short arm of chromo-
some 16.

As well as providing us with an understanding of the
molecular basis for o thalassemia, detailed studies of these
deletions have yielded more general information about the
mechanisms that underlie this form of molecular pathology.
For example, it has been found that the 5" breakpoints of a
number of deletions of the o globin gene cluster are located
approximately the same distance apart and in the same order
along the chromosome as their respective 3’ breakpoints;
similar findings have been observed in deletions of the 3
globin gene cluster. These deletions seem to have resulted
from illegitimate recombination events which have led to the
deletion of an integral number of chromatin loops as they
pass through their nuclear attachment points during chro-
mosomal replication. Another long deletion has been
characterized in which a new piece of DNA bridges the two
breakpoints in the o globin gene cluster. The inserted
sequence originates upstream from the o globin gene cluster,
where normally it is found in an inverted orientation with
respect to that found between the breakpoints of the dele-
tion. Thus it appears to have been incorporated into the
junction in a way that reflects its close proximity to the dele-
tion breakpoint region during replication. Other deletions
seem to be related to the family of Alu-repeats, simple repeat
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sequences that are widely dispersed throughout the genome;
one deletion appears to have resulted from a simple homolo-
gous recombination between two repeats of this kind that
are usually 62 kb apart.

A number of forms of o’ thalassemia result from terminal
truncations of the short arm of chromosome 16 to a site
about 50kb distal to the o globin genes. The telomeric con-
sensus sequence TTAGGG, has been added directly to the
site of the break. Since these mutations are stably inherited,
it appears that telomeric DNA alone is sufficient to stabilize
the ends of broken chromosomes.

Quite recently, two other molecular mechanisms have
been identified as the cause of 0’ thalassemia which, though
rare, may have important implications for an understanding
of the molecular pathology of other genetic diseases. In one
case, a deletion in the o globin gene cluster resulted in a
widely expressed gene (LUC7L) becoming juxtaposed to
a structurally normal o globin gene. Although the latter
retained all its important regulatory elements, its expression
was silenced. It was found in a transgenic mouse model that
transcription of antisense RNA mediated the silencing of the
o globin gene region, findings that provide a completely new
mechanism for genetic disease. In another case of o tha-
lassemia, in which no molecular defects could be detected in
the o globin gene cluster, a gain-of-function regulatory poly-
morphism was found in the region between the o globin
genes and their upstream regulatory elements. This altera-
tion creates a new promoter-like element that interferes with
the normal activation of all downstream c-like globin genes.

In short, detailed analysis of the molecular pathology of
the o thalassemias has provided valuable evidence not only
about how large deletions of gene clusters are caused, but
also about some of the complex mechanisms that may
underlie cases in which the o gene clusters remain intact but
in which their function is completely suppressed.

i
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Fig. 1.6 Some of the deletions that
underlie o® and o thalassemia

The colored rectangles beneath the o globin

gene cluster indicate the lengths of the
deletions. The unshaded regions indicate
uncertainty about the precise breakpoints. The
three small deletions at the bottom of the
figure represent the common o* thalassemia
deletions. HVR, highly variable regions.



o Thalassemia

As mentioned earlier, the o thalassemias result from the
inactivation of one of the duplicated a globin genes, either
by deletion or point mutation.

o' Thalassemia due to gene deletions There are two common
forms of " thalassemia that are due to loss of one or other
of the duplicated o globin genes, —0*” and —a*?, where 3.7
and 4.2 indicate the size of the deletions. The way in which
these deletions have been generated reflects the underlying
structure of the o globin gene complex (Figure 1.7). Each
gene lies within a boundary of homology, approximately
4kb long, probably generated by an ancient duplication
event. The homologous regions, which are divided by small
inserts, are designated X, Y and Z. The duplicated Z boxes
are 3.7 kb apart and the X boxes are 4.2kb apart. As the result
of misalignment and reciprocal crossover between these seg-
ments at meiosis, a chromosome is produced with either a
single (—a) or triplicated (awo) o globin gene. As shown in
Figure 1.7, if a crossover occurs between homologous Z
boxes 3.7kb of DNA are lost, an event which is described as
a rightward deletion, —o*”. A similar crossover between the
two X boxes deletes 4.2kb, the leftward deletion —o*?. The
corresponding triplicated o gene arrangements are called
oo™ and oo™, A variety of different points of
crossing over within the Z boxes give rise to different length
deletions, still involving 3.7kb.
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Non-deletion types of o thalassemia These disorders result
from single or oligonucleotide mutations of the particular o
globin gene. Most of them involve the o2 gene but, since the
output from this locus is two to three times greater than that
from the o1 gene, this may simply reflect ascertainment bias
due to the greater phenotypic effect and, possibly, a greater
selective advantage.

Overall, these mutations interfere with o globin gene
function in a similar way to those that affect the § globin
genes. They affect the transcription, translation or post-
translational stability of the gene product. Since the princi-
ples are the same as for B thalassemia, we do not need to
describe them in detail with one exception, a mutation
which has not been observed in the B globin gene cluster. It
turns out that there is a family of mutations that involves the
02 globin gene termination codon, TAA. Each specifically
changes this codon so that an amino acid is inserted instead
of the chain terminating. This is followed by “read-through”
of o globin mRNA, which is not normally translated until
another in-phase termination codon is reached. The result
is an elongated o chain with 31 additional residues at the
C-terminal end. Five hemoglobin variants of this type have
been identified. The commonest, Hb Constant Spring,
occurs at a high frequency in many parts of Southeast Asia.
It is not absolutely clear why the read-through of normally
untranslated mRNAs leads to a reduced output from the 0.2
gene, although there is considerable evidence that it in some
way destabilizes the mRNA.
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Fig. 1.7 Mechanisms of the generation O s
of the common deletion forms of o I I oo @t
thalassemia
(a) The normal arrangement of the o globin
genes, with the regions of homology X, Y and WOy s
Z. (b) The crossover that generates the —o?” ! I -0

deletion. (c) The crossover that generates the
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o Thalassemia/mental retardation syndromes

There is a family of mild forms of o thalassemia which is
quite different to that described in the previous section
and which is associated with varying degrees of mental retar-
dation. Recent studies indicate that there are two quite
different varieties of this condition, one encoded on chro-
mosome 16 (ATR-16) and the other on the X chromosome
(ATR-X).

The ATR-16 syndrome is characterized by relatively mild
mental handicap with a variable constellation of facial and
skeletal dysmorphisms. These individuals have long dele-
tions involving the o globin gene cluster, but removing at
least 1-2Mb. This condition can arise in several ways,
including unbalanced translocation involving chromosome
16, truncation of the tip of chromosome 16, and the loss of
the o globin gene cluster and parts of its flanking regions by
other mechanisms.

The ATR-X syndrome results from mutations in a gene
on the X chromosome, Xq13.1-q21.1. The product of this
gene is one of a family of proteins involved in chromatin-
mediated transcriptional regulation. It is expressed ubiqui-
tously during development and at interphase it is found
entirely within the nucleus in association with pericentro-
meric heterochromatin. In metaphase, it is similarly found
close to the centromeres of many chromosomes but, in addi-
tion, occurs at the stalks of acrocentric chromosomes, where
the sequences for ribosomal RNA are located. These loca-
tions provide important clues to the potential role of this
protein in the establishment and/or maintenance of meth-
ylation of the genome. Although it is clear that ATR-X is
involved in o globin transcription, it also must be an impor-
tant player in early fetal development, particularly of the
urogenital system and brain. Many different mutations of
this gene have been discovered in association with the wide-
spread morphological and developmental abnormalities
which characterize the ATR-X syndrome.

o Thalassemia and the myelodysplastic syndrome

Since the first description of Hb H (see later section) in the
red cells of a patient with leukemia, many examples of this
association have been reported. The condition usually is
reflected in a mild form of Hb H disease, with typical Hb
H inclusions in a proportion of the red cells and varying
amounts of Hb H demonstrable by hemoglobin electro-
phoresis. The hematological findings are usually those of one
or other form of the myelodysplastic syndrome. The condi-
tion occurs predominantly in males in older age groups.
Very recently it has been found that some patients with this
condition have mutations involving ATR-X. The relation-

ship of these mutations to the associated myelodysplasia
remains to be determined.

Rarer forms of thalassemia and
related disorders

There are a variety of other conditions that involve the f3
globin gene cluster which, although less common than the
B thalassemias, provide some important information about
mechanisms of molecular pathology and therefore should be
mentioned briefly.

The 8B thalassemias

Like the B thalassemias, the 0f thalassemias, which result
from defective 8 and P chain synthesis, are subdivided into
the (8B)" and (8p)° forms.

The (8B)* thalassemias result from unequal crossover
between the & and B globin gene loci at meiosis with the
production of 8f fusion genes. The resulting f fusion chain
products combine with o chains to form a family of hemo-
globin variants called the hemoglobin Lepores, after the
family name of the first patient of this kind to be discovered.
Because the synthesis of these variants is directed by genes
with the 5" sequences of the & globin genes, which have
defective promoters, they are synthesized at a reduced rate
and result in the phenotype of a moderately severe form of
0P thalassemia.

The (8f)° thalassemias nearly all result from long dele-
tions involving the 3 globin gene complex. Sometimes they
involve the *y globin chains and hence the only active locus
remaining is the “y locus. In other cases the “y and *y loci
are left intact and the deletion simply removes the & and 3
globin genes; in these cases both the “y and the *y globin
gene remains functional. For some reason, these long dele-
tions allow persistent synthesis of the y globin genes at a
relatively high level during adult life, which helps to com-
pensate for the absence of B and 6 globin chain production.
They are classified according to the kind of fetal hemoglobin
that is produced, and hence into two varieties, “y(*y3pB)’ and
Y y(8B)° thalassemia; in line with other forms of tha-
lassemia, they are best described by what is not produced:
(*vdB)° and (8B)° thalassemia, respectively. Homozygotes
produce only fetal hemoglobin, while heterozygotes have a
thalassemic blood picture together with about 5-15% Hb F.

Hereditary persistence of fetal hemoglobin

Genetically determined persistent fetal hemoglobin synthe-
sis in adult life is of no clinical importance except that its
genetic determinants can interact with the 3 thalassemias or



structural hemoglobin variants; the resulting high level of
Hb F production often ameliorates these conditions. The
different forms of hereditary persistence of fetal hemoglobin
(HPFH) result from either long deletions involving the 53
globin gene cluster, similar to those that cause (3f)" tha-
lassemia, or from point mutations that involve the promot-
ers of the “y or *y globin gene. In the former case there is
no B globin chain synthesis and therefore these conditions
are classified as (8f)° HPFH. In cases in which there are
promoter mutations involving the y globin genes, there is
increased 1y globin chain production in adult life associated
with some [ and § chain synthesis in cis (i.e., directed by the
same chromosome) to the HPFH mutations. Thus, depend-
ing on whether the point mutations involve the promoter of
the “y or *y globin gene, these conditions are called “y B*
HPFH and *y B* HPFH, respectively.

There is another family of HPFH-like disorders in which
the genetic determinant is not encoded in the 3 chain cluster.
In one case the determinant encodes on chromosome 6,
although its nature has not yet been determined.

It should be pointed out that all these conditions are very
heterogeneous and that many different deletions or point
mutations have been discovered that produce the rather
similar phenotypes of (8B)° or “y or *y B* HPFH.

Genotype-phenotype relationships in
the thalassemias

It is now necessary briefly to relate the remarkably diverse
molecular pathology described in the previous sections to
the phenotypes observed in patients with these diseases. It is
not possible to describe all these complex issues here. Rather
we shall focus on those aspects that illustrate the more
general principles of how abnormal gene action is reflected
in a particular clinical picture. Perhaps the most important
question that we will address is why patients with apparently
identical genetic lesions have widely differing disorders, a
problem that still bedevils the whole field of medical genet-
ics, even in the molecular era.

The P thalassemias

As we have seen, the basic defect that results from the 200
or more different mutations that underlie these conditions
is reduced B globin chain production. Synthesis of the o
globin chain proceeds normally and hence there is imbal-
anced globin chain output with an excess of o chains (Figure
1.8). Unpaired a chains precipitate in both red cell precur-
sors and their progeny with the production of inclusion
bodies. These interfere with normal red cell maturation and
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survival in a variety of complex ways. Their attachment to
the red cell membrane causes alterations in its structure, and
their degradation products, notably heme, hemin (oxidized
heme) and iron, result in oxidative damage to the red cell
contents and membrane. These interactions result in
intramedullary destruction of red cell precursors and in
shortened survival of such cells as they reach the peripheral
blood. The end result is an anemia of varying severity. This,
in turn, causes tissue hypoxia and the production of rela-
tively large amounts of erythropoietin; this leads to a massive
expansion of the ineffective bone marrow, resulting in bone
deformity, a hypermetabolic state with wasting and malaise,
and bone fragility.

A large proportion of hemoglobin in the blood of B tha-
lassemics is of the fetal variety. Normal individuals produce
about 1% of Hb E unevenly distributed among their red
cells. In the bone marrow of B thalassemics, any red cell
precursors that synthesize y chains come under strong selec-
tion because they combine with o chains to produce fetal
hemoglobin and therefore the degree of globin chain imbal-
ance is reduced. Furthermore, the likelihood of y chain pro-
duction seems to be increased in a highly stimulated erythroid
bone marrow. It seems likely that these two factors combine
to increase the relative output of Hb F in this disorder.
However, it has a higher oxygen affinity than Hb A and
hence patients with B thalassemia are not able to adapt to
low hemoglobin levels as well as those who have adult
hemoglobin.

The greatly expanded, ineffective erythron leads to an
increased rate of iron absorption; this, combined with iron
received by blood transfusion, leads to progressive iron
loading of the tissues, with subsequent liver, cardiac and
endocrine damage.

The constant bombardment of the spleen with abnormal
red cells leads to its hypertrophy. Hence there is progressive
splenomegaly with an increased plasma volume and trap-
ping of part of the circulating red cell mass in the spleen.
This leads to worsening of the anemia. All these pathophysi-
ological mechanisms, except for iron loading, can be reversed
by regular blood transfusion which, in effect, shuts off the
ineffective bone marrow and its consequences.

Thus it is possible to relate nearly all the important fea-
tures of the severe forms of B thalassemia to the primary
defect in globin gene action. However, can we also explain
their remarkable clinical diversity?

Phenotypic diversity

Although the bulk of patients who are homozygous for B
thalassemia mutations or compound heterozygotes for two
different mutations have a severe transfusion-dependent
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phenotype, there are many exceptions. Some patients of this
type have a milder course, requiring few or even no transfu-
sions, a condition called B thalassemia intermedia. A par-
ticularly important example of this condition is illustrated
by the clinical findings in those who inherit 3 thalassemia
from one parent and Hb E from the other, a disorder called
Hb E/p thalassemia. Because the mutation that produces Hb
E also opens up an alternative splice site in the first exon of
the B globin gene, it is synthesized at a reduced rate and
therefore behaves like a mild form of  thalassemia. It is the
commonest hemoglobin variant globally and Hb E/f tha-
lassemia is the commonest form of severe thalassemia in
many Asian countries. It has an extraordinarily variable phe-
notype, ranging from a condition indistinguishable from f3
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Fig. 1.8 The pathophysiology of B
thalassemia

thalassemia major to one of such mildness that patients grow
and develop quite normally and never require transfusion.

Over recent years a great deal has been learnt about some
of the mechanisms involved in this remarkable phenotypic
variability. In short, it reflects both the action of modifying
genes and variability in adaptation to anemia and, almost
certainly, the effects of the environment. Given the complex-
ity of these interactions, it is helpful to divide the genetic
modifiers of the 3 thalassemia phenotype into primary, sec-
ondary and tertiary classes (Table 1.2).

The primary modifiers are the different [ thalassemia
alleles that can interact together. For example, compound
heterozygotes for a severe ° thalassemia mutation and a
milder one may have an intermediate form of 3 thalassemia



Table 1.2 Mechanisms for the phenotypic diversity of the B
thalassemias.

Genetic modifiers
Primary: alleles of varying severity
Secondary: modifiers of globin chain imbalance
o Thalassemia
Increased o globin genes: oooL or aLoolo
Genes involved in unusually high HbF response
Tertiary: modifiers of complications
Iron absorption, bone disease, jaundice, infection

Adaptation to anemia*
Variation in oxygen affinity (Pso) of hemoglobin
Variation in erythropoietin response to anemia

Environmental
Nutrition
Infection

Others

*There may be genetic variation in the adaptive mechanisms.

of varying severity depending on the degree of reduction in
B globin synthesis under the action of the milder allele. This
is undoubtedly one mechanism for the varying severity of
Hb E/P thalassemia; it simply reflects the variable action of
the B thalassemia mutation that is inherited together with
Hb E. However, this explanation is not relevant in cases in
which patients with identical B thalassemia mutations have
widely disparate phenotypes.

The secondary modifiers are those which directly affect
the degree of globin chain imbalance. Patients with B tha-
lassemia who also inherit one or other form of o thalassemia
tend to have a milder phenotype because of the reduction in
the excess of o globin genes caused by the coexistent o tha-
lassemia allele. Similarly, patients with severe forms of tha-
lassemia who inherit more o genes than normal because
their parents have triplicated or quadruplicated o gene
arrangements tend to have more severe phenotypes. Other
patients with severe thalassemia alleles appear to run a
milder course because of a genetically determined ability to
produce more 7y globin chains and hence fetal hemoglobin,
a mechanism that also results in a reduced degree of globin
chain imbalance. It is now clear that several gene loci are
involved in this mechanism; the best characterized is a poly-
morphism in the promoter region of the “y globin gene that
appears to increase the output from this locus under condi-
tions of hemopoietic stress. However, there are clearly other
genes involved in increasing the output of Hb E Recent
genome-wide linkage studies have shown clear evidence that
there are determinants on chromosomes 6 and 8 and a par-
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ticularly strong association has been found with BCLI11A, a
transcription factor known to be involved in hematopoiesis.
The exact mechanism for the associated increase in Hb F
in B thalassemia and in sickle cell anemia remains to be
determined.

The tertiary modifiers are those that have no effect on
hemoglobin synthesis but which modify the many different
complications of the B thalassemias, including osteoporosis,
iron absorption, jaundice, and susceptibility to infection.

Although neglected until recently, it is also becoming
apparent that variation in adaptation to anemia and the
environment may also play a role in phenotypic modifica-
tion of the B thalassemias. For example, patients with Hb
E/B thalassemia have relatively low levels of Hb F and hence
their oxygen dissociation curves are more right-shifted than
patients with other forms of B thalassemia intermedia with
significantly higher levels of Hb E Very recent studies also
suggest that the erythropoietin response to severe anemia
for a given hemoglobin level varies considerably with age;
patients during the first years of life have significantly higher
responses to the same hemoglobin level than those who are
older. This observation may go some way to explaining the
variation in phenotype at different ages that has been
observed in children with Hb E/f thalassemia. Finally, it is
clear that further studies are required to dissociate the effects
on the phenotype of genetic modifiers and environmental
factors.

Thus the phenotypic variability of the [ thalassemias
reflects several layers of complex interactions involving
genetic modifiers together with variation in adaptation and,
almost certainly, the environment. These complex interac-
tions are summarized in Table 1.2.

The o thalassemias

The pathophysiology of the o thalassemias differs from that
of the B thalassemias mainly because of the properties of the
excess globin chains that are produced as a result of defective
o chain synthesis. While the excess o, chains produced in 3
thalassemia are unstable and precipitate, this is not the case
in the o thalassemias, in which excess y chains or  chains
are able to form the soluble homotetramers y, (Hb Bart’s)
and B, (Hb H) (Figure 1.9). Although these variants, particu-
larly Hb H, are unstable and precipitate in older red cell
populations, they remain soluble sufficiently long for the red
cells to mature and develop relatively normally. Hence there
is far less ineffective erythropoiesis in the o thalassemias and
the main cause of the anemia is hemolysis associated with
the precipitation of Hb H in older red cells. In addition, of
course, there is a reduction in normal hemoglobin synthesis,
which results in hypochromic, microcytic erythrocytes.
Another important factor in the pathophysiology of the o
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Shortened red cell survival—hemolysis
Splenomegaly—hypersplenism

Fig. 1.9 The pathophysiology of a thalassemia

thalassemias is the fact that Hb Bart’s and Hb H are useless
oxygen carriers, having an oxygen dissociation curve similar
to that of myoglobin. Hence the circulating hemoglobin
level may give a false impression of the oxygen-delivering
capacity of the blood and patients may be symptomatic at
relatively high hemoglobin levels.

The different clinical phenotypes of the o thalassemias are
an elegant example of the effects of gene dosage (Figure
1.10). The heterozygous state for o" thalassemia is associated
with minimal hematological changes. That for o’ thalassemia
(the loss of two 0. globin genes) is characterized by moderate
hypochromia and microcytosis, similar to that of the [ tha-
lassemia trait. It does not matter whether the o genes are lost
on the same chromosome or on opposite pairs of homolo-
gous chromosomes. Hence the homozygous state for o
thalassemia, —0/— ., has a similar phenotype to the hetero-
zygous state for 0 thalassemia (——/0Qt).

The loss of three o globin genes, which usually results
from the compound heterozygous states for o’ and o tha-
lassemia, is associated with a moderately severe anemia with
the production of varying levels of Hb H. This condition,
hemoglobin H disease, is characterized by varying anemia
and splenomegaly with a marked shortening of red cell
survival.

Finally, the homozygous state for oo’ thalassemia (——/—-)
is characterized by death in utero or just after birth, with the
clinical picture of hydrops fetalis. These babies produce no
o chains and their hemoglobin consists mainly of Hb Bart’s
with variable persistence of embryonic hemoglobin. This is
reflected in gross intrauterine hypoxia; although these babies
may have hemoglobin values as high as 8-9 g/dL, most of it
is unable to release its oxygen. This is reflected in the
hydropic changes, a massive outpouring of nucleated red

of Thal. trait of Thal. trait
Normal of Thal. 00 Thal. Hb Bart's
trait trait hydrops
00 Thal. trait o Thal. trait
Normal o0 Thal. o Thal. Hb H
trait trait disease

Fig. 1.10 The genetics of the common forms of o thalassemia
The open boxes represent normal o genes and the green boxes
deleted o genes. The mating shown at the top shows how two o
thalassemia heterozygotes can produce a baby with the Hb Bart’s
hydrops syndrome. In the mating at the bottom, between individuals
with o and o thalassemia, one in four of the offspring will have Hb
H disease.

cells, and hepatosplenomegaly with persistent hematopoiesis
in the liver and spleen.

Structural hemoglobin variants

The structural hemoglobin variants are described in detail
in Chapter 15. Here, their molecular pathology and geno-
type—phenotype relationships are briefly outlined.

Molecular pathology

The molecular pathology of the structural hemoglobin vari-
ants is much less complex than that of the thalassemias. The



majority result from missense mutations — base substitu-
tions that produce a codon change which encodes a different
amino acid in the affected globin chain. Rarely, these vari-
ants result from more subtle alterations in the structure of
the o/f globin chains. For example, shortened chains may
result from internal deletions of their particular genes, while
elongated chains result from either duplications within
genes or frameshift mutations which allow the chain termi-
nation codon to be read through and in which additional
amino acids are added to the C-terminal end. The majority
of the 700 or more structural hemoglobin variants are of no
clinical significance but a few, because they interfere with the
stability or functions of the hemoglobin molecule, are asso-
ciated with a clinical phenotype of varying severity.

Genotype-phenotype relationships

The sickling disorders

The sickling disorders represent the homozygous state for
the sickle cell gene, sickle cell anemia, and the compound
heterozygous state for the sickle cell gene and various struc-
tural hemoglobin variants, or B thalassemia. The chronic
hemolysis and episodes of vascular occlusion and red cell
sequestration that characterize sickle cell anemia can all be
related to the replacement of the normal 6 glutamic acid
by valine in Hb S. This causes a hydrophobic interaction
with another hemoglobin molecule, triggering aggregation
into large polymers. It is this change that causes the sickling
distortion of the red blood cell and hence a marked decrease
in its deformability. The resulting rigidity of the red cells is
responsible for the vaso-occlusive changes that lead to many
of the most serious aspects of all the sickling disorders.

The different conformations of sickle cells (banana-
shaped or resembling a holly leaf) reflect different orienta-
tions of bundles of fibers along the long axis of the cell, the
three-dimensional structure of which is constituted by a
rope-like polymer composed of 14 strands. The rate and
extent of polymer formation depend on the degree of oxy-
genation, the cellular hemoglobin concentration, and the
presence or absence of Hb E The latter inhibits polymeriza-
tion and hence tends to ameliorate sickling. Polymerization
of Hb S causes damage to the red cell membrane, the result
of which is an irreversibly sickled cell. Probably the most
important mechanism is cellular dehydration resulting from
abnormalities of potassium/chloride cotransport and Ca**-
activated potassium efflux. This is sufficient to trigger the
Ca**-dependent (Gardos) potassium channel, providing a
mechanism for the loss of potassium and water and leading
to cellular dehydration.

However, the vascular pathology of the sickling disorders
is not entirely related to the rigidity of sickled red cells. There
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is now a wealth of evidence that abnormal interactions
between sickled cells and the vascular endothelium play a
major role in the pathophysiology of the sickling disorders.
Recently it has been demonstrated that nitric oxide may also
play a role in some of the vascular complications of this
disease. It has been found that nitric oxide reacts much more
rapidly with free hemoglobin than with hemoglobin in
erythrocytes and therefore it is possible that such decom-
partmentalization of hemoglobin into plasma, as occurs in
sickle cell disease and other hemolytic anemias, diverts nitric
oxide from its homeostatic vascular function.

Unstable hemoglobin variants

There is a variety of different mechanisms underlying hemo-
globin stability resulting from amino acid substitutions in
different parts of the molecule. The first is typified by amino
acid substitutions in the vicinity of the heme pocket, all of
which lead to a decrease in stability of the binding of heme
to globin. A second group of unstable variants results from
amino acids that simply disrupt the secondary structure of
the globin chains. About 75% of globin is in the form of o
helix, in which proline cannot participate except as part of
one of the initial three residues. At least 11 unstable hemo-
globin variants have been described that result from the
substitution of proline for leucine, five that are caused by the
substitution of alanine by proline, and three in which proline
is substituted for histidine. Another group of variants that
causes disruption of the normal configuration of the hemo-
globin molecule involves internal substitutions that somehow
interfere with its stabilization by hydrophobic interactions.
Finally, there are two groups of unstable hemoglobins that
result from gross structural abnormalities of the globin sub-
units; many are due to deletions involving regions at or near
interhelical corners. A few of the elongated globin chain
variants are also unstable.

Abnormal oxygen transport

There is a family of hemoglobin variants associated with
high oxygen affinity and hereditary polycythemia. Most
result from amino acid substitutions that affect the equili-
brium between the R and T states (see section Structure and
function). Thus, many of them result from amino acid sub-
stitutions at the o,—, interface, the C-terminal end of the §
chain, and at the 2,3-DPG binding sites.

Congenital cyanosis due to hemoglobin variants

There is a family of structural hemoglobin variants that is
designated Hb M, to indicate congenital methemoglobine-
mia, and is further defined by their place of discovery. The
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iron atom of heme is normally linked to the imidazole group
of the proximal histidine residue of the o and B chains.
There is another histidine residue on the opposite side, near
the sixth coordination position of the heme iron; this, the
so-called distal histidine residue, is the normal site of binding
of oxygen. Several M hemoglobins result from the substitu-
tion of a tyrosine for either the proximal or distal histidine
residue in the o or B chain.

Postscript

In this short account of the molecular pathology of hemo-
globin we have considered how mutations at or close to the
o or B3 globin genes result in a diverse family of clinical dis-
orders due to the defective synthesis of hemoglobin or its
abnormal structure. Work in this field over the last 30 years
has given us a fairly good idea of the repertoire of different
mutations that underlie single-gene disorders and how these
are expressed as discrete clinical phenotypes. Perhaps more
importantly, however, the globin field has taught us how the
interaction of a limited number of genes can produce a
remarkably diverse series of clinical pictures, and something

of the basis for how monogenic diseases due to the same
mutation may vary widely in their clinical expression.
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Introduction

The use of cytogenetics and molecular cytogenetic analysis
in hematology has both increased and improved over the last
decade. Fluorescence in situ hybridization (FISH) has been
incorporated into most diagnostic laboratories to comple-
ment chromosome analysis and further improve its accu-
racy. In the era of risk-adapted and mutation-directed
therapy, accurate assessment of genetic status is of para-
mount importance. In many current studies, patients are
stratified on the basis of their cytogenetic or molecular rear-
rangements, since numerous disease- or subtype-specific
abnormalities have independent prognostic outcomes. Such
is the specificity of certain chromosomal rearrangements
that molecular cytogenetic information can provide an
unequivocal diagnosis of the type of malignancy. In national
treatment trials for acute myeloid leukemia (AML) and
acute lymphoblastic leukemia (ALL), cytogenetic informa-
tion is vital to treatment stratification, and in other diseases,
such as chronic lymphoblastic leukemia and myeloma, the
impact of chromosomal abnormalities is now recognized.
Chromosomal analysis of metaphase cells provides a
global assessment of karyotype and still plays a major role in
modern tumor cytogenetics. FISH is used as a rapid sensitive
test to complement G-band analysis, allowing the detection
of cryptic or subtle changes. In addition, FISH can be used
to screen non-dividing cell populations, such as bone
marrow smears, tumor imprints and paraffin-embedded
tissue sections (PETS). A vast array of FISH probes is cur-
rently available, aimed at detecting fusion genes, numerical
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abnormalities, chromosomal imbalance, chromosomal
rearrangement and complex events. FISH has been further
developed to allow the global detection of tumor-associated
gain and loss using tumor DNA as a FISH probe against
normal metaphase chromosomes. This technique is known
as comparative genomic hybridization (CGH).

The recent introduction of high-resolution array-based
techniques promises to further revolutionize the analysis of
chromosomal aberrations in cancer. Oligonucleotide-based
arrays can provide high-resolution analysis of copy number
alterations. A variation of this approach is the single-
nucleotide polymorphism (SNP) genotype array, which can
provide both copy number and allelotype information. Gene
expression profiling also offers exciting prospects in hema-
tology and, coupled with the molecular cytogenetic and
cytogenetic information, accurate diagnostic genetic analysis
looks set to revolutionize patient management.

FISH on metaphase chromosomes

The production of metaphase chromosomes from malignant
cells plays a fundamental role in genetic analysis, allowing
both G-banded chromosome analysis and subsequent FISH
analysis. The chromosome offers a more versatile target than
interphase cells since many types of FISH probes can be
applied. In leukemia and lymphoma, gene fusions are rela-
tively frequent and well characterized at the molecular level.
These novel disease-associated fusion events arise through
chromosomal translocations, inversions or insertions and
are usually visible by routine karyotype analysis, although
subtle abnormalities do exist and some of the recurrent
rearrangements can be cryptic. FISH probes mapping to the
unique sequences involved in these fusions are readily avail-
able and detect their respective abnormalities by one of two

19
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methods. In the first strategy, probes mapping to the two
genes involved are labeled in two distinct colors; as an
example, the BCR-ABL (breakpoint cluster region—Abelson)
fusion associated with the t(9;22)(q34;q11.2) is illustrated in
Plate 2.1. BCR is represented by the green fluorescence and
ABL by the red signal. The t(9;22) translocation results in
both BCR-ABL and ABL-BCR fusions, and since the probe
extends beyond the breakpoint for both genes, two fusion
signals (red and green juxtaposed) are generated (dual fusion
probes), one on the der(9), the other on the der(22). A
normal 9 and a normal 22 (single red and green signal) will
also exist. To further complicate the analysis, however, devi-
ations from this pattern may exist since some patients carry
deletions around the breakpoint and some harbor cryptic
insertions of part of one gene, thereby generating only one
of the fusion sequences (Plate 2.2). An alternative approach
is to use four fluorescent probes to enhance the sensitivity
and specificity to simultaneously detect translocations and
deletions around the breakpoint, which may confer inde-
pendent prognostic value. Plate 2.3 shows a cryptic insertion
of part of the RARA gene (chromosome 17) into the PML
locus (chromosome 15) in a patient with acute promyelo-
cytic leukemia. The t(15;17)(q21;ql1) translocation is the
hallmark of acute promyelocytic leukemia and is cytogeneti-
cally visible in 90% of patients.

The second common type of FISH strategy is the “break
apart” probe, specifically designed to detect abnormalities
affecting one specific gene which rearranges with multiple
partner loci, such as MLL (11@23). Over 60 different MLL
gene translocations have been cytogenetically reported, and
the FISH probe used most often for diagnosis consists of a
probe mapping above the breakpoint labeled with one color
and a second probe mapping below the breakpoint in
another color. Translocations involving MLL therefore result
in the separation of one set of probes (Plate 2.4) and the
displaced MLL signal will map to the partner chromosome.
Single-color probes extending across the breakpoints can
also be used, resulting in a split signal.

Unique sequence probes can also be used to screen for
copy number changes, particularly in cases with evidence of
additional genetic material, by karyotyping such as double
minute chromosomes, homogeneously staining regions or
additional pieces of chromosomes. Double minute chromo-
somes and homogeneously staining regions are manifesta-
tions of gene amplification and in certain malignant diseases,
particularly solid tumors, are well-recognized mechanisms
for oncogene activation. FISH probes mapping to the genes
commonly associated with amplification can very quickly
confirm the presence of multiple copies of genes; an example
is N-myc in neuroblastoma. Plate 2.5 shows a bone marrow
aspirate infiltrated by neuroblastoma and multiple copies of
N-myc. Alpha satellite probes are often used to determine

chromosome number. Hyperdiploidy is a frequent pheno-
menon in ALL and is associated with a common pattern of
gain, namely chromosomes 4, 6, 10, 14, 17, 18, 21 and X.
Using a selected cocktail of alpha satellite probes mapping
to these chromosomes, hyperdiploidy can be detected in
both metaphase and interphase cells (Plate 2.6). Metaphase
cells derived from leukemic blasts of patients with ALL can
often have poor morphology and be difficult to fully char-
acterize. In such situations FISH can be of particular value
since it may help elucidate chromosomal gains and losses.

Whole-chromosome painting probes (WCPs), consisting
of pools of DNA sequences mapping along the full length of
a particular chromosome and labeled with a fluorochrome,
can be used individually or in combination to characterize
abnormalities whose origin is uncertain by G-banding. In
simple karyotypes, requiring confirmation of a suspected
rearrangement, two-color chromosome painting might be
the most useful option (Plate 2.7). In more complex karyo-
types, such as those associated with therapy-related leuke-
mia, a mixture of WCPs mapping to all 24 human
chromosomes (24-color karyotyping) is probably the most
informative. Multiplex (M)-FISH/spectral karyotyping
(SKY) is not used routinely for diagnostic purposes but has
revealed cryptic rearrangements in several studies. M-FISH/
SKY uses a combinatorial labeling approach such that each
individual chromosome paint is labeled with a unique
combination of not more than five fluorochromes. The 24
differentially labeled paints are then applied in a single
hybridization assay and visualization is achieved using one
of two strategies. M-FISH uses a series of optical filters to
collect the images from the different fluorochromes, which
are then merged into a composite image; a pseudocolor is
then assigned to each chromosome on the basis of its fluoro-
chrome combination (Plate 2.8). SKY uses an interferometer
with Fourier transformation to determine the spectral
characteristics of each pixel in the image, and assigns a
pseudocolor.

FISH on nuclei

The non-dividing cell population can be examined using
FISH probes to yield both diagnostic and prognostic mole-
cular cytogenetic information. Interphase cells from the
sample sent for cytogenetic analysis (peripheral blood, bone
marrow, lymph node, etc.), tumor touch imprints, PETS
and bone marrow smears can be used as the target for FISH.
In these instances screening for a specific chromosomal
abnormality is performed, thereby allowing detection or
exclusion of a single event per FISH assay. Techniques that
involve the use of whole or chromosome-specific probes
cannot readily be applied to interphase cells. PETS are some-



times the only tumor sample available for analysis since the
paraffin treatment preserves the morphology of the tumor,
thereby enabling histological diagnosis. However, if histol-
ogy is equivocal, FISH for a tumor-associated chromosomal
abnormality can be extremely valuable for diagnostic pur-
poses. FISH on PETS does have inherent technical problems
not found with FISH on other sample types; for example,
probe accessibility is reduced, the thickness of the section
means that the resulting FISH signals may not all be visible
in the same focal plane, and the cells may be very tightly
packed, making analysis more difficult. Interphase cells can
be used to assess the copy number of unique sequences/
alpha satellites or to look for chimeric fusion genes. Plate 2.9
illustrates two PETS screened for the presence of the EWS/
FLII rearrangement associated with Ewing’s sarcoma/primi-
tive neuroectodermal tumor.

Comparative genomic hybridization
and SNP array analysis

CGH provides a global assessment of copy number changes,
revealing regions of the chromosome that are either gained
or lost in the tumor sample. A key feature of this technique
is that dividing tumor cells are not required. DNA is extracted
from the tumor, labeled (usually) with a green fluorochrome
and compared with DNA from a normal reference labeled
with a red fluorochrome. Labeled test and reference DNA
are combined and hybridized to normal chromosomes
and the resulting ratio of the two signals along the length of
the chromosomes reflects the differences in copy number
between the tumor and reference DNA samples (Plate 2.10).
Regions of gain in the tumor DNA are represented by an
increased green/red ratio whereas deletions are indicated
by a reduced ratio. CGH requires 50% abnormal cells to be
present within the tumor sample for reliable detection of
genomic imbalance and will not easily detect regions involv-
ing less than 10Mb of DNA unless it involves high-level
amplification. Nevertheless, CGH is particularly applicable
to the analysis of solid tumors since DNA can be readily
extracted from them and the karyotype frequently involves
loss or gain of whole or partial chromosomes.

The use of genomic DNA arrays as the hybridization
target allows much higher resolution for the detection of
copy number changes. Currently the highest resolution is
provided by commercial oligonucleotide arrays. Array CGH
has the potential to provide a highly sensitive and unbiased
global assessment of gene copy number. Additionally such
arrays can detect small focal deletions which are well below
the level of detection of conventional cytogenetics.
Oligonucleotide arrays have been developed that are directed
against known SNPs. Several million SNPs have been defined
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in the human genome and the highest resolution arrays
encode approximately 900000 SNPs. Such arrays can be
used to provide high-resolution genotype and copy number
information for the entire genome of the cancer cell. They
have been particularly useful in the detection of loss of
heterozygosity (LOH) in leukemias. The application of SNP
arrays to a series of AML samples has uncovered large-scale
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Fig. 2.1 High-resolution SNP analysis (SNP6) reveals a microdeletion
of the CDKN2A locus on chromosome 9p in an acute lymphoblastic
leukemia.
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regions of LOH that were not associated with copy number
changes. These regions are the consequence of mitotic
recombination and have been termed acquired uniparental
disomy. It has been further shown that these events appear
to render the cell homozygous for a pre-existing mutation
in genes such FLT3, WT1, CEBPA and RUNXI.

The application of SNP arrays to a series of ALL samples
has detected a high frequency of small focal deletions in
certain genes. This appears to be much more frequent than
in a similar series of AML samples and may be characteristic
of ALL. An example of such a deletion affecting the CDKN2A
gene on chromosome 9p is illustrated in Figure 2.1.

Gene expression profiling

The introduction of microarrays for gene expression profil-
ing now offers a new approach to molecular cytogenetics.
Measurement of the expression of all the genes in a range of
tissues or cell types allows the determination of the tran-
scriptional status of the cell, identifying which genes are
active and which are silent. Microarrays for expression pro-
filing consist of systematic arrays of cDNA or oligonucle-
otides of known sequence that are spotted or synthesized at
discrete loci on a glass or silicon surface. They allow the
simultaneous analysis of a large number of genes at high
resolution following the hybridization of labeled cDNA or
cRNA derived from the samples to be examined. Microarray
output is represented by a large number of individual data
points that must be analyzed by a data-mining program in
order to correlate the data, and to group them together in a
meaningful manner. In recent years, the use of DNA micro-
arrays has been largely devoted to the genetic profiling of
tumor subtypes, with the aims of defining new classes with
prognostic and diagnostic relevance and of increasing our
knowledge of the mechanisms underlying the biology of
these diseases. The pathological diagnosis and classification
of human neoplasia is based on well-defined morphological,
cytochemical, immunophenotypic and clinical criteria. For
leukemia and lymphoma, the relevance of cytogenetics as
one of the most valuable prognostic determinants at diag-
nosis has come from analysis of the leukemia karyotype. This
has identified non-random somatically acquired transloca-
tions, inversions and deletions, which are often associated
with specific morphological subtypes. However, leukemias
with apparently normal karyotypes do exist and constitute
the largest single subgroup (up to 40% of cases). Thus, the
application of microarray analysis may improve the classifi-
cation of leukemias and offer clues to the underlying etiol-
ogy. A molecular classification would have the potential to
define new subgroups with more prognostic and therapeutic
significance, linking the expression profile to the outcome.

It could offer many advantages over conventional classifica-
tion methods, including the possibility of deducing chromo-
somal data from non-dividing cells.

Three basic steps for efficient and effective data analysis
are necessary: data normalization, data filtering, and pattern
identification. To compare expression values directly, it is
necessary to apply some sort of normalization strategy to the
data, either between paired samples or across a set of experi-
ments. To “normalize” in the context of DNA microarrays
means to standardize the data so as to be able to differentiate
between real (biological) variations in gene expression levels
and variations due to the measurement process. Gene
expression data can then be subjected to a variation filter,
which excludes uninformative genes (i.e., genes showing
minimal variation across the samples) and genes expressed
below or above a user-defined threshold. This step facilitates
the search for partners and groups in the data that can be
used to assign biological meaning to the expression profiles,
leading to the production of straightforward lists of increas-
ing or decreasing genes or of more complex associations
with the help of sophisticated clustering and visualization
programs. Hierarchical clustering is used traditionally in
phylogenetic analysis for the classification of organisms into
trees; in the microarray context it is applied to genes and
samples. Organisms sharing properties tend to be clustered
together. The length of a branch containing two organisms
can be considered a measure of how different the organisms
are. It is possible to classify genes in a similar manner, gath-
ering those whose expression patterns are similar into clus-
ters in the tree. Such mock-phylogenetic trees are often
referred to as dendrograms. Genes can also be grouped on
the basis of their expression patterns using k-means cluster-
ing. The goal is to produce groups of genes with a high
degree of similarity within each group and a low degree of
similarity between groups. The self-organizing map is a clus-
tering technique similar to k-means clustering, but in addi-
tion illustrates the relationship between groups by arranging
them in a two-dimensional map. Self-organizing maps are
useful for visualizing the number of distinct expression pat-
terns in the data. A complex dataset can also be reduced to
a few specified dimensions by applying multidimensional
scaling, so that the relationships between groups can be
more effectively visualized.

The first classification of cancer on the basis of gene
expression showed that it was possible to distinguish between
myeloid and lymphoid acute leukemias by the use of arrays
with approximately 6800 human genes. Since then, the cov-
erage of gene expression arrays has been expanded to include
most known genes and more recently to include the exons
of known genes. This approach has been applied successfully
to the classification of hematological malignancies and a
large variety of solid tumors. Acute lymphoid leukemias



with rearrangements of the MLL gene were shown to have
expression patterns that could allow them to be distin-
guished from ALLs and AMLs without the MLL transloca-
tions. Further microarray analysis of AML cases with a
favorable outcome — AML M2 with t(8;21), AML M3 or M3v
with t(15;17) and AML M4eo with inv(16) — has shown a
specific pattern of predictor genes associated with the three
subclasses. In a subsequent microarray study, AML samples
were specifically chosen to represent the spectrum of known
karyotypes common in AML and included examples with
AML-FAB phenotypes from M1 to M5. Hierarchical cluster-
ing sorted the profiles into separate groups, each represent-
ing one of the major cytogenetic classes in AML [i.e., t(8;21),
t(15;17), inv(16), 11q23] and a normal karyotype, as shown
in Plate 2.11. Statistical analysis identified genes whose
expression was strongly correlated with these chromosomal
classes. Importantly in this study, the AMLs with a normal
karyotype were characterized by distinctive upregulation of
certain members of the class I homeobox A and B gene
families, implying a common underlying genetic lesion.
These data reveal novel diagnostic and therapeutic targets
and demonstrate the potential of microarray-based dissec-
tion of AML. The cluster analysis presented here illustrates
the potential of expression profiling to distinguish the major
subclasses. An important conclusion of expression profiling
studies is that the major cytogenetic events in AML have
associated expression signatures. This could form the basis
of customized DNA arrays designed to classify leukemia.
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Introduction

The generation of sufficient numbers of blood cells to main-
tain homeostasis requires sustained production of mature
cells. This process, called hematopoiesis, yields approximately
10" blood cells daily, with capability for dramatic increases
in the number and subsets of cells in response to physio-
logical stress. Hematopoiesis is therefore a highly dynamic
process dependent upon numerous modulating factors. Its
prodigious production capability derives from the sustained
presence of a cell type which is generally quiescent, but the
descendants of which proliferate vigorously. This cell is the
hematopoietic stem cell (HSC).

Stem cell definitions and distinctions

Stem cells derive their name from their ability to produce
daughter cells of different types. Stem cells are defined by a
combination of the traits of self-maintenance and the ability
to produce multiple, varied offspring. Putting this in more
biological terms, stem cells have the unique and defining
characteristics of self-renewal and of differentiation into mul-
tiple cell types. Thus, with each cell division there is an inher-
ent asymmetry in stem cells that is generally not found with
other cell types.

While their name implies that stem cells have specific
intrinsic characteristics, there are multiple different types of
stem cells, each defined by their production ability. Totipotent
stem cells are capable of generating any type of cell in the
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body, including those of the extra-embryonic tissues, such
as the placental tissues (Figure 3.1). Pluripotent stem cells
may give rise to any type of cell found in the body except
those of the extra-embryonic membranes. They can produce
ectoderm, mesoderm or endoderm cells. Recently, it has also
become possible to create pluripotent cell by “reprogram-
ming” mature cells. Pluripotent stem cells include embry-
onic stem cells, isolated from the inner cell mass of the
blastocyst, embryonic germ cells, isolated from embryonic
gonad precursors, and embryonic carcinoma cells, isolated
from teratocarcinomas. Pluripotent stem cells may be main-
tained indefinitely in culture under specialized conditions
that prevent differentiation. In particular, embryonic stem
cells have been used to generate “knockout” mice, animals
harboring targeted gene disruptions via homologous recom-
bination that permit the in vivo study of individual gene
function. Lastly, multipotent stem cells, such as the HSCs of
the bone marrow, are capable of giving rise to multiple
mature cell types, but only those of a particular tissue, such
as blood. Multipotent stem cells are found in adults, perhaps
in all tissue, and function to replace dead or damaged tissue.
Such stem cells are commonly referred to as “adult” stem
cells.

Hematopoietic stem cell concepts
and their origin

The cellular compartment model

The short-lived nature of most blood cells was first deduced
in the 1960s using thymidine labeling of reinfused blood.
These studies demonstrated that the maintenance of normal
numbers of blood cells in the adult requires a process with
the capacity to briskly generate large numbers of mature cells
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along multiple blood lineages. The early history of HSC
research was largely shaped by cellular biology and animal
transplantation experiments. It was advanced by experi-
ments in the early 1960s demonstrating that injection of
marrow cells could generate large hematopoietic colonies in
the spleen of irradiated mice. Such colonies were the clonal
progeny of single initiating cells, termed colony-forming
units, spleen (CFU-S), and contained hematopoietic popula-
tions of multiple lineages. CFU-S were further transplanta-
ble, demonstrating the self-renewing nature of CFU-S. HSCs
are a minor component of marrow cells, able both to gener-
ate large numbers of progeny differentiated along multiple
lines and to renew themselves.

The field was further advanced by the use of in vitro cell
culture techniques; in particular, solid-state cultures of
marrow and spleen cells furthered understanding of the
colony-forming capacity of individual hematopoietic cells.
The original technique demonstrated clonal colonies of
granulocytes and/or macrophages, termed in vitro colony-
forming cells (CFCs), which are now considered lineage-
committed progenitor cells. These cells could be separated
from whole marrow cells and from CFU-S, were more
numerous than CFU-S, and could be detected in splenic
colonies as the progeny of CFU-S. These observations gave
rise to the concept of the three-compartment model of hemat-
opoiesis, the compartments being stem cells, progenitor cells,
and dividing mature cells in increasing numbers; each com-
partment consists of the amplified progeny of cells in the
preceding compartment.

Subsequent analyses have added further complexity to
the compartment model of hematopoiesis. The term CFU-S

describes at least two groups of precursor cells. One group,
arising from committed progenitors with little capacity for
self-renewal, gives rise to colonies that peak in size by day 8,
while a second, arising from a more primitive cell that is
capable of self-renewal, yields colonies that peak in size at
day 12. To further highlight the complexity of the hemat-
opoietic hierarchy, a rarer population of hematopoietic cells
provides longer-term repopulation of an irradiated host
than CFU-S. These long-term repopulating cells have the
capacity for sustained self-renewal and were considered
the true adult stem cells. The presence of stromal cells in
the cultures is important for the long-term culture of CFU-S
and repopulating cells. Cells capable of long-term survival
in culture on stroma were termed long-term culture-initiat-
ing cells (LTC-ICs) and cobblestone area-forming cells
(CAFCs). These multipotential cell types were considered
more primitive than lineage-committed progenitor cells but
more mature than long-term repopulating cells.

Thus, a more complex version of the compartmental
model has emerged. This provides a model with two popula-
tions of stem cells, the most immature group consisting of
long-term repopulating cells and a more mature group of
short-term repopulating cells. An intermediate group con-
sisting of preprogenitor cells (blast colony-forming cells)
follows, leading to a larger population of lineage-committed
progenitor cells. This large group of committed progenitors
is stratified on the basis of the number of progeny they are
able to generate. The immediate progeny of progenitor cells,
cluster-forming cells, have less proliferative capacity.
Subsequent progenitors (CFCs) have the capacity to give rise
to colonies of clonal origin in semisolid media containing
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fully mature cells, permitting their analysis. A more mature
set of precursor cells constitutes the bulk of bone marrow
cells and has unique, identifiable features by light micro-
scopy. Rapid division of precursor cells culminates in the
production of mature cells. Although hematopoiesis pro-
ceeds according to this orderly scheme (Figure 3.2), special
consideration must be given to the development of T and B
lymphocytes. These cells are generated in the thymus and
bone marrow, respectively, by a similar hierarchical process.
Mature T and B lymphocytes enter peripheral lymphoid
organs, where they encounter relevant antigens, leading to
the production of new cells from reactivated mature cells.
This process amplifies the de novo bone marrow formation
of T and B lymphocytes. In addition, some members of this
type of cell, memory T or B lymphocytes, are capable of
sustained self-renewal. Their inability to produce multiple
different types of daughter cells distinguishes them from
stem cells.

In summary, the compartment model has given rise to
terms that are generally applied to cells of hematopoietic
origin. Stem cells are those that are multipotent and self-
renewing. Progenitor cells have limited ability to self-renew
and are likely to be unipotential or of very limited multipo-
tential. Precursor cells are restricted to a single lineage, such
as neutrophil precursors, and are the immediate precursors
of the mature cells found in the blood. The mature cells are
generally short-lived and preprogrammed to be highly
responsive to cytokines, while the stem cells are long-lived,
cytokine-resistant and generally quiescent.

Mature cells

Fig. 3.2 Schematic view of
hematopoiesis

See text for definition of abbreviations.
Modified from Figure 12.1 in Hematology:
Basic Principles and Practice, 3rd edn (ed. R.
Hoffman), 2000, with permission from
Elsevier.

Models of lineage commitment

Several theories have emerged to describe the manner by
which HSCs undergo lineage commitment and differentiate.
Some studies support a deterministic theory whereby the
stem cell compartment encompasses a series of closely
related cells maturing in a stepwise process. Other studies
suggest that hematopoiesis is a random, stochastic process.
The stochastic theory is based on in vitro observations that
multilineage colonies develop variable combinations of line-
ages and that such lineage choices occur independently of
external influences.

Similar controversy exists regarding the role of cytokines
in cell lineage determination. An instructive model suggests
that cytokine signaling forces the commitment of primitive
cells along a particular lineage. Ectopic expression of the
granulocyte macrophage colony-stimulating factor (GM-
CSF) receptor in a common lymphoid progenitor (CLP)
population was capable of converting the cells from a lym-
phoid to a myeloid lineage. The influence of the GM-CSF
receptor was sufficiently dominant to change the entire
differentiation program of cells, but only the CLP stage of
development. A permissive model postulates that decisions
about cell fate occur independently of extracellular signals.
This model suggests that cytokines serve only to allow certain
lineages to survive and proliferate. Evidence supporting this
model is provided by the ectopic expression of growth recep-
tors in progenitor cells. Expression of the erythropoietin
receptor in a macrophage progenitor results in macrophage



colony formation, whereas expression of the macrophage
colony-stimulating factor (M-CSF) receptor in an erythroid
progenitor results in erythroid rather than macrophage
colony formation. Replacing the thrombopoietin receptor
(c-mpl) with a chimeric receptor consisting of the extracel-
lular domain of c-mpl with the cytoplasmic domain of the
granulocyte colony-stimulating factor (G-CSF) receptor
results in normal platelet counts in homozygous “knock-in”
mice. Therefore, the instructive and permissive models may
both be correct, but at different stages of hematopoietic
differentiation. Cells at earlier points in the differentiation
cascade may be more plastic and susceptible to fate-altering
stimuli, while more committed cells may be irreversibly
determined, with only proliferation, cell death or the rate of
differentiation susceptible to influence by external signals.

Stem cell plasticity
and transdifferentiation

Plasticity refers to the concept that HSC development is not
limited to hematopoietic cells but may also include cells of
other tissue types. Studies have suggested that bone marrow-
derived cells may develop into other cell types such as neural
cells. The possibility that HSCs have undergone transdiffer-
entiation serves as one explanation for these phenomena.
However, it has been shown that hematopoietic cells may
fuse with somatic cells and this is more likely. The possibility
that cells may convert from one cell type to another by
reprogramming has now been well shown. However, such
events are observed after genetic manipulation and it is not
clear that this occurs in the body.

Molecular regulation
of hematopoiesis

The molecular nature of stem cell regulatory pathways has
been determined using a variety of genetic approaches,
including genetic loss-of-function and gain-of-function
studies. These have provided several important concepts
regarding the molecular control of hematopoiesis. First,
some genes have binary functions and are either on or off in
various biological states, while other genes function in a
continuum and have different effects at different levels.
Secondly, while perturbations in single genes may have dra-
matic cellular effects, cell cycle and lineage effects result from
the combinatorial interplay of multiple genes and require
coordinated expression of genes with both stimulatory and
inhibitory functions. Finally, signal integration often
depends on the assembly of large signaling complexes and
the spatial proximity of molecules to facilitate interaction is
therefore important.
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Cell-intrinsic regulators of hematopoiesis

Cell cycle control

The quiescent nature of HSCs is supported by their low level
of staining with DNA and RNA nucleic acid dyes, which is
consistent with low metabolic activity. These studies have
indicated a heterogeneity among stem cells with a subgroup
that is deeply quiescent. Various studies have sought to
determine the cell-intrinsic regulators of hematopoiesis
involved in HSC cycle control.

Single-cell reverse transcriptase polymerase chain reac-
tion (RT-PCR) has been used to profile pertinent transcrip-
tion factors and other molecules in HSCs induced to
differentiate along various lineages by the application of
cytokines. This technique has demonstrated the presence
of elevated levels of cyclin-dependent kinase inhibitors
(CDKIs), suggesting that CDKIs present in HSCs function
to exert a dominant inhibitory tone on HSC cell cycling. The
bone marrow of some mouse strains deficient in CDKI
p219°™fl o p18™4 have increased HSC cell cycling, sug-
gesting that these CDKIs function as a dominant negative
regulators of HSC proliferation. Other CDKIs, such as p27*¥,
may serve as negative regulators of hematopoietic progeni-
tor cells.

Self-renewal, commitment, and lineage determination

Experimental results involving transcription factors have
demonstrated cell-intrinsic roles in both global and lineage-
specific hematopoietic development. Loss-of-function
studies involving the transcription factors c-Myb, AMLI
(CBF2), SCL (tal-1), LMO2 (Rbtn2), GATA-2 and TEL/
ETV6 have demonstrated global effects on all hematopoietic
lineages. Stem cells in animals deficient in these molecules
fail to establish definitive hematopoiesis. To test the role of
these genes in established hematopoiesis, a method of alter-
ing gene expression in the adult animal is required. A molec-
ular technique to address this involves generating conditional
knockouts. In these systems, transgenic animals are gener-
ated by swapping the wild-type gene of interest with a gene
flanked at both ends with lox-p sites, target sites for Cre-
recombinase. Such animals can then be mated with
transgenic animals expressing the Cre-recombinase driven
by different gene promotors. The Cre-recombinase can then
be used to specifically excise the gene of interest in a global-,
tissue- or developmental-specific manner, depending on
the promoter driving the expression of the Cre gene. This
approach is technically somewhat limited by the absence of
stem cell-specific promoters thus far. However, this approach
has aided the identification of critical roles for genes such as
Notch-1, which are required for T-cell lineage induction, as
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Notch-1-deficient mice die during embryogenesis because of
a requirement for the protein in other tissues. An interferon-
inducible promoter (Mx-Cre) can also be used to turn on
Cre-recombinase at specific times by injecting animals with
nucleotides, a means of inducing endogenous interferon.
This approach has been useful in defining a very different
role for SCL in maintaining hematopoiesis in the adult than
in establishing it in the developing fetus. This gene product
is absolutely required for establishing HSCs. Unexpectedly,
there is not a requirement for SCL once the stem cell pool
is present in the adult. Rather, SCL is required only for
erythroid and megakaryocytic homeostasis. Therefore, tran-
scription factor regulation of the stem cell compartment is
highly dependent on the stage of development of the organ-
ism. Lineage-specific effects of transcription factors may also
be stage-dependent.

Loss-of-function studies have also proved useful in iden-
tifying lineage-specific transcription factors. Mice genetically
deficient in the transcription factor Ikaros lack T and B
lymphocytes and natural killer cells, but maintain erythro-
poiesis and myelopoiesis. Mice lacking the ets-family tran-
scription factor PU.1 demonstrate embryonic lethality.
However, mutant embryos produce normal numbers of
megakaryocytes and erythroid progenitors but have impaired
erythroblast maturation and defective generation of pro-
genitors for B and T lymphocytes, monocytes and granulo-
cytes. While the outcome of such genetic lesions can be
assessed, it remains unclear whether such lesions result in
failure to establish a commitment program or the execution
of an established program.

Gain-of-function studies have been used similarly to
assess the roles of various global and lineage-specific tran-
scription factors. Enforced expression of the HoxB4 home-
obox gene in HSCs confers heightened capacity for in vivo
stem cell function. Similarly, ectopic expression of HoxB4 in
embryonic stem cells combined with in vitro culture on
stroma induces a switch to the definitive hematopoiesis phe-
notype that is transplantable into adult recipients. Mice defi-
cient in the Pax-5 transcription factor suffer from severe
impairment of the B-lymphoid lineage. This phenotype may
be rescued by reintroduction of wild-type Pax-5.

In alternative model systems, lineage reprogramming may
be achieved by ectopic expression of transcription factors.
Introduction of the erythrocytic lineage transcription factor
GATA-1 reprograms avian myeloblast cells down eosi-
nophilic and thromboblastic lineages. Introduction of the
dominant negative retinoic acid receptor-alpha (RARo.) into
murine stem cells permits the establishment of permanent
cell lines that grow in response to stem cell factor (SCF) and
maintain the ability to differentiate along myeloid, erythroid
and B-lineage lines. The points in the hematopoietic cascade

at which specific transcription factors play a role are illus-
trated in Figure 3.3.

Cell-extrinsic regulators

Ultimately, hematopoietic stem and progenitor cell deci-
sions are regulated by the coordinated action of transcrip-
tion factors as modified by extracellular signals. Extracellular
signals in the form of hematopoietic growth factors are
mediated via cell surface hematopoietic growth factor recep-
tors. Hematopoietic growth factors exert specific effects
when acting alone and may have different effects when com-
bined with other cytokines. There are at least six receptor
superfamilies, and most growth factors are members of
the type I cytokine receptor family. The effects of various
cytokines during myelopoiesis are illustrated in Figure 3.4.

Type | cytokine receptors

Type I receptors do not possess intrinsic kinase activity but
lead to phosphorylation of cellular substrates by serving as
docking sites for adapter molecules with kinase activity.
Examples of receptors in this family include leukemia inhibi-
tory factor (LIF), interleukin (IL)-1, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-9, IL-13, IL-18, GM-CSF, G-CSF, erythropoi-
etin, prolactin, growth hormone, ciliary neurotrophic factor
and c-mpl. These receptors share several features, including
enhanced binding and/or signal transduction when expressed
as heterodimers or homodimers, four cysteine residues and
fibronectin type III domains in the extracellular domain,
WSXWS ligand-binding sequence in the extracellular
cytokine receptor domains, and lack of a known catalytic
domain in the cytoplasmic portion. Another shared feature
of receptors in this family is the ability to transduce signals
that prevent programmed cell death (apoptosis).

Several exceptions to this family with intrinsic kinase
activity are the hematopoietic growth factor receptors plate-
let-derived growth factor receptor (PDGFR), flt-3 receptor
and c-fms, which are the ligands for steel factor (SF), Flt-
ligand (FL) and M-CSF, respectively (Table 3.1).

Type Il cytokine receptors

This class includes the receptors for tissue factor, IL-10 and
interferon (IFN)-y. This family contains a type III fibronec-
tin domain in the extracellular domain, like the type I family.

Protein serine-threonine kinase receptors

This family includes the 30 members of the transforming
growth factor (TGF)-B superfamily, which bind to their
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Fig. 3.3 Transcription factors active at various stages of hematopoiesis

CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte monocyte progenitor; MEP, megakaryocyte
erythrocyte progenitor; NK, natural killer. Redrawn from Akashi K, Traver D, Miyamoto T, Weissman IL. (2000) A clonogenic common myeloid
progenitor that gives rise to all myeloid lineages. Nature, 404, 193-197, with permission.

receptors as homodimers. Members of this family include
the three TGF-P receptors: type I (TbRI, 53kDa), type II
(TbRII, 75kDa) and type III (TbRIIL, 200kDa). Members of
this family have a profound inhibitory effect on the growth
and differentiation of hematopoietic cells and on auxiliary
hematopoietic cells. Binding of TFG- requires TbRII. After
binding, signal transduction occurs via activation of serine—
threonine kinase cytoplasmic domains of the receptor
chains, which results in the phosphorylation of Smad mol-
ecules on serines. Phosphorylated Smad complexes translo-
cate to the nucleus, where they induce or repress gene
transcription. TGF- is the best-characterized negative regu-
lator of hematopoiesis. It inhibits mitosis by inducing cell
cycle inhibitors such as p219°"*% p27%! and p16™**, inhi-
biting the cyclin-dependent kinases Cdk4 and Cdké, and
inducing phosphorylation of the retinoblastoma protein.

The TGF-B receptor family and its downstream mediators
act as braking factors for a number of cell types and are
frequently inactivated by somatic mutation in a number of
cancers.

Chemokine receptors

This family comprises seven transmembrane-spanning
G-protein-coupled receptors that influence both cell cycle
and cellular movement, or chemotaxis. These receptors are
divided into three families, o. or CXC, B or CC, and y or C,
on the basis of variability in cysteine residues. The best char-
acterized is CXCR4, which mediates homing and engraft-
ment of HSCs in bone marrow and is critical to hematopoietic
development. IL-8 and macrophage inflammatory protein
(MIP)-1o act as inhibitors of progenitor cell proliferation.
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Members of this receptor family have also been implicated
in cancer metastasis and the entry of HIV-1 into cells.

Tumor necrosis factor receptor family

Members of the tumor necrosis factor receptor (TNFR)
family have varied effects, some having the ability to
induce programmed cell death and others stimulating
mesenchymal cells to secrete hematopoietic growth factors.
These receptors contain Cys-rich extracellular domains and
80-amino acid cytoplasmic “death domains,” which are
required for transducing the apoptotic signal and inducing

NF-xB activation. Members of this family include TNFRI,
TNFR2, fas, CD40, nerve growth factor (NGF) receptor,
CD27, CD30 and OX40, each with at least one distinct bio-
logical effect.

Components of the hematopoietic
microenvironmental niche

While soluble factors influence stem cell fate, these factors
are seen by the cell in the context of the cell-cell contact
among heterologous cell types and cell-matrix contact that
comprise the three-dimensional setting of the bone marrow.
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Table 3.1 Factors affecting hematopoietic control.

Growth
factor
Growth factor receptor  Produced by Bioactivity Deficient states
Erythropoiesis
EPO (erythropoietin)  EPO-R Adult kidney Stimulates clonal growth of CFU-E and BFU-E subsets ~ Anemia
Liver during Suppresses erythroid progenitor cell apoptosis
development Induces bone marrow release of reticulocytes
Induces erythroid globin synthesis
SF (steel factor), kit c-kit Fibroblasts Promotes proliferation and differentiation of pre-CFC ~ Anemia
ligand, mast cell (CD117) Endothelial cells cells Mast cell deficiency
growth factor Bone marrow stroma  Acts synergistically with IL-3, GM-CSF and TPO to
support growth of CFU-GEMM, BFU-E, and
CFU-Mk
Expansion of committed progenitor cells in vivo
Stimulates mast cell hyperplasia, degranulation, and
IgE-dependent mediator release
IGF-1 (insulin-like IGF-1R Liver Induces DNA synthesis and has anti-apoptotic effects ~ Growth retardation,
growth factor, in erythroid progenitors neurological defects,
somatomedin C) Simulates erythroid colony growth in the absence of homozygous
EPO at high doses deficiency lethal
Granulopoiesis
G-CSF (granulocyte  G-CSFR Monocytes, Stimulates growth of progenitors committed to Neutropenia, failure to
colony-stimulating macrophages, neutrophil differentiation develop neutrophilic
factor) endothelial cells, Activates neutrophil phagocytosis leukocytosis in
fibroblasts Stimulates quiescent HPCs to enter G,/S response to
Stimulates mobilization of HSCs and HPCs from bone infection
marrow to periphery
GM-CSF GM-CSFR  Mast cells, T Stimulates multilineage hematopoietic progenitor cells  Susceptibility to
(granulocyte lymphocytes, Stimulates BFU-E and granulocyte, macrophage, and infections caused by
macrophage endothelial cells, eosinophil colony growth obligate intracellular
colony-stimulating fibroblasts, thymic organisms
factor) epithelial cells
M-CSF (macrophage c-fms Monocytes, Induces monocyte/macrophage growth and Macrophage and
colony-stimulating macrophages, differentiation and activation osteoclast
factor) fibroblasts, epithelial deficiency,
cells, vascular hematopoietic
endothelium, failure
osteoblasts
Thrombopoietin c-mpl Bone marrow stroma,  Stimulates in vitro growth of CFU-MK, Thrombocytopenia
spleen, renal tubule, megakaryocytes and platelets
liver, muscle, brain Stimulates clonal growth of individual
CD34*CD38" cells
Synergizes with SF, IL-3 and FL
Primes response to platelet activators ADP,
epinephrine and thrombin but no effect on
aggregation
IL-5 IL-5R T lymphocytes Stimulates eosinophil production and activation Inability to mount
Activates cytotoxic T cells eosinophilic
Induces immunoglobulin secretion response
IL-11 IL-11R Fibroblasts, bone Acts synergistically with IL-3 or SF to stimulate the No hematological
marrow stroma clonal growth of erythroid (BFU-E and CFU-E) and defect

primitive megakaryocytic (BFU-Mk) progenitors
Shortens duration of G, of HPCs
Quickens hematopoietic recovery after chemotherapy
and radiation
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Table 3.1 Continued

endothelial cells,
fibroblasts, T
lymphocytes

Synergistic with IL-4 in inducing T-cell proliferation
and colony growth

Synergistic with M-CSF in macrophage colony growth

Synergistic with GM-CSF in granulocyte colony
growth

Co-induces differentiation of B cells

Growth
factor
Growth factor receptor  Produced by Bioactivity Deficient states
Lymphopoiesis
IL-7 IL-7R Bone marrow stroma,  Induces clonal growth of pre-B cells B- and T-cell
spleen, thymus Induces growth of pre-T cells lymphopenia
IL-2 IL-2R T lymphocytes Induces proliferation and activation of T cells, B cells Fatal
and NK cells immunoproliferative
disorder, loss of
self-tolerance
IL-15 IL-15R Monocytes, Induces proliferation and activation of T cells, B cells
macrophages, and NK cells
epithelial cells,
skeletal muscle cells,
bone marrow and
thymic stroma
IL-4 IL-4R T lymphocytes Induces proliferation of activated B cells Defective T helper cell
Inhibits IL-2-stimulated proliferation of B cells responses
Induces T-cell proliferation
IL-10 Inhibits monocyte/macrophage-dependent synthesis of
Th1- and Th2-derived cytokines
Early-acting factors
IL-3 IL-3R T lymphocytes, mast Stimulates multilineage colony growth and growth of ~ No hematopoietic
cells primitive cell lines with multilineage potential defect in steady
Stimulates BFU-E proliferation state, deficient
delayed-type
hypersensitivity
FLT3-ligand (FL) FLT-3R, Most tissues, including Weak colony-stimulating activity alone but synergizes  Reduction in pro-B
flk2 spleen, lung, with IL-3, GM-CSF, SF, IL-11, IL-6, G-CSF, IL-7, and cells, pre-B cells,
stromal cells, others B-cell colony-
peripheral blood Augments retroviral transduction of HSCs when forming potential,
mononuclear cells added to cytokine cocktails reduced
Mobilizes HSCs to periphery weakly alone but adds repopulating
greatly to G-CSF capacity of stem
cells
IL-9 (T-cell growth IL-9R T lymphocytes Stimulates growth of BFU-E when combined with EPO
factor) Stimulates clonal growth of fetal CFU-Mix and
CFU-GM
IL-6 IL-6R Macrophages, Synergistic with IL-3 for CFU-GEMM colony growth Reduced HSC and

progenitor cell
survival, reduced
T-cell numbers,
reduced
proliferation and
maturation of
erythroid and
myeloid cells

BFU-E, burst-forming unit, erythroid; CFU-mix, colony-forming unit, mix; CFU-Mk, colony-forming unit, megakaryocyte; CFU-GM, colony-
forming unit, granulocyte/macrophage; CFU-GEMM, colony-forming unit, granulocyte, erythroid, monocyte, megakaryocyte.




What actually constitutes the critical microenvironment for
hematopoiesis is surprisingly poorly defined. The ability of
primitive cells to mature in vitro in complex stromal cultures
suggests that at least some elements of the regulatory milieu
of the bone marrow can be recapitulated ex vivo. Studies
based solely on ex vivo systems are suspect, however, as no
fully satisfactory re-creation of stem cell expansion or self-
renewal has been defined. Recognizing this limitation, it has
been determined that mesodermal cells of multiple types are
needed to enable hematopoietic support. These include adi-
pocytes, fibroblastic cells and endothelium. Recently, in vivo
studies have indicated that osteoblast lineage cells may
perform a key regulatory role in stem cell self-renewal, and
the activation of such cells can affect the number of stem
cells. For example, expression of angiopoietin-1 by osteob-
lastic cells has been shown to modulate cell cycling.

Trafficking of primitive
hematopoietic cells

The migratory behavior characteristic of primitive hemat-
opoietic cells is an area of intense research because of its
relationship to bone marrow transplantation. Trafficking of
HSCs can be divided into the components of homing, reten-
tion and engraftment. Homing describes the tendency of
cells to arrive at a particular environment, while retention is
their ability to remain in such an environment after arrival.
Lastly, engraftment reflects the ability of cells to divide and
form functional progeny in a given microenvironment.
Much has been learned about trafficking from the ontogeny
of mouse and human HSCs.

Hematopoietic ontogeny

In both humans and mice, hematopoiesis occurs sequen-
tially in distinct anatomical locations during development.
These shifts in location are accompanied by changes in the
functional status of the stem cells and reflect the changing
needs of the developing organism. These are relevant for
adult hematopoiesis since they offer insight into how the
blood production process can be located in different places
with distinct regulation.

There are essentially five sites of blood cell formation rec-
ognized in mammalian development, and these are best
defined in the mouse. At about embryonic day 7.5 (E7.5),
blood and endothelial progenitors emerge in the extra-
embryonic yolk sac blood islands. The yolk sac supports the
generation of primitive hematopoietic cells, which are pri-
marily composed of nucleated erythrocytes. More sustained
or definitive hematopoiesis may derive from the yolk sac,
but this remains controversial. However, the aorta—gonad-—
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mesonephros (AGM) region has been clearly identified as
the first site of definitive hematopoiesis in both the mouse
(E8.5) and the human. It is not clear if the yolk sac seeds the
AGM region or if the hematopoietic cells arise there de novo.
The placenta also appears to be a site of de novo HSC genera-
tion. By E10 in the mouse the fetal liver assumes the primary
role of cell production. By E14 in the mouse and the second
trimester of human gestation, the bone marrow becomes
populated with HSCs and it takes over blood cell produc-
tion, along with the spleen and thymus. The spleen remains
a more active hematopoietic organ in the mouse than in the
human.

The transition in the location of hematopoiesis is roughly
associated with changes in HSC function. Primitive hemat-
opoiesis and definitive hematopoiesis in the AGM region is
dominated by the production of red blood cells and stem
cells. As the organism and its vascular supply become more,
platelet increases and, by late gestation, a full spectrum of
innate and adaptive immune system cells are part of the
production repertoire. Stem cell proliferation decreases and
eventually reaches a state of relative quiescence shortly after
gestation.

Homing and engraftment of HSCs
following infusion

Despite the use of HSC transplantation for over three
decades, the exact mechanisms whereby bone marrow cells
home to the bone marrow are not fully understood. Other
than lectins, no adhesion receptors have been identified
that are exclusively present on HSCs. Furthermore, no
adhesion ligands, other than hemonectin, have been identi-
fied that are exclusively present in the bone marrow
microenvironment.

When first infused, HSCs lodge in the microvasculature
of the lung and liver; they then colonize the bone marrow,
first passing through marrow sinusoids, migrating through
the extracellular space of the bone marrow, and ultimately
settle in the stem cell niches. Passage through endothelial
barriers at first requires tethering, through endothelium-
expressed addressins that bind hematopoietic cell selectins,
and this is followed by firm attachment mediated by integrins.

Selectins are receptors expressed on hematopoietic cells
(L- and P-selectins) and endothelium (E- and P-selectins).
They have long extracellular domains containing an amino-
terminal Ca’*-binding domain, an epidermal growth factor
domain, and a series of consensus repeats similar to those
present in complement regulatory molecules. Ligands for
selectins are sialylated fucosylglucoconjugates present on
endothelium, termed addressins. L-selectin is present on
CD34" hematopoietic progenitors while L-selectin and
P-selectin are present on more mature myeloid and lym-
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phoid cells. Tethering by selectins allows integrin-mediated
adhesion to the endothelium. Integrins, a family of glyco-
proteins composed of o and P chains responsible for cell-
extracellular matrix and cell—cell adhesion, provide not only
firm attachment but also allow migration of hematopoietic
cells through the endothelium and bone marrow extracel-
lular space. The functional state of integrins is only loosely
tied to their expression level and depends on ligand affinity
modulation regulated by the B subunit in response to
cytokines and other stimuli.

The process of migration depends on the establishment of
adhesion at the leading edge of the cell and simultaneous
release at the trailing edge. The rate of migration depends
on dynamic changes in the strength of the cell-ligand inter-
actions, which is dictated by the number of receptors and
their affinity state and the strength of the adhesion receptor—
cytoskeleton interactions. Cell-ligand interaction strength
may also be modulated by cytokines. Thus, successful
engraftment relies not only on the presence of several differ-
ent adhesion receptors but also on their functional state and
ability to facilitate both migration and adhesion.

Egress of HSCs from bone marrow under
physiological conditions

The majority of primitive HSCs are resident within the bone
marrow space under steady-state physiological conditions.
However, a population of CD34" cells capable of forming
CFCs and LTC-ICs and capable of long-term repopulation
may be found circulating in the peripheral blood and these
may increase after physiological stressors such as exercise,
stress and infection. Recent studies have suggested that a
relatively large number of bone marrow-derived stem cells
circulates during the course of a day and that these cells
periodically transit back into an engraftable niche to estab-
lish hematopoiesis. Defining the processes involved is
important in guiding new approaches to peripheral blood
stem cell mobilization for transplantation.

Examining mice in which specific adhesion molecules
have been deleted has revealed several key molecular deter-
minants of stem cell localization in the bone marrow. Among
these, the chemokine receptor CXCR4 has perhaps the most
striking phenotype. In the absence of this receptor, stem cells
fail to traffic from the fetal liver to the bone marrow. Partly
because of these studies, others have defined that CXCR4 is
relevant for the engraftment of transplanted stem cells and
that the modulation of CXCR4 signaling can affect adult
stem cell localization in the bone marrow versus peripheral
blood. As described, the integrin and selectin families are
also important molecular participants in stem cell location.
For example, HSCs from animals that are heterozygous-
deficient for B1 integrin cannot compete with wild-type cells

for the colonization of hematopoietic organs. Pre-incubation
of HSCs with 04 integrin antibodies prior to transplantation
results in decreased bone marrow and increased peripheral
recovery of cells, while the continued presence of 04 anti-
bodies prevents engraftment. Evidence for selectin involve-
ment has been demonstrated in animals deficient for single
selectins or combinations of selectins. Endothelial P-selectin
mediates leukocyte rolling in the absence of inflammation,
while L-, P- and E-selectins contribute to leukocyte rolling
in the setting of inflammation. L-selectin is important in
lymphocyte homing. Transplantation studies performed in
animals deficient in P- and E-selectins demonstrate severely
decreased engraftment due to impaired homing, an effect
that is further compromised by blocking vascular cell adhe-
sion molecule (VCAM)-1.

Mature hematopoietic cells are thought to migrate from
the marrow to the blood by similar mechanisms, though
these are not well defined. One purported mechanism is a
shift in expression from molecules thought to interact with
stromal proteins to those that interact with endothelium.
For example, myeloid progenitors express functional o431
and 05P1 integrins that act to ensure that these progenitors
are retained in the bone marrow through interactions with
VCAM and fibronectin. Mature neutrophils, in contrast,
express 2 integrins that permit interaction with ligands,
such as intercellular adhesion molecule, expressed by
endothelial cells. Mature neutrophils also express Pl
integrins that permit interaction with collagen and laminin
present in basal membranes, perhaps regulating a progres-
sive shift in cell affinities for specific microenvironmental
determinants that ultimately results in cell egress into the
blood. Mobilization of murine HSCs induced by cyclophos-
phamide or G-CSF is accompanied by changes in integrin
expression levels and functional changes in homing, thus
linking cellular localization with adhesion molecule receptor
expression.

Manipulating hematopoietic stem
cells for clinical use

Mobilization of HSCs

Mobilization of HSCs in response to chemotherapy or
cytokines was first documented in the 1970s and 1980s. This
process may be induced by a variety of molecules, including
cytokines such as G-CSF, GM-CSF, IL-7, IL-3, IL-12, SCF
and flt-3 ligand; and chemokines such as IL-8, MIP-1a,
Gro-P and SDF-1. The one that is most often used clinically
is G-CSE, which may be combined with chemotherapeutic
agents for added benefit. This mobilizing capability has
resulted in a dramatic change in the manner by which HSCs



are harvested for transplantation. Up to 25% of candidates
for autologous transplantation are unable to mobilize suf-
ficient cells to enable the procedure to be safely performed.
The study of mobilization and its counterpart, engraftment,
has implications of great significance for patient care.
The ability of G-CSF to mobilize bone marrow HSCs
has several apparent mechanisms. The first is reported to be
the activation of neutrophils, causing the release of neu-
trophil elastases capable of cleaving CXCR4 on HSCs, thus
reducing HSC-bone marrow interaction. Other receptors
that undergo cleavage are VCAM-1 and c-kit. A second
mechanism of G-CSF-induced mobilization is via CD26, an
extracellular dipeptidase present on primitive HSCs that is
able to cleave SDF-1 to an inactive form. Other proposed
options for improving mobilization include coadministra-
tion of G-CSF and kit ligand, antibodies directed against
VLA-4, and infusion of IL-8. The inhibition of the CXCR4
receptor by a small molecule has been shown to effectively
mobilize HSCs into the blood of patients, including those
with poor G-CSF-induced mobilization. This compound
may be added to the available drugs for clinical HSC
harvesting.

Isolating stem cells for manipulation

Characteristics of HSCs used for isolation

Physical Farly attempts to isolate HSCs were based on cell
size and density. In order to clarify whether the heterogene-
ity of CFU-S was due to differences in the input cells used,
velocity sedimentation was performed to separate cells by
size, demonstrating that smaller cells were more likely to
produce secondary CFU-S than larger cells. HSCs are similar
in size to mature lymphocytes and, when flow cytometry is
performed, overlap the lymphocyte region on plots of
forward and side scatter.

Using cell-cycle-active drugs Because HSCs are largely in a
quiescent portion of the cell cycle (G, or G,), investigators
have used cell-cycle-active drugs to deplete bone marrow
populations of cycling cells and thereby enrich for primitive
HSCs. Treatment of mice with nitrogen mustard resulted in
a 30-fold enrichment in CFU-S. HSCs may be isolated by
in vitro treatment with 5-fluorouracil, and this remains the
most commonly used agent. In addition, HSC populations
may be further enriched by first stimulating cells to enter the
cell cycle with the early-acting cytokines c-kit ligand and
IL-3 before forcing them to metabolic death. This strategy is
useful for human cells but not murine cells, probably because
of different cycling characteristics. It should be noted that
these techniques might result in a decrease in the quality of
HSCs obtained.
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Markers of primitive HSCs A variety of strategies have been
used to identify potential HSC markers. CFU-S in rat bone
marrow, fetal liver and neonatal spleen express Thy-1 antigen
at high levels, and this was the first important HSC marker
discovered. Pluripotent stem cells could be enriched from
the bone marrow 150-fold on the basis of combination of
size and Thy-1 expression. Negative selection of cells using
soybean agglutination resulted in enrichment in the colony-
forming unit culture assay (CFU-C). In addition, a fluores-
cence-activated cell sorter (FACS)-based negative selection
strategy that involves labeling hematopoietic cells with a
cocktail of antibodies directed against mature hematopoietic
cell antigens has been developed. These lineage-directed
antibodies include B220 (directed against mature B lym-
phocytes), CD8 (directed against T cells), Mac-1 (directed
against macrophages), and Gr-1 (directed against granulo-
cytes). When this negative selection protocol (Lin"*®) was
combined with a positive selection protocol to enrich for
cells that expressed low levels of Thy-1 (Thy-1""), 200-fold
enrichment of day-10 CFU-S could be achieved.

Using a magnetic bead selection strategy to enrich for
Thy-1-expressing cells followed by a FACS-based strategy to
deplete cells expressing lineage markers, murine cells were
isolated that were found to express a newly defined stem cell
antigen, Sca-1. These Lin"#Thy-1"""Sca-17 cells represented
1 in 1000 bone marrow cells and had heightened stem cell
activity compared with whole bone marrow in the CFU-S
assay. This highly selected cell population produced day-13
CFU-S at 1 colony per 10 cells and day-8 CFU-S at 1 per 100
cells. Also, these cells were 1000—2000-fold enriched in their
ability to rescue irradiated animals and could give rise to all
blood cell lineages. Self-renewal capability was demonstrated
by the ability of these cells to rescue lethally irradiated
animals upon secondary transplantation. Interestingly, the
Sca-1" population had similar CFU-S activity but could not
produce T cells or confer radioprotection.

More recently, the receptor for SCF, c-kit, was demon-
strated to be present on HSCs. Populations expressing this
phenotype (c-kit**Thy-1.1""Lin"#Sca-17*), also known as
KTLS, are 2000-fold enriched in HSC activity compared
with unfractionated bone marrow. Thus, KTLS has come to
be regarded by many as a profile that represents, but is not
specific for, HSCs in the mouse. The presence of CD10 and
absence of CD48 on KLS cells has also been shown to greatly
enrich for HSCs. Equivalent markers are not as well defined
in the human, though it is apparent that cells expressing kit
ligand without lineage markers (including the CD38 antigen)
are enriched in stem cells. The antigen CD34 has long been
regarded as a marker for a stem cell population, but it is now
clear that the vast majority of CD34" cells are progenitors,
and stem cells may or may not express CD34. CD133 is a
marker more recently shown to be expressed on primitive
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human hematopoietic cells. A summary of proposed HSC
markers for the mouse and human is presented in Table 3.2.

Supravital stains Since HSCs are inherently quiescent, spend
most of their time in inactive portions of the cell cycle and
are resistant to toxins, exclusion of dyes has been used as a
method of isolation. The DNA dye Hoechst 33342 was first
used to separate quiescent cells from the bone marrow. Cells
with low-intensity staining were enriched for high prolifera-
tive potential (HPP)-CFC and day-12 CFU-S. The red and
blue emissions from this dye have been recently used to
define a small subset of bone marrow cells known as the side
population (SP). SP cells have extremely low fluorescence
emission in these channels, resulting from efflux of Hoechst
33342 by multidrug resistance pumps that are highly
expressed on HSCs. SP cells constitute approximately 0.1%
of the bone marrow and are highly enriched in reconstitu-
tion potential.

The mitochondrial dye rhodamine-123 (Rh-123) has also
been used to subdivide primitive stem cells. Mitochondria
in quiescent cells bind low levels of Rh-123 and FACS can
be used to separate Rh-123"" cells. These cells were enriched
for day-13 CFU-S and multilineage reconstituting
potential.

The combination of supravital stains with fluorescent
antibodies against cell surface markers provides the ability
to enrich for highly primitive HSCs such that fewer than 10
cells are required to reconstitute hematopoiesis.

Methods of isolation of HSCs

FACS While the flow cytometer may be used for analysis of
cells, the apparatus may also physically sort cells of desired
fluorescence or fluorescence pattern, size and granularity
characteristics. Using a magnetic field, these cells may be
diverted to a collection tube during analysis and later ana-

Table 3.2 Proposed surface markers of primitive hematopoietic
stem cells.

Mouse Human
CD34w- CD34*
Sca-1* CD59*
Thy1#ew Thy1*
CD38* CD38°w~
C-kit* C-kit v
lin~ lin-
CD150*

CD48

lyzed using techniques of molecular and cellular biology.
Sorting is both expensive and labor-intensive as it requires
costly machines, a high degree of expertise, and time to sort
samples consisting of single-cell suspensions. Many FACS
machines are now available with high-speed sorting. This
was once a technique available to only a few laboratories, but
many centers are developing “core” laboratories to provide
cell analysis and sorting services for investigators. FACS may
be used to isolate HSCs using both positive and negative
selection strategies with fluorescence-labeled antibodies
directed against primitive hematopoietic cell antigens, as
described above.

Magnetic bead columns Large-volume isolation of HSC
subsets has been facilitated by the use of magnetic bead
columns. Using this system, cells are incubated with anti-
bodies directed against primitive hematopoietic cells. These
antibodies are typically coupled to a hapten. A second-step
incubation is then performed using a magnetic microbead
conjugated to a hapten that is able to bind the first-step
hapten. The effect is to label HSCs with a magnetic bead.
Cells are then passed through a column mounted adjacent
to a magnet. Labeled cells are retained within the column
and unbound cells can be washed through. Then, the column
is removed from the magnet and the desired cells may be
eluted.

Alternatively, negative selection may be performed by
capturing only the cells that pass through the column. For
example, a sample may be depleted of mature cells by labe-
ling with antibodies directed against mature blood cell
antigens (Lin?*). Cells can then be passed over a column in
which the mature cells adhere and immature cells pass
through and may be isolated.

Systems of these types permit rapid isolation of large
numbers of primitive cells of relatively high purity.

Ex vivo expansion

Given the possible clinical applications of HSCs for such uses
as bone marrow transplantation, there is increasing interest
in strategies that both result in an increase in the quantity of
HSCs and the ability to manipulate HSCs ex vivo. Thus, ex
vivo expansion of HSCs represents a highly prioritized goal
of clinically oriented HSC research.

The first benefit of expanding HSCs is to provide suffi-
cient cells for transplantation when insufficient numbers
exist. For example, cord blood represents a rich source of
primitive CD34" cells that are less immunocompetent and
are therefore transplantable across partial HLA disparity
barriers. However, the absolute quantity of HSCs within a
single cord blood is low and transplantation is followed by
periods of aplasia. Ex vivo expansion would thereby facilitate



cord blood transplantation. Similarly, selective expansion of
HSC subsets would permit the extension of tumor-free cells
from patients with limited quantities of normal bone marrow
due to bone marrow-infiltrating diseases, such as leukemia,
for the purpose of autologous transplantation.

The second benefit of ex vivo manipulation is that HSCs
have a relative growth advantage over other cell types, such
as tumor cells. Therefore, ex vivo growth provides a purging
effect. Furthermore, specific tumor cell purging may be
achieved via the application of certain cytokines (IL-2,
[FN-y), antitumor agents such as 5-fluorouracil or cyclo-
phosphamide, tumor-specific antibodies combined with
complement-mediated lysis, and oncogene-specific tyrosine
kinase inhibitors, in addition to other targeted therapies,
such as antisense oligonucleotides, prior to use of the graft.

The third benefit is the support of gene transfer into HSCs
for the purpose of gene therapy. A variety of gene-transfer
mechanisms, including retroviral infection, are conveyed
during mitosis. Thus, the ex vivo stimulation of cells using
cytokines results in heightened transfer of exogenous genes
to HSCs.

Strategies to expand HSCs ex vivo have used cytokine
cocktails such as IL-11, flt3-ligand and SF, stimulation with
the purified WNT-3a glycoprotein, neutralizing antibodies
of TGF-B alone or in combination with inhibition of CDKI
p27, inhibition of the CDKI p21, and stimulation with Notch
ligands. Others have reported that angiopoietin-like factor 2
can be a potent HSC expansion stimulus in combination
with other cytokines. While these efforts have resulted in
encouraging laboratory results, none to date has translated
into accepted clinical practice. Testing regarding these
methods continues with intensity and relies heavily on spe-
cific functional analyses.

Functional analysis of HSCs

Functional assays for HSCs do not actually measure the
activity of HSCs but instead assess more differentiated
progeny, such as progenitor and precursor cells. Whereas
in vitro assays measure mature populations, in vivo assays
detect the activity of primitive cells capable of homing and
engrafting in the proper microenvironment to produce
functional hematopoietic progeny.

In vitro assays The CFU-C measures hematopoietic pro-
genitor function and is performed by plating cells in semi-
solid media containing methylcellulose and one or more
cytokines. After 5-14 days, colonies comprising mature cell
populations committed to either myeloid or lymphoid line-
ages may be observed. While most colonies obtained using
this assay are composed of cells of a single lineage, less fre-
quently multipotent progenitors can yield colonies contain-
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ing multiple lineages. Another type of primitive cell, known
as the HPP-CFC, which possesses a high degree of prolifera-
tive and multilineage potential, may be detected in this
culture system. Formation of HPP-CFC colonies, character-
ized by size greater than 0.5mm and multilineage composi-
tion, requires the use of multiple cytokines in order to
proliferate.

The LTC-IC assay correlates more closely to HSCs. Here,
hematopoietic cells are plated on top of stromal cell lines or
irradiated primary bone marrow stroma. Primitive HSCs are
able to initiate growth and to generate progeny in vitro for
up to 12 weeks. Progenitor cells and mature myeloid cells
are removed weekly to prevent overgrowth. Ultimately,
HSCs, characterized by high proliferative and self-renewal
capabilities, are able to sustain long-term culture and may
be enumerated at the conclusion of the assay.

The CAFC assay represents a type of LTC-IC that similarly
measures the ability of cells to initiate growth and generate
progeny in vitro for up to 12 weeks. However, the readout is
slightly different. Hematopoietic cells are plated at limiting
dilution on top of a monolayer consisting of irradiated bone
marrow stroma or a stromal cell line. The growth of colonies
consisting of at least five small non-refractile cells reminis-
cent of cobblestones, found underneath the stromal layer,
are counted. Such cultures are maintained using weekly half-
media changes until up to 5 weeks after seeding. In this assay,
more primitive cells appear later, and day-35 CAFCs repre-
sent a close correlate of a cell with in vivo long-term multi-
lineage repopulating potential. LTC-ICs may be enumerated
after day 35 by completely removing the CAFC medium,
overlaying methylcellulose and counting the number of
colonies produced after 8-10 days.

In vivo assays The CFU-S assay, first developed by Till and
McCulloch in 1961, is described earlier in this chapter (see
section Hematopoietic stem cell concepts and their origin).
Bone marrow or spleen cells are transplanted to irradiated
recipients and animals are killed after 8 or 12 days for analy-
sis of spleen colonies, termed CFU-Sg and CFU-S,,, respec-
tively. Cells that give rise to CFU-Sg are predominantly
unipotential and produce erythroid colonies. CFU-S, colo-
nies consist of several types of myeloid cells, including
erythrocytes, megakaryocytes, macrophages and granulo-
cytes. Cells giving rise to CFU-S,, represent a more primitive
population of multipotent cells than those that result in
CFU-S;.

The long-term repopulation assay is a more accurate
measure of HSC activity. Whole collections of hematopoi-
etic cells or fractionated subpopulations are transplanted to
lethally irradiated syngeneic mice, typically by tail vein injec-
tion. Recipients are screened for ongoing hematopoiesis
8-10 weeks after transplantation. By this time, hematopoi-
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esis is firmly established and donor-derived blood is pro-
duced by transplanted HSCs. This assay requires that cells
fulfill the two central features of HSCs: multilineage recon-
stitution, consistent with multipotentiality, and indefinite
hematopoiesis, indicative of self-renewal.

Tracking of transplanted cells was originally conducted
using radiation-induced chromosomal abnormalities or by
retrovirally marking donor cells. However, a major advance
in the ability to track transplanted cells has been the develop-
ment of congenic mice with minor allelic differences in the
leukocyte common antigen Ly5, which is expressed on all
nucleated blood cells. The C57/BL6 (“black-6”) strain con-
tains the Ly5.2 antigen, while the BL6/SJL strain contains a
separate allele, Ly5.1. However, these syngeneic strains
may be transplanted interchangeably. Both antibodies are
available with distinct fluorescent labels. FACS analysis using
these antibodies permits measurement of donor-derived
reconstitution of the nucleated blood lineages. However,
erythrocytes and platelets do not express the Ly5 antigen and
cannot be tracked using this technique. Instead, investiga-
tors use congenic strains with allelic variants of hemoglobin
and glucose phosphate isomerase to track erythroid and
platelet engraftment, respectively.

A modification of this assay permits quantitation of HSCs
within the graft. Here, HSCs are quantified by transplanting
limiting-dilution numbers of bone marrow into lethally irra-
diated recipients. Each recipient also receives 1 x 10° cells of
the host’s marrow to ensure survival during the period of
pancytopenia immediately after irradiation. At 10—12 weeks,
host peripheral blood is assessed to determine whether
donor-derived reconstitution has occurred. Donor cells
must constitute at least 1% of the peripheral blood to
contend that at least one HSC was present in the donor
population. Also, both lymphoid and myeloid lineages must
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Fig. 3.5 Competitive repopulation
assay

demonstrate at least 1% donor derivations. The percentage
of reconstituted animals in each group may be plotted
against the number of input cells to determine a limiting-
dilution estimate of the frequency of HSCs within the donor
population. This assay is termed a competitive repopulation
assay, as transplanted HSCs compete with the host’s HSCs
that survive irradiation-induced death, in addition to host
cells transplanted with the graft. The HSCs detected are
termed competitive repopulation units. The competitive
repopulation assay using congenic mouse strains is depicted
in Figure 3.5.

Summary

Investigation of HSCs has been facilitated by the develop-
ment of in vitro and in vivo assays of hematopoietic cell
function followed by the identification of molecular cell
surface markers that permit the isolation of purified subsets
of cells with defined characteristics. Studies in this field have
contributed greatly to the understanding of both general
stem cell biology and hematopoiesis. Further investigation
of cell-intrinsic and cell-extrinsic regulators of hematopoi-
esis will enable rational manipulation of HSCs and thereby
extend the current uses of stem cells in clinical practice.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous disease
with respect to clinical features and acquired genetic aberra-
tions. AML patients are generally divided into three broad
risk groups based on cytogenetic abnormalities, favorable,
intermediate and adverse, with each having different cure
rates. After age, these abnormalities are the most important
predictors of outcome in AML. Unfortunately, even the
favorable risk group has a high risk of relapse after conven-
tional chemotherapy and the overall outcomes in AML are
poor, with most patients succumbing to their disease.
Outcomes are particularly poor for older adults (>60 years)
who form the majority of AML cases.

Since the publication of the World Health Organization
(WHO) classification of AML in 2001, significant progress
has been made through the discovery of recurrent genetic
aberrations that are not detectable by conventional cytoge-
netics. These “molecular markers” include mutations in
specific genes as well as altered gene expression and/or
methylation status of genes. Several of these new molecular
markers have prognostic implications and can aid in the
risk stratification of patients. The importance of these new
molecular markers is manifest in the 2008 update of the
WHO classification. In the 2001 classification, about 25% of
newly diagnosed patients would be classified in the category
of “AML with recurrent genetic abnormalities” while 70—
75% will now be included in the same category in the 2008
update, which encompasses the newly defined molecular
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aberrations. These recent insights have led to recommenda-
tions for complex risk-adapted strategies, aiming to improve
treatment outcomes and minimize toxicity. Although these
new insights are set to revolutionize treatment approaches
in AML, none has yet had an effect on the routine manage-
ment of AML as it stands today.

This chapter reviews the prognostically important recur-
rent genetic aberrations observed in AML. As most currently
available data on the impact of genetic abnormalities in AML
are derived from large trials enrolling younger patients (<60
years), the implications for older adults remain unclear.

AML with recurrent
cytogenetic abnormalities

Cytogenetic abnormalities in AML have long been known to
have prognostic relevance. Several recurrent translocations
are associated with a favorable prognosis when treated with
appropriate therapeutic agents, while particular numeric
chromosomal abnormalities, such as monosomies of chro-
mosomes 5 and/or 7, are associated with a poor prognosis.
Advances in molecular genetic research have enabled a better
understanding of the mechanisms by which these transloca-
tions cause leukemia. Importantly, these studies have dem-
onstrated that the pathogenesis of AML is one of a sequential
acquisition of genetic aberrations, with a single aberration
being insufficient alone to cause overt leukemia.

Core-binding factor leukemias

The core-binding factor (CBF) is a key regulator of hemat-
opoiesis and the most frequent target of chromosomal trans-
locations associated with leukemia. This transcription factor
is composed of two subunits, the o subunit encoded by

42



RUNXI1 (also called AMLI) and the B subunit encoded by
CBFB. Homozygous loss of function of either RUNXI or
CBFB in genetically engineered mice results in a complete
lack of definitive hematopoiesis, indicating that both com-
ponents of CBF are necessary for normal hematopoietic
development. CBF AML is a relatively frequent subtype of
adult AML, classified in the favorable risk category. Between
7 and 12% of de novo AML patients present with t(8;21) in
which the RUNXI gene is fused to RUNXITI (ETO), while
another 10-12% of patients present with inv(16)/t(16;16)
in which CBFB is fused to MYHI11. The CBF partner gene
in each case has constitutive activity leading to persistent
expression of the RUNXI-RUNXIT1 (AML-ETO) or
CBFB-MYHI11 fusion protein, causing recruitment of co-
repressor complex and underexpression of genes regulated
by the CBF complex.

Recent data from in vitro studies and transgenic animal
models suggest a dominant-negative role for these fusion
genes. RUNXI-RUNXIT1 acts as a dominant-negative
inhibitor of the wild-type CBF with the fusion transcript
retaining RUNX1’s DNA binding and heterodimerization
domains but lacking the C-terminal transcription activation
domain. The mechanism of dominant-negative activity is
less clear for CBFf—~MYH11 but both prevent transactiva-
tion of CBF targets. Despite this understanding, the precise
mechanism by which these fusion proteins exert their leuke-
mogenic effect remains to be elucidated. However, it is clear
that the translocations alone are not sufficient to result in
overt leukemia. For example, conditional alleles of RUNX1-
RUNXIT1 expressed in adult hematopoietic progenitors are
not sufficient to cause AML but result instead in a myelo-
proliferative phenotype. In these mouse models, it is neces-
sary to treat animals with chemical mutagens to induce overt
AML.

Acute promyelocytic leukemia

As with the CBF genes, there are also multiple chromosomal
translocations that involve the retinoic acid receptor RARx
locus on chromosome 17. The subgrouping of patients with
RARa translocations is particularly important because of the
distinctly better prognosis that these individuals exhibit
compared with other subtypes of AML. In t(15;17), the
RARo gene fuses with a nuclear regulatory factor called
the promyelocytic leukemia gene (PML), giving rise to the
PML-RARa gene fusion product. Several less-frequent
variant translocations with RARa also occur involving the
PLZF, NPM1, NuMA, STAT5B or PRKARIA genes. Each of
these is associated with an acute promyelocytic leukemia
(APL) characterized by a block in differentiation at the pro-
myelocyte stage of hematopoietic development. The t(15;17)
is the most frequent translocation causing APL and has been
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extensively studied. PML-RAR« expression is associated
with a block in differentiation due to aberrant recruitment
of the nuclear co-repressor complex, similar to observations
in the context of the RUNX1-RUNXI1T1 and CBF-MYHI11
fusions.

APL has a particular sensitivity to all-tfrans-retinoic acid
(ATRA), a ligand for RARa, which has proven to be very
effective therapy for this subtype of AML, when given in
combination with induction chemotherapy containing
anthracyclines with or without cytosine arabinoside. The
efficacy of ATRA in the treatment of APL is related to
the ability of ATRA to bind to the fusion protein, with result-
ant dissociation of the nuclear co-repressor complex.
Promyelocytes are then able to engage normal hematop-
oietic differentiation programs that ultimately result in
apoptotic cell death. However, many of the variant RARo
translocations are not sensitive to ATRA, suggesting
they have different functional effects to the PML-RARc
translocation.

Similar to the CBF leukemias, expression of PML-RARo
is not sufficient to induce AML. There are several lines of
evidence supporting this assertion, including transgenic
murine models of PML-RARa-induced AML. In this
model, although the fusion gene is present in the germline
and is expressed during embryonic and adult development,
the animals do not develop AML until 3—6 months after
birth, and even then with a modest penetrance of only 15—
30%, and often with acquisition of secondary cytogenetic
abnormalities.

Mixed lineage leukemia gene
rearrangements (11¢23)

Abnormalities of 11q23 (containing the mixed lineage leuke-
mia, MLL, gene) are found in 5-6% of AMLs. These abnor-
malities can occur at any age but are particularly common
in children and after treatment with DNA topoisomerase II
inhibitors. The MLL gene is the most promiscuous of genes
involved in translocations in AML and has been reported
fused with more than 30 partner genes. These translocations
lead to fusion genes containing the N-terminus of MLL
fused in-frame to the partner gene, most of which have
subsequently been noted to have roles in normal hematopoi-
esis. Molecular studies have also shown that MLL is fre-
quently rearranged by cryptic translocations that are not
detectable by conventional cytogenetics.

The MLL gene is a transcription factor important for
embryonic development and regulation of hematopoietic
differentiation. Similar to RUNXI and CBFB, homozygous
disruption of MLL in mice is lethal to the embryos because
of disordered hematopoiesis. MLL is thought to function
as both a transcriptional activator and a transcriptional
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repressor, using different domains within the protein.
Importantly, the repression domain is more N-terminal to
the activation domain such that oncogenic MLL fusion pro-
teins are thought to retain their repression, while losing their
transcriptional activation capability.

The prognostic impact of MLL translocations appears to
be variable and may be determined by the partner gene.
However, in general, 11q23 abnormalities confer an inter-
mediate to poor prognosis.

Numeric chromosomal abnormalities

In addition to translocations, numeric chromosomal abnor-
malities are noted on karyotyping of many AML cases. These
numeric aberrations are non-random, with particular chro-
mosomes being more likely to exhibit losses or gains.
Acquired trisomy of chromosome 8 or 21 is frequently seen
and is associated with an intermediate prognosis. More
importantly, partial or complete loss of chromosome 5 and/
or 7 confers a very poor prognosis. Abnormalities of chro-
mosome 7, usually in the form of monosomy or partial
deletion of the long arm, constitute the second most fre-
quent numeric chromosomal abnormality in de novo AML,
after trisomy 8.

Many investigators have attempted to narrow the region
of interest on chromosomes 5 and 7 in order to determine
the deleted genes that result in leukemia; however, no single
culprit gene has been conclusively identified. Two potential
gene targets, CTNNAI and EGRI, have been reported on
chromosome 5 but these require confirmation. However,
recent investigations in myelodysplastic syndromes (MDS)
involving deletion of the long arm of chromosome 5 (5q-)
were successful. A novel investigational technique using
RNA interference identified loss of the ribosomal subunit-

encoding gene RPSI4 as the causative gene defect in the
5@- syndrome. The region of loss on chromosome 5 in AML
is more centromeric to that in MDS with 5q—; however,
many patients lose both regions, suggesting that deletion of
RPS14 may be a necessary “second hit” in some cases of
AML.

Monosomy 7 is also interesting because it is the most
commonly acquired abnormality in children with syndromes
that predispose to AML, such as Fanconi anemia and other
bone marrow failure syndromes. This suggests that mono-
somy 7 is a secondary genetic aberration and likely requires
the presence of other mutations to cause AML.

Molecular genetic aberrations
not detectable by
conventional cytogenetics

New molecular tests have rapidly advanced the field of AML
genetics in the last several years and have revealed numerous
novel leukemogenic mutations that can act in concert to
cause AML. Analysis of the catalog of mutations that have
been cloned in human acute leukemias has suggested that
disease alleles can be broadly divided into two categories:
those that confer a proliferative and/or survival advantage
on hematopoietic progenitors and those that impair hemat-
opoietic differentiation. This forms the basis of the theory of
the multistep development of leukemia in which one muta-
tion alone is not sufficient to transform a normal cell into a
leukemic blast.

A summary of the recently discovered mutations in AML
is presented below, focusing on gene mutations associated
with a prognostic impact in patients with AML (Figures 4.1
and 4.2).

NPM1 45-55%

CEBPA 9-10%

RUNX1

MLL-PTD 7%
FLT3-ITD 30-33%

Fig. 4.1 Frequencies and distributions of NPM1, CEBPA, RUNX1, MLL-PTD and FLT3-ITD mutations in normal-karyotype AML
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gene mutations in the hematopoietic stem cell (HSC) or the committed progenitor cell leads to loss of normal differentiation, in
concert with mutations conferring a proliferative advantage to the undifferentiated myeloblasts

Mutations that confer a proliferative and/
or survival advantage

FLT3

FLT3 (FMS-like tyrosine kinase 3) encodes a membrane-
bound receptor tyrosine kinase with important roles in
hematopoietic stem/progenitor cell survival, differentiation
and proliferation. FLT3 is constitutively activated by acquired
mutation in approximately 30-35% of cases of AML. In
20-25% of cases, internal tandem duplications (ITDs) are
noted in the juxtamembrane domain, ranging in size from

3 to 400 nucleotides, with the resultant transcripts always
being in-frame and adding to the length of the protein. FLT3
is normally expressed in myeloid and lymphoid progenitor
cells and expression is lost as hematopoietic cells differenti-
ate. In comparison, ITDs of FLT3 result in constitutive
activation of the tyrosine kinase. This results in subsequent
activation of downstream signaling targets, including the
phosphatidylinositol 3-kinase (PI3K)/AKT, Ras/MAPK and
JAK2/STAT pathways. Mutations in FLT3 also occur in the
activation loop of the tyrosine kinase domain (TKD) in
about 5-10% of AML cases. These also result in constitutive
kinase activation but there is increasing evidence that the
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downstream signaling events are different in the setting of
TKD versus I'TD, such that their clinical implications are not
equivalent.

AML with FLT3-ITD constitutes an important subset of
AML cases that has a poor prognosis in most studies of
children and adults. The clinical implications of TKD muta-
tions remain controversial and larger studies are required to
define if these also confer a poor prognosis. The frequency
of FLT3 mutations varies considerably in different cytoge-
netic subgroups of AML, with a particularly high frequency
of 30-35% in normal-karyotype and t(15;17) AML cases.
The poor prognosis of FLT3-ITD in normal-karyotype AML
is conferred via increased relapse rates with subsequent
reduced event-free survival (EFS) and overall survival (OS).
The complete remission rate is not affected but several
studies have shown that the duration of complete remission
is significantly reduced in these patients. The significance of
FLT3-1TD in t(15;17) cases is unclear but it does not appear
to be an independent prognostic factor in APL patients.

The dosage of FLT3-ITD is another important complica-
tion. Most FLT3-ITDs are found in the heterozygous state
but some cases are noted to have homozygous FLT3-ITD
with complete loss of the wild-type allele. The homozygous
FLT3 mutation is thought to arise as a consequence of
mitotic recombination resulting in segmental uniparental
disomy. Prognosis appears to be worse for these patients and
for other patients with high expression ratios of the mutated
to wild-type FLT3. The presence of uniparental disomy in
AML has been linked to homozygous mutations in several
genes, which are known mutational targets in AML. This
suggests that the mutation (such as FLT3-ITD) precedes
mitotic recombination, which then acts as a “second hit”
responsible for removal of the remaining wild-type allele. A
similar mechanism was recently demonstrated for the JAK2
gene in myeloproliferative disorders. Finally, the size of the
duplicated segment may also affect EFS, with a suggestion
that longer ITDs result in worsened outcomes.

The relatively high frequency of FLT3-1TD initially stimu-
lated interest for its use as a marker of minimal residual
disease (MRD). However, studies have shown that the muta-
tional status of FLT3 may change between diagnosis and
relapse, with about 9% of patients losing their FLT3-ITD
status. The length of the FLT3-ITD has also been noted to
vary between diagnosis and relapse. This discordance
between diagnosis and relapse suggests that FLT3 mutations
are not sufficient for the development of overt AML but may
be secondary events in leukemogenesis. This is further dem-
onstrated by murine bone marrow transplantation and
“knock-in” models in which FLT3-ITD induces a myelopro-
liferative disease, but does not cause AML. The FLT3-ITD
phenotype is similar to that reported in the murine bone
marrow transplantation assay for other constitutively acti-

vated tyrosine kinases associated with myeloproliferative
phenotypes in humans, including BCR-ABL, TEL-PDGFpR,
TEL-ABL and TEL-JAK2. Taken together, these data indi-
cate that constitutive activation of tyrosine kinases is suffi-
cient to induce a myeloproliferative phenotype, but not
AML.

c-KIT

The ¢-KIT gene encodes c-KIT, a member of the type III
receptor tyrosine kinase family, the same family as FLT3.
¢-KIT’s ligand, stem cell factor (SCF), promotes c-KIT
dimerization and phosphorylation, activating downstream
signaling pathways important for proliferation, differentia-
tion and migration of hematopoietic stem cells. Gain-of-
function mutations in c-KIT occur at various sites within the
tyrosine kinase causing constitutive kinase activation. The
overall frequency of ¢-KIT mutations in AML is 5-10%.
However, a much higher frequency of 12-45% is observed
in the CBF leukemias. Interestingly, c-KIT mutations are
not seen in APL. Thus, a significant functional redundancy
is noted between c-KIT and FLT3 mutations, with c-KIT
mutations arising in CBF leukemias in which FLT3 aberra-
tions are absent and FLT3 mutations arising in APL in which
¢-KIT mutations are absent. Occurrence of c-KIT and FLT3
mutations within the same patient are also very rare. Like
FLT3-ITD in normal-karyotype AML, certain c-KIT muta-
tions confer a higher risk of relapse in CBF leukemias.
Conflicting evidence has been reported on the impact of
c-KIT mutations on survival in these cases, such that con-
firmatory studies are necessary to be confident of their
adverse impact on survival.

Mutations that affect
hematopoietic differentiation

NPM1

Nucleophosmin (NPM1I1) mutations were first reported in
2005 by Falini and colleagues as the most frequent genetic
alteration in patients with normal-karyotype AML. NPM1
is a nucleolar phosphoprotein that continuously shuttles
between the nucleus and the cytoplasm but with predomi-
nant nucleolar localization. NPM1 acts as a molecular chap-
erone in the nucleolus and is also involved in cell cycle
progression and regulation of the alternate reading frame
(ARF)/TP53 tumor-suppressor pathway. Mutations in
NPMI occur in exon 12, with more than 95% consisting of
a 4-bp insertion at position 960. This 4-bp insertion results
in a frameshift within the C-terminal region of the NPM1
protein, resulting in loss of nucleolar localization and gain
of a nuclear export signal. The mutant NPM1 protein (called



NPMIlc+) therefore acquires aberrant cytoplasmic localiza-
tion, which is readily detected by immunohistochemistry.
This cytoplasmic localization is thought to be necessary for
the leukemogenic activity of NPMIc+, although details of
the exact mechanism are not yet known.

NPMI mutations occur predominantly in the normal-
karyotype AML subgroup, with about 50% of this group
affected. Mutations are very rarely observed in the favorable
or adverse risk groups. These mutations are significantly
associated with aberrations in FLT3 (both ITD and TKD),
with 60% of patients with NPMI mutations also carrying a
FLT3-ITD. The prognostic relevance of NPMI1 mutations
has been clarified in several large studies, with clear evidence
that patients with NPMlc+/wild-type FLT3 have an
improved prognosis over other normal-karyotype AML
patients. These individuals have an EFS and OS with con-
ventional chemotherapy which is similar to those with CBF
leukemias. In most studies, the favorable outcome predicted
by NPMI1 mutations is restricted to patients who lack the
FLT3-ITD. Interestingly, initial studies suggest that NPM1I
mutations are very stable between diagnosis and relapse and
thus are likely to constitute a primary event in leukemogen-
esis. Subsequent acquisition of FLT3 or other secondary
mutations is thought to be necessary to trigger overt AML
development. The stability of NPM1 mutations and their
high frequency has stimulated interest in the use of this
molecular marker as a target for MRD monitoring, which
will hopefully be useful for the management of individual
patients in the coming years.

RUNX1

RUNXI1 is commonly dysregulated in AML, by transloca-
tions in t(8;21) CBF leukemia and by point mutations in
intermediate-risk patients. Although point mutations occur
in only 6-10% of de novo AMLs, they are much more fre-
quent in specific subgroups, arising in about 20% of FAB M0
(undifferentiated) AML and about 25% of AML associated
with myelodysplasia (MDS), including refractory anemia
with excess blasts, AML with multilineage dysplasia and
AML following MDS. These point mutations are yet more
frequent in therapy-related MDS/AML and in radiation-
associated MDS/AML (tested in survivors of the atomic
bomb in Hiroshima).

Further evidence of RUNX1’s involvement in the patho-
genesis of AML has come from the analysis of pedigrees with
an inherited predisposition to MDS/AML. Familial platelet
disorder with propensity to develop myeloid malignancy
(FPD/AML syndrome) is an autosomal dominant disorder
caused by germline mutations in the RUNXI gene.
Individuals with FPD/AML have a variable risk of develop-
ing overt MDS/AML (20-60% in different pedigrees) and a
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large range in age of presentation of MDS/AML (age 6-75
years). This latency suggests that secondary mutations are
necessary to trigger MDS/AML and that a heterozygous
RUNXI mutation is insufficient alone.

Secondary mutations are also required for overt leukemia
development in RUNX1-mutated de novo MDS/AML. AML
MO cases frequently demonstrate biallelic RUNXI mutations
and MDS cases demonstrate additional karyotypic abnor-
malities. RUNXI mutations are also frequently associated
with acquired trisomy 21 in non-M0 MDS/AML, with two
of the three RUNXI alleles carrying the mutation. Finally,
RUNX]I mutations are also strongly associated with trisomy
13. As FLT3 resides on chromosome 13, trisomy 13 leads to
increased expression of FLT3 acting as the necessary second-
ary mutation.

CEBPA

C/EBPais a transcription factor that regulates genes involved
in myeloid differentiation, particularly by inducing granulo-
cytic development of bipotential myeloid progenitors. The
protein consists of N-terminal transactivating domains,
a DNA-binding domain and a C-terminal leucine-zipper
region (bZIP), necessary for dimerization. The gene contains
two translational start sites, yielding a 42-kDa and a smaller
30-kDa isoform. Somatic CEBPA mutations are noted in
about 9% of AML cases and 70% of these mutations are
detected in patients with normal-karyotype AML. The mor-
phological features of the disease are distinctive, with a pre-
dominance of M1 and M2 subtypes. Mutations are usually
N-terminal and out-of-frame and abolish the production
of the full-length 42-kDa protein with upregulation of the
truncated 30-kDa isoform. The 30-kDa C/EBPa isoform
lacks the first transactivating domain but retains the bZIP
region required for dimerization and is thus able to dimerize
with the wild-type 42-kDa protein, and is thought to inhibit
its function in a dominant-negative manner. CEBPA muta-
tions in normal-karyotype AML patients are noted to confer
a favorable prognosis, similar to the outcomes for patients
with CBF leukemia, although most recent studies suggest
that such favorable outcomes are associated with biallelic
inactivation of the gene.

Similar to RUNX1, CEBPA mutations have been observed
in very rare pedigrees with familial AML. The reported pedi-
grees were all noted to exhibit germline mutations in the
N-terminal region of CEBPA. The nature and timing of
CEBPA mutations in familial AML provides further insight
into the sequence of molecular events in the development
of leukemia. This insight comes particularly from second
mutations targeting the remaining wild-type allele, which
are commonly observed in familial and sporadic CEBPA-
associated AML. Second mutations are usually C-terminal
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and are in-frame insertions or deletions, which result in
interference with dimerization and subsequent loss of C/
EBPo function. These appear necessary to cause overt leuke-
mia in familial CEBPA-associated AML. Interestingly, one
individual with a germline N-terminal CEBPA mutation was
noted to relapse several years after his original diagnosis, but
with a distinctive somatic C-terminal mutation different
from that observed in his original AML. This implies that,
rather than a true relapse, this individual developed two
discrete secondary events and two unrelated episodes of
AML. As with FPD/AML, the age of presentation of disease
is extremely variable in familial CEBPA-associated AML,
ranging from 4 to 39 years. However, the disease appears to
have near-complete penetrance, suggesting that CEBPA
mutations are primary leukemogenic events.

More recently, a series of patients with presumed sporadic
CEBPA-mutated AML were investigated and 10% had evi-
dence of a germline CEBPA mutation, suggesting that inher-
ited CEBPA mutations account for 1% of all AMLs, a much
higher frequency than previously appreciated.

wr1

Mutations in Wilms tumor 1 (WTI) gene are observed in
10% of normal-karyotype AMLs. The precise role of WT1 in
normal and malignant hematopoiesis remains controversial
but it has been implicated in the regulation of cell survival,
proliferation and differentiation. Mutation in WTI has
recently been observed to act as an independent negative
prognostic indicator in AML by reducing the likelihood of
achieving a complete remission and/or increasing relapse
rates. WT1 is also highly expressed in the majority of AMLs
such that it can be used as a marker for MRD monitoring.
Mutations are noted in heterozygous and homozygous states
and show some association with FLT3-ITD, though larger
studies are required to confirm this. Germline mutations in
WT1I are associated with the development of Wilms tumor
and other nephrologic syndromes but not with the develop-
ment of AML, again suggesting that isolated WT1 mutations
are insufficient to cause AML.

MLL

As with RUNX1, the MLL gene was first noted to be aber-
rantly regulated in AML through translocations.
Subsequently, MLL partial tandem duplications (PTDs)
were reported in about 8% of normal-karyotype AML
patients. These mutations are restricted to AML patients
with normal karyotype or with trisomy 11. MLL-PTD was
the first gene mutation shown to negatively affect prognosis
in normal-karyotype AML patients, with most large studies
confirming these initial findings. MLL-PTDs are interesting

because the presence of a heterozygous MLL-PTD has been
associated with silencing of the wild-type allele in AML
blasts. The mechanism for this silencing appears to involve
epigenetic modifications (DNA methylation and histone
modifications) rather than direct mutational effects. This
suggests that epigenetic events may be sufficient to serve as
secondary events in leukemogenesis. This mechanistic
understanding is also important in identifying a new avenue
for molecularly targeted therapy in AML through the use of
hypomethylating agents and histone deacetylase inhibitors.

Genes altered by overexpression

Several studies have suggested that overexpression of par-
ticular genes is also associated with poor outcomes in AML.
The first of these, BAALC (brain and acute leukemia, cyto-
plasmic gene), has been demonstrated to be an independent
adverse prognostic indicator in AML. High BAALC expres-
sion predicts worsened survival and resistance to induction
chemotherapy. The mechanism of action for BAALC over-
expression and its effects are not known. Similar results have
been suggested for overexpression of ERG (ETS-related
gene) and MNI (meningioma 1 gene), which have also been
reported as new molecular markers conferring poor progno-
sis. Further studies are necessary to confirm these findings.

AML therapies targeted by genetics

Traditional cytotoxic chemotherapy is effective in a minority
of patients with AML. The majority of younger patients
initially respond to treatment by achieving a complete remis-
sion, but most relapse and subsequently die of their disease.
Current advances in molecular technologies in AML have
provided numerous new targets for directed therapies in
AML. The best example of targeted therapy in AML is the
use of ATRA in APL in which ATRA overcomes the PML-
RARa-induced differentiation block, leading to maturation
of the malignant myeloblasts and promyelocytes.

Most recent work in targeted therapies for AML has been
directed toward exploiting aberrantly regulated signal trans-
duction pathways, including those constitutively activated
by FLT3, c-KIT and RAS mutations. This approach of target-
ing constitutively activated kinases with selective small-
molecule inhibitors has been validated by Druker and
colleagues by demonstration of the efficacy of the ABL kinase
inhibitor imatinib in BCR-ABL-positive chronic myeloge-
nous leukemia. While signal transduction inhibitors appear
promising in AML, no agent has yet demonstrated obvious
clinical benefit when used as monotherapy.

FLT3 mutations, being among the most common muta-
tions in AML, are an attractive target for therapeutic inter-



vention. Several FLT3-selective inhibitors are in use in
clinical trials in humans. These include lestaurtinib (CEP-
701), midostaurin (PKC412), tandutinib (MLN518),
sunitinib (SU11248, Sutent) and sorafenib (BAY 043-9006,
Nexavar). None of these agents are specific for FLT3 but all
have FLT3-inhibitory activity in vitro and some also show
activity against wild-type FLT3 AML samples, suggesting
that the drugs may also work in part by FLT3-independent
mechanisms. Many have cross-reactivity against other tyro-
sine kinases that are known to be dysregulated in AML. For
example, MLN518 is also a potent inhibitor of KIT and
platelet-derived growth factor receptor (PDGFR); CEP-701
also inhibits transforming tyrosine kinase protein (TRKA);
PKC412 inhibits KIT, PDGFR and protein kinase C; and
sunitinib also inhibits KIT and PDGFR.

Results of several phase I studies of FLT3 inhibitors have
demonstrated rapid clearance of peripheral blood blasts but
less substantial reductions in bone marrow blasts. Complete
remissions have only rarely been seen with any of these
agents as monotherapy. Clinical responses were noted to
be brief and usually measured in weeks. For this reason,
the test for FLT3 inhibitors will be with their efficacy
when combined with traditional chemotherapy or other
targeted agents. In vitro data have shown additive or
synergistic interactions between FLT3 inhibitors and chem-
otherapy and several trials are underway to see if this
approach may improve outcomes for AML patients. A few
small studies have been reported with some encouraging
results but larger ongoing trials are required to determine
whether FLT3 inhibitors will provide benefit to AML
patients.

Several other small-molecule inhibitors are also being
investigated in AML. The growth-stimulating ras/raf/ MAPK
pathway is frequently constitutively activated in AML by
RAS mutations or by other events. (Despite being frequent
in AML, RAS mutations have not been discussed in this
chapter because they have not demonstrated prognostic
impact in AML.) RAS activation is dependent on the post-
translational addition of a prenyl group by farnesyltrans-
ferase. Small molecules targeting RAS itself have proven
difficult to produce; thus current attempts have focused on
inhibition of RAS prenylation. Several small-molecule
inhibitors of farnesyltransferase have been developed includ-
ing two that have moved to human studies, tipifarnib
(R115777, Zarnestra) and lonafarnib (SCH66336, Sarasar).
Early tipifarnib studies were encouraging but, similar to
FLT3 inhibitors, the responses were brief. Early results from
a large Phase III trial of monotherapy with tipifarnib versus
best supportive care in elderly patients over age 70 years
suggest no benefit to the drug. Additionally, results from a
large Phase I/II trial of tipifarnib plus cytotoxic chemother-
apy in younger patients with AML and MDS are less encour-
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aging. Confirmation of these results and other trials are
awaited.

The newest line of investigation in signal transduction
inhibition is via the PI3K pathway and its downstream effec-
tors AKT and mTOR. Constitutive activation of this pathway
is also frequently noted in AML, prompting investigation of
several AKT and mTOR inhibitors. Most data are available
for mTOR inhibitors, including sirolimus (rapamycin,
Rapamune), temsirolimus (CCI-779, Torisel) and everolimus
(RAD-001, Certican). Sirolimus and temsirolimus are
already available as marketed agents for use as immunosup-
pressants. Several years of clinical experience with these
agents as immunosuppressants has provided safety data that
has enabled more rapid investigation in AML. Early in vitro
studies have again been encouraging and trials in humans
have begun and are eagerly awaited.

Summary

Recurrent cytogenetic abnormalities are frequent in AML
and many new molecular aberrations have also been discov-
ered that are undetectable by conventional karyotyping.
Studies suggest that at least two, and probably many more,
mutations are required for the development of AML.
Genotypic analysis of known leukemia oncogenes indicates
that there are at least two broad complementation groups of
mutations. One class of mutations, exemplified by FLT3-
ITD or ¢-KIT mutations, confers a proliferative and/or sur-
vival advantage on hematopoietic progenitors. The second
group of mutations, resulting in loss of function of hemat-
opoietic transcription factors, result in a block in differentia-
tion in hematopoietic development. It is thought that
coexpression of a mutation that confers a proliferative and/
or survival advantage and a mutation than impairs hemat-
opoietic differentiation results in AML.

Many of these newly discovered genetic aberrations have
prognostic implications and may be used to help risk-stratify
patients for therapy. Currently, AML patients who are at
high risk of relapse are recommended for allogeneic stem cell
transplantation, a treatment with a relatively high morbidity
and mortality. The decision of whether to proceed to trans-
plantation is a difficult one for both the patient and the
physician. As new molecular markers are detected which
help us better risk-stratify individual patients, these treat-
ment decisions will become clearer. New molecular discov-
eries are also helping to direct research toward novel targeted
therapies. In the future, it may be possible to use combina-
tions of molecularly targeted therapies, in selected clinical
contexts, to improve outcomes and/or to reduce toxicity.

The future of molecular genetics in AML appears bright,
with the rapid development of sensitive high-throughput
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investigational techniques leading to further discoveries of
novel gene mutations such as the recent detection of muta-
tions in the TET2 (ten eleven translocation 2) and ASXLI
(additional sex comb like 1) genes. Studies of aberrant gene
expression and altered methylation may also provide new
avenues for targeted therapies. Given the dismal prognosis
for most patients with AML, these recent discoveries have
brought new excitement to the field of leukemia research
and have identified new avenues for the treatment of patients.
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Introduction

A major complication of chemotherapy and radiotherapy
for the treatment of cancer is the subsequent development
of therapy-related myelodysplastic syndromes and second-
ary acute myelogenous leukemia (t-MDS/AML). Although
devastating in their impact, t-MDS/AML allow the opportu-
nity to study the development of malignancy since many
such patients have serial blood and bone marrow samples
available from the time of initial therapy to their subsequent
diagnosis with leukemia. There is abundant evidence that
t-MDS/AML are clonal disorders that are the consequence
of acquired somatic mutations and confer a proliferative
and/or survival advantage on hematopoietic progenitors. No
single mutation or gene rearrangement appears to be suffi-
cient for the development of tMDS/AML. Indeed, the iden-
tification of a single gene rearrangement or point mutation
may not necessarily be predictive of its subsequent develop-
ment. Methods for assessing risk are based on the presence
of clonal abnormalities in hematopoietic cells, including
standard cytogenetics, interphase fluorescence in situ
hybridization (FISH), analysis for loss of heterozygosity
(LOH), polymerase chain reaction (PCR) for point muta-
tions, and X-inactivation-based clonality assays. Each of
these approaches has strengths and weaknesses, and they are
discussed in more detail below.

The actuarial risk of developing therapy-related leukemia
(t-MDS/AML) varies with the therapy used to treat the
cancer. Although some agents are associated with particu-
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larly increased risk, in general the more intensive the therapy,
the higher the risk. The risk of the development of t-MDS/
AML after high-dose chemoradiotherapy and autologous
stem cell transplantation (ASCT) for lymphoma is substan-
tial, ranging from 3% to as many as 24% of patients. In our
own series of patients with non-Hodgkin lymphoma who
have undergone high-dose therapy and ASCT at the Dana-
Farber Cancer Institute, development of t-MDS/AML has
emerged as the second most common cause of death, after
relapse of disease, in these patients. On review of these cases,
it became clear that strict criteria were required to make the
diagnosis of secondary MDS. A number of patients have
relative pancytopenia after ASCT and many patients have
dysplastic features and cytogenetic abnormalities, but only
30% of these patients develop secondary MDS. The criteria
that we use to define t-MDS are shown in Table 5.1. On the
basis of these criteria, some patients initially reported to have
developed t-MDS in the original report from this center have
now been excluded, and it is of note that none of these
patients has progressed to t-MDS or AML. The median time
from high-dose therapy to the development of t-MDS was
47 months, with a range of 12-129 months after ASCT. The
actuarial risk of development of t-MDS in these patients is
shown in Figure 5.1. The prognosis of these patients remains
dismal and they have a median survival after diagnosis of less
than 1 year.

Risk factors for t-MDS/AML after
autologous stem cell transplantation

Because t-MDS/AML is frequently a fatal complication,
there is a need to better understand the risk factors and to
identify individuals at risk prior to ASCT. There are three
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Table 5.1 Criteria used to define t-MDS after ASCT at Dana-Farber
Cancer Institute.

e Significant marrow dysplasia in at least two cell lineages
¢ Peripheral cytopenia without alternative explanation
e Blast counts in marrow defined by FAB classification
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Fig. 5.1 Actuarial probability of development of t-MDS/AML
after ASCT

contributors to the risk of t-MDS/AML in this context that
have been identified: pretransplant therapy, the method of
stem cell mobilization, and the transplant conditioning
regimens.

The data implicating pretransplant therapy as a risk factor
include the demonstration that patients who do not undergo
ASCT have a risk of developing t-MDS/AML, although there
is a relatively longer latency of development of t-MDS/AML
in patients who have undergone ASCT. In patients who have
undergone ASCT, there is increased risk with increased
cumulative exposure to alkylating agents and with prior
external beam irradiation. Specific cytogenetic abnormalities
and clonal hematopoiesis have been identified at the time of
stem cell harvest in patients who subsequently develop
t-MDS/AML.

The method of stem cell collection may influence the risk
of developing t-MDS/AML. For example, patients undergo-
ing ASCT using peripheral blood stem cells (PBSC) have a
higher risk of developing t-MDS/AML than those receiving
bone marrow stem cells. There may be several explanations
for this observation, including the possibility that previously
only those patients who had inadequate marrow harvests
had PBSC collected. It has also been reported that patients
primed by receiving etoposide as part of their mobilization
regimen had a higher risk of developing t-MDS/AML; this

included patients with 1123 and 21q22 chromosomal
abnormalities.

The use of total body irradiation (TBI) in the conditioning
regimen is associated with an increased risk of t-MDS/AML
after ASCT, although a randomized trial to determine the
contribution of TBI to the risk of t-MDS/AML has not been
done. Only one study has compared patients who did and
did not receive TBI at a single institution, and this did not
demonstrate increased incidence in patients who received a
TBI-containing regimen.

Therapy-related AML is a clonal
disorder

There is abundant evidence that t-MDS and AML are clonal
disorders. Multiple cytogenetic abnormalities, including
deletions (5q, 7q, 20q), numerical abnormalities (trisomy 8,
deletion 7), translocations [11q23, t(3;21), t(15;17)] and
clonal point mutations of RAS, FLT3 and AMLI, have been
identified in t-MDS/AML. Population-based analysis of
clonality using X-inactivation assays in females has convinc-
ingly demonstrated that t-MDS/AML is a clonal disease.
Thus, t-MDS/AML is a clonal disease that is the consequence
of an acquired somatic mutation that confers a proliferative
and/or survival advantage on hematopoietic progenitors.

More than one mutation is necessary
to cause AML

It is plausible to determine risk through the analysis of
molecular markers of disease. However, no single mutation
or gene rearrangement appears to be sufficient for the devel-
opment of therapy-related AML.

Several lines of evidence support the requirement for
second mutations in leukemias associated with mutations of
core-binding factor (CBF), including analysis of the herita-
ble FPD/AML syndrome (familial platelet disorder with
propensity to develop AML), the TEL/AMLI leukemias in
syngeneic twins, and murine models of AMLI/ETO and
CBFfB/MYHI1 leukemias. In addition, point mutations that
cause loss of function of AMLI1 have been identified in both
inherited and sporadic leukemias. CBF is a heterodimeric
transcription factor comprising AMLI (also known as
RUNX1) and CBFf subunits. It is a common target of gene
rearrangements as a consequence of chromosomal translo-
cations, giving rise to the AMLI/ETO, CBF/MYHII and
TEL/AMLI fusions. FPD/AML syndrome is an autosomal
dominant trait characterized by a qualitative and quantita-
tive platelet defect, progressive pancytopenia and dysplasia
with age, and progression to AML associated with acquisi-
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tion of secondary mutations. FPD/AML is caused by loss-of-
function mutations in the AMLI gene, demonstrating that
mutations in the AML1 component of CBF are not sufficient
to cause leukemia, but require second mutations during the
lifetime of affected individuals to cause leukemia. TEL/
AMLI leukemias have been studied in syngeneic twins, each
of whom harbored the same clone of cells containing the
TEL/AMLI1 gene rearrangement at the time of birth, pre-
sumably as a result of intrauterine transmission of a TEL/
AMLI-positive clone. However, despite the syngeneic host
background and the carriage of an identical TEL/AMLI
clone, the twins developed leukemia at widely different ages,
indicating the need for additional mutations to cause
leukemia.

Murine models of leukemia also provide convincing evi-
dence for “multiple-hit” pathogenesis of disease. Expression
of either AML1/ETO or CBF}/MYHI11 fusion proteins alone
in hematopoietic cells is not sufficient to cause leukemia,
and chemical-induced mutagenesis must be added to gener-
ate a leukemia phenotype. Similar data emerge for PML/
RARo-mediated leukemias in transgenic murine models.
PML/RARois expressed in promyelocytes in the germline of
transgenic animals under the control of the cathepsin G
promoter. However, despite germline expression, animals
require 4-6 months to develop leukemia and have karyo-
typically evident second mutations. Similarly, in MLL/AF9
“knock-in” mice there is a long latency required for the
development of leukemia, and MLL/CBP leukemias in a
murine bone marrow transplant model require long laten-
cies, indicative of the need for second mutations.

Furthermore, leukemogenic fusions have been detected
using sensitive PCR-based assays in normal individuals.
Examples include IgH/BCL2, BCR/ABL, MLL tandem dupli-
cation and the TEL/AMLI fusion. The frequency of these
rearrangements is much higher in the general population
than the risk of developing the respective leukemias. These
data indicate that carriage of even a known leukemogenic
fusion gene does not provide useful information about the
likelihood of progression to leukemia. Indeed, there are cur-
rently no data demonstrating that PCR-detectable fusions
are a risk factor for the eventual development of leukemia.
Collectively, these data indicate that the identification of a
single gene rearrangement or point mutation may not neces-
sarily be predictive of the development of therapy-related
AML in the post-ASCT setting.

Methods for assessing the risk of
therapy-related leukemia

Methods for assessing risk are based on the presence of
clonal abnormalities in hematopoietic cells. These methods

Table 5.2 Methods for assessing the risk of t-MDS/AML before
and after ASCT.

e Standard cytogenetics

e Interphase FISH

e Loss of heterozygosity

e PCR for point mutations

e X-inactivation-based clonality

are shown in Table 5.2 and include standard cytogenetics,
interphase FISH, analysis for LOH, PCR for point muta-
tions, and X-inactivation-based clonality assays. Each of
these approaches has strengths and weaknesses in this
context.

Standard cytogenetics analyzes a limited number of cells
that must be capable of mitosis and therefore lacks sensitiv-
ity and specificity. Most patients who develop t-MDS/AML
after ASCT may have normal cytogenetics at the time of stem
cell harvest, whereas some patients who have characteristic
cytogenetic abnormalities will not develop t-MDS/AML.

Interphase FISH (Figure 5.2) circumvents some of the
frailties of conventional cytogenetics. For example, abnor-
mal clones (5q—, —7, +8, —11) were detectable in pre-ASCT
specimens from 9 of 12 patients who developed t-MDS/
AML. An advantage of interphase FISH is that hundreds of
non-mitotic cells can be analyzed. However, the technique
is locus-specific and requires prior selection of markers for
analysis, such as 5q—, 7q— and +8. In addition, interphase
FISH is not sensitive below the level of approximately 5-10%
of cells. However, the identification of clonal abnormalities
in a high percentage of cells may indicate a proliferative
advantage for these cells, and may be more predictive of the
development of t-MDS/AML. The specificity of interphase
FISH is also unknown, since we do not know how many
patients who do not develop t-MDS/AML have interphase
FISH abnormalities at the time of stem cell harvest. The test
has been validated only in retrospective studies, and it is
time- and labor-intensive as a screening test.

LOH analysis is based on the loss of one allele at a particu-
lar locus, usually by PCR analysis. This strategy can be used
to identify LOH and to define the excursion of large dele-
tions (Figures 5.3 and 5.4). It is a population-based assay and
requires prior selection of loci to be analyzed. It lacks sensi-
tivity and is probably unable to detect fewer than 20% of
cells with LOH at a given locus. However, it is more likely
to be specific, in that a positive test indicates clonal expan-
sion of cells with LOH. It is amenable to high-throughput
strategies, but has not yet been validated as a predictor of
post-ASCT t-MDS/AML in prospective studies, although
such studies are underway.
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PCR for point mutations or chromosomal translocations is
emerging as a potentially useful predictor of t-MDS/AML as
we learn more about the molecular genetics of the disease.
Markers that may be useful include mutations in RAS, FLT3,
AMLI and MLL. In addition, PCR can be used to identify
fusion transcripts, including AMLI1/EVI1, PML/RARa and
11923 gene rearrangements. The PCR approach is also by
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Fig. 5.3 Schematic representation of the use
of LOH in MDS

In the presence of two alleles, two bands will be
apparent after PCR amplification, whereas a
single band will be seen if there is allelic deletion.

definition locus-specific, and there are relatively few markers
known to date. It is highly sensitive and capable of detecting
only a few cells. However, as noted above, since some normal
individuals harbor PCR-detectable rearrangements, the spe-
cificity of the assay remains to be determined in this context.
The test is probably most informative when performed using
quantitative techniques, such as the TagMan PCR, and is
amenable to high-throughput analysis, but has not yet been
validated as a predictor of t-MDS/AML.
X-inactivation-based clonality assays require no locus-
specific information, or indeed any information about the
nature of the mutation that causes t-MDS/AML (Figure 5.5).
It detects only clonal populations of cells that have a prolif-
erative advantage over normal polyclonal cells. It uses DNA,
is PCR-based and is readily amenable to high-throughput
analysis, but is only applicable to female patients. There are
several potential pitfalls of this test, including false-positive
results due to germline or acquired skewing of the pattern
of X-inactivation. This problem can be overcome in part by
the appropriate use of related tissue controls. However, the



Fig. 5.5 Human androgen receptor assay
(HUMARA)

(@) Schema of the assay, which uses the
variable-length CAG repeat pattern to
distinguish the maternal and paternal X
chromosomes. (b) Two bands will be seen
after PCR amplification in polyclonal cells
where there is random inactivation. (c) A
single band will be seen in a clonal
population. (d) Results from patients studied,
showing polyclonal, oligoclonal and clonal
populations.

Secondary myelodysplasia/acute myelogenous leukemia: assessment of risk 55

Hpa ll

a%

(CAG)n

e Variable length CAG expansion repeat
distinguishes the maternal from
paternal X in >90% of females

e Variably methylated Hpa Il sites
distinguish active from inactive X
chromosomes

(a)

Polyclonal cells

[
DNA E— Hpa Il PCR
extraction digestion 0 and gel —_—
B —— _— _—
[
| — Cleaves Two bands
active
|| alleles
(b) O Active D Inactive
Clonal cells
[
DNA E— Hpa Il PCR
extraction digestion 1 and gel —_—
B —— _— _—
[
[ Cleaves One band
active
|| alleles

0 C D Active (D Inactive

Results pattern

—~

Clonal

Polyclonal

Oligoclonal




56 Molecular Hematology

test may be difficult to interpret in cases with severe skewing
of the X-inactivation pattern. This technique has been vali-
dated in retrospective studies and prospective studies are
ongoing.

Approaches for minimizing the risk
of t-MDS/AML

It may be appropriate to minimize, where possible, agents
that are particularly associated with the greatest risk, includ-
ing alkylating agents, external beam irradiation and topoi-
somerase inhibitors. This can be accomplished in part by the
identification of high-risk individuals who are likely to
require ASCT as part of their therapy. Recent innovations in
the application both of standard prognostic indicators and
of global expression arrays may help in the identification of
such patients, and efforts to assess risk using molecular
markers should be further explored and validated. It seems
advisable to avoid TBI as part of the conditioning regimen,
although it may be best to directly determine the risk—benefit
ratio of using TBI in a randomized trial. If standard cytoge-
netics are abnormal, allogeneic rather than autologous stem
cell transplantation may be indicated. Selected FISH loci,
such as 5q, 7q, +8, 20q and —11, should be explored pro-
spectively as predictors of outcome, as should X-inactivation-
based clonality assays. Effort should be devoted to pilot
retrospective studies to evaluate the role and validity of
genome-wide LOH screens, quantitative PCR for specific

mutations and gene rearrangements, and the assessment of
global expression patterns to identify signatures predictive
of t-MDS/AML.
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Introduction

Despite advances in the treatment of human hematological
malignancies, a significant proportion of patients relapse,
usually with the same malignant clone found at diagnosis.
Detection of residual leukemia or lymphoma cells in marrow,
blood or lymph nodes has relied on light microscopy and
immunophenotyping. However, these techniques are not
sensitive for the detection of small numbers of malignant
cells. Other, more sensitive, methods are now available to
assess whether early detection of residual tumor might allow
intervention and prevent relapse of disease. Multiparameter
flow cytometric analysis and molecular techniques, using
polymerase chain reaction (PCR), offer highly sensitive
detection of residual disease, and these techniques have been
applied to a wide variety of diseases.

Many studies have now been carried out in a variety of
disorders, and whilst it is true for many hematological
cancers that persistence of residual detectable disease pre-
dicts which patients will do less well, this does not hold true
for all diseases studied. It appears that patients with some
malignancies may harbor residual tumor cells for many
years without ever showing any evidence of clinical relapse.
This is discussed in detail later in this chapter.

This chapter outlines the methods available, with particu-
lar emphasis on PCR amplification, and their clinical appli-
cation to a variety of hematological malignancies, including
lymphomas and leukemias. The molecular basis of leukemia
and lymphoma is discussed in detail in Chapters 4 and 10.

Molecular Hematology, 3rd edition. Edited by Drew Provan and John Gribben.
© 2010 Blackwell Publishing.

What is minimal residual disease?

Minimal residual disease (MRD) describes the lowest level of
disease detectable using available methods. Previously, light
microscopy, cytogenetic analysis and flow cytometry were
standard techniques used for the detection of residual malig-
nant cells in the blood and marrow of patients after treat-
ment. However, the sensitivities of these methods do not
allow identification of low levels of disease, nor do they allow
accurate quantitation of malignant cell numbers. Since these
residual malignant cells may be the source of ultimate
relapse, there has been great interest in developing molecular
techniques for the detection of residual tumor. For many
years Southern blot hybridization was the gold standard for
the detection of DNA sequence alterations at specific genetic
loci, but it has now been superseded by PCR amplification
of DNA sequences. Because of the power of PCR technology,
we are now able to detect one residual malignant cell in a
background of up to 1 million normal cells. Molecular
targets for PCR-based approaches include chromosomal
translocations and antigen receptor (immunoglobulin and
T-cell receptor) gene rearrangements.

Methods available for the detection of
residual disease

Several methods have been used to determine the presence
of residual neoplastic cells in blood, bone marrow or other
tissue following therapy (Figure 6.1). The ideal assay system
for the detection of small numbers of malignant cells in a
marrow or blood sample should fulfill the following criteria:
be applicable in most cases of the disease under investiga-
tion; be specific for the neoplastic cell type; be sensitive; and

57
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be quantitative for prognostic purposes. Such methods
include:

+ morphology;

+ cell culture assays;

+ karyotypic analysis;

+ fluorescence in situ hybridization (FISH) techniques;

+ flow cytometry and immunophenotypic analyses;

+ molecular analyses, including Southern blotting and PCR.

Morphology

In acute leukemia, remission is the term used to describe a
bone marrow containing fewer than 5% blast (i.e., leukemic)
cells using conventional light microscopy, but this may still
represent a considerable tumor burden since, at diagnosis,
the leukemic cell number may be 10'? and, following therapy,
the neoplastic cell number may drop only by 2 logs to 10"
even in the presence of fewer than 5% marrow blasts.
Standard morphology alone is not a sensitive method for
determining low levels of disease and is a poor indicator to
attempt to predict impending relapse (Table 6.1).

Cell culture assays

These involve growing T-cell-depleted marrow in culture
after the patient has undergone treatment, followed by sub-
sequent morphological, immunophenotypic and karyotypic
analyses on the colonies produced. Due to the variability of
culture techniques between and within laboratories, this
method has proved unreliable and insensitive for detecting
persisting blasts. In addition, culture techniques do not
provide any estimate of cell number and hence provide little
information about tumor cell burden.

Karyotypic analysis

Detection of non-random chromosomal translocations is of
great value in the diagnosis of leukemias and lymphomas.
Chromosomal abnormalities are present in at least 70% of

Table 6.1 Sensitivity of methods for MRD detection.
Standard morphology 1-5%
Cytogenetics 5%
Fluorescence in situ hybridization 0.3-5%
Immunophenotyping 10
Translocations

PCR 107
Gene rearrangements

Southern blotting 1-5%

PCR 10*to 10°°
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patients with acute lymphoblastic leukemia (ALL) and 50%
of patients with chronic lymphocytic leukemia (CLL).
However, karyotypic analysis is of limited value following
therapy, with a sensitivity of around 5%, making it little
better than standard morphological analysis. In addition,
cytogenetics relies on obtaining adequate numbers of suit-
able metaphases for analysis, which is difficult in some
malignancies.

Fluorescence in situ hybridization

FISH can detect smaller chromosomal abnormalities than
standard karyotyping and allows analysis of interphase
nuclei (cf. metaphase preparations in standard karyotyping).
The method involves the binding of a nucleic acid probe to
a specific chromosomal region. Preparations are counter-
stained with fluorescent dye, allowing the chromosomal
region of interest to be detected. The technique is useful in
the diagnosis of trisomies and monosomies and has been
particularly useful in identifying deletions that have prog-
nostic significance in CLL. The sensitivity of the technique
is around 1%, making it considerably more useful than
standard karyotyping for follow-up marrows in patients
with leukemias or lymphomas, but is still of limited value
for MRD detection.

Flow cytometry and immunophenotyping

Immunophenotypic analysis using single monoclonal anti-
bodies to cell membrane or cytoplasmic proteins lacks abso-
lute specificity for leukemia or lymphoma cells and is
therefore of limited value. Combining monoclonal antibod-
ies allows the more specific detection of residual disease and
quantitation is possible, although the tumor cell burden may
be underestimated. The technique is further hampered by
the lack of true “specific—specific” surface determinants and
tumor-associated antigens are normal differentiation anti-
gens present on developing hematopoietic progenitor cells.
Using combinations of monoclonal antibodies and multi-
color flow cytometric analysis, the sensitivity of this tech-
nique can be greatly enhanced. Except in the most expert
hands, this technique is generally limited to a sensitivity of
around 107 (i.e., 1 malignant cell in 10000 normal cells).

Molecular techniques: Southern blot hybridization

Initially described by its inventor, Professor Ed Southern, in
the 1970s, Southern blotting involves the digestion of chro-
mosomal DNA using bacterial restriction enzymes, with size
separation of the DNA fragments using electric current and
gel electrophoresis before transferring these to a nylon
support membrane. A labeled probe for the gene of interest
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Southern blotting is useful for the initial diagnosis of
leukemia and lymphoma using probes specific for transloca-
tions or gene rearrangements. With Southern blotting, a
non-germline or rearranged gene pattern may be seen in
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Fig. 6.2 Principle of Southern blotting
Genomic DNA is digested using a restriction
enzyme, after which the fragments are
separated on the basis of size using agarose
gel electrophoresis, and are finally transferred
to a nylon membrane. Radiolabeled probe for
the gene of interest is hybridized to the DNA
on the membrane and, after removal of the
non-specifically hybridized probe, the location
and size of the fragment are determined using
autoradiography.

gene exceed 1 in 100 normal cells. The disadvantage of
Southern blotting is that the technique is not sufficiently
sensitive for the detection of small numbers of malignant
cells persisting after therapy and giving rise to disease relapse.
For this reason, Southern blotting has been replaced by PCR
for the detection of MRD.

PCR amplification of DNA

As described above, Southern blotting is a useful technique
for assessing whether there is a clone of abnormal cells in



blood, marrow or other tissue but is not useful if these cells
are present in only very small amounts. In this case, tech-
niques that involve amplification of specific DNA sequences
are required. PCR has filled the void in this respect and has
found a place in diagnostic laboratories investigating onco-
genes, hematological malignancies, single-gene disorders
and infectious diseases. Part of the attraction of a PCR-based
approach is its extreme simplicity and the speed with which
results are obtained.

What is PCR amplification?

In the PCR reaction, two short oligonucleotide DNA primers
are synthesized that are complementary to the DNA sequence
on either side of the translocation or gene of interest. The
region between the primers is filled in using a heat-stable
bacterial DNA polymerase (Taq) from the hot-spring bacte-
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rium Thermus aquaticus. After a single round of amplifica-
tion has been performed, the whole process is repeated
(Figure 6.3). This takes place 30 times (i.e., through 30 cycles
of amplification) and leads to a million-fold increase in the
amount of specific sequence. When the 30 cycles are com-
plete, a sample of the PCR is electrophoresed on agarose or
polyacrylamide gel. Information about the presence or
absence of the region or mutation of interest is obtained by
assessing the sizes and numbers of different PCR products
obtained after 30 cycles of amplification.

The specificity of PCR can be further increased by the use
of nested PCR, which involves reamplification of a small
amount of the amplified product (obtained using outside,
external, primers) using internal oligonucleotide primers.

PCR has the advantage that very little tissue sample is
required for analysis and the technique can be applied to a
variety of different sample types, for example fresh, unfixed,
cryopreserved and formalin-fixed paraffin-embedded tissue
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as well as hematoxylin and eosin-stained and formalin-fixed
tissue.

PCR may be used to detect the presence of chromosomal
translocations. The most commonly investigated rearrange-
ments include the t(9;22) translocation in chronic myeloid
leukemia (CML), t(15;17) in acute promyelocytic leukemia
(APL), t(1;19) in a subset of pre-B-cell ALL, t(14;18) found
in 85% of follicular and 15% of diffuse large cell lymphomas,
and several others. Alternatively, in the lymphoid malignan-
cies, if the tumor being investigated does not carry a trans-
location marker, PCR may be used to amplify rearranged
antigen receptor [immunoglobulin or T-cell receptor (TCR)]
genes.

Molecular targets

Chromosomal translocations

Translocations, which involve the transfer of DNA between
chromosomes, are found in many of the hematological
malignancies. Other chromosomal abnormalities include
chromosomal deletions and inversions. Table 6.2 shows
some of the translocations described in myeloid and lym-
phoid malignancies. As a result of chromosomal transloca-
tion, a gene from one chromosome ends up adjacent to a
gene on the chromosome to which the DNA has been
translocated, and this may have important consequences
for the cell (and the patient). If a potentially cancerous
gene (proto-oncogene), which is generally not transcription-
ally active, abuts onto a gene that is being actively tran-
scribed, this may result in upregulation of expression of
that proto-oncogene. This is exactly the situation in many
translocations described to date. In some cases, such as the
translocation between chromosomes 14 and 18 found in
many cases of follicular lymphoma, the BCL-2 gene is moved
to chromosome 14 and comes under the transcriptional
control of the immunoglobulin heavy chain (IgH) gene,
which is transcribed actively. The increase in BCL-2 protein
prevents apoptosis (programmed cell death) and this
may explain, in part, the underlying pathogenesis of some
lymphomas.

The first non-random chromosome translocation
described was the Philadelphia chromosome, in which recip-
rocal translocation of DNA between chromosomes 9 and 22
takes place. In t(9;22), the distal ends of chromosomes 9 and
22 are exchanged in a so-called reciprocal translocation; that
is, there is no overall net loss or gain of genetic material. The
C-ABL proto-oncogene from chromosome 9 becomes joined
to BCR (breakpoint cluster region) on chromosome 22,
resulting in a chimeric fusion protein that has tyrosine

Table 6.2 PCR-amplifiable chromosomal translocations and gene
rearrangements in human hematological disorders.

Disease Translocation Genes involved

Acute myeloid leukemia

M2 1(8;21) ETO/AMLT
M2 or M4 1(6;9) DEK/CAN
M3 1(15;17) PML/RARo;
M4 inv(16) CBFBIMYH11
Acute lymphoblastic leukemia
B-lineage 1(9;22) BCR/ABL
t(1;19) E2A/PBX1
1(17;19) HLF/E2A
1(12;21) TELIAMLT
1(4;11) AF4/MLL
1(8;14) MYC/IgH
T-lineage TAL interstitial ~ TAL
deletion
t(1;14) TALT/TCRS
1(10;14) HOXT11/TCReo:
t(11;14) 11p13/TCRS
Lymphomas
Follicular and diffuse NHL t(14;18) BCL-2/IgH
Mantle cell lymphoma 1(11;14) BCL-1/IgH
Burkitt lymphoma 1(8;14) MYCligH
Anaplastic lymphoma 1(2;5) ALK/NPM

Gene rearrangements
Immunoglobulin heavy chain
T-cell receptors

B-cell lymphoma/leukemia
T-cell lymphoma/leukemia

NHL, non-Hodgkin lymphoma.

kinase properties, and through some unknown mechanism
leads to the typical CML phenotype (discussed in detail in
Chapter 7).

Detecting the presence of translocations
(Table 6.3)

Some translocations are disease-specific

Follicular lymphoma is characterized by t(14;18), which is
found in almost 90% of cases. However, this translocation
is found in other types of non-Hodgkin lymphoma (NHL),
so that t(14;18) is not, in itself, diagnostic of one particular
malignancy. APL is characterized by a reciprocal transloca-
tion between chromosomes 15 and 17. This is found in the



Table 6.3 Detecting the presence of translocations.

Standard cytogenetics
If the translocation alters the appearance of banded
chromosomes using standard cytogenetic analysis

Fluorescence in situ hybridization
Using metaphase or interphase techniques

Polymerase chain reaction
Requires the DNA on either side of the breakpoint to be
sequenced to allow oligonucleotide primers to be constructed

majority of cases but, unlike t(14;18), t(15;17) is not found
in any other neoplasm or in health and so serves as a diag-
nostic marker for this disease (although its absence does not
exclude the diagnosis). Although t(9;22) is characteristic of
CML, it is important to detect this in cases in which blastic
transformation has occurred. In addition, t(9;22) occurs in
a subset of patients with ALL and in these cases is associated
with a particularly poor prognosis. It is therefore important
to identify these patients at diagnosis since their prognosis
and treatment differ from those for other cases of ALL.

More recently a number of chromosomal translocations
that were thought to be leukemia- or lymphoma-specific
have been found in the blood of normal individuals when
assessed by PCR amplification, including t(14;18), t(8;14),
t(2;5), t(9;22), t(4;11), t(15;17) and t(12;21). The implica-
tion of this finding is that these rearrangements are not
themselves sufficient for malignant transformation of cells,
in keeping with the “multiple-hit” hypothesis for tumor
development.

Translocations may be used for detecting residual disease

Translocations serve as useful diagnostic disease markers at
presentation for a variety of leukemias and lymphomas. For
the detection of MRD, standard cytogenetic analysis for the
detection of translocations is not sufficiently sensitive for
follow-up but other techniques can be applied, including
FISH and PCR. FISH techniques are constantly being
improved (see Chapter 2) and may be of value for MRD
detection. However, more sensitive MRD detection is pos-
sible using PCR in cases where the translocations are well
characterized and DNA on either side of the breakpoints has
been sequenced. MRD using the chromosomal transloca-
tions t(14;18) and t(9;22) and other translocations are
described later.
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Antigen receptor gene
rearrangements: immunoglobulin
and TCR genes as molecular markers

Many hematopoietic malignancies have no detectable trans-
location suitable for PCR amplification, and in these cases
an alternative strategy is required. In the lymphoid malig-
nancies there is rearrangement of the antigen receptor at the
immunoglobulin H (IgH) or TCR genes. The Ig and TCR
molecules belong to a group of related proteins termed the
immunoglobulin superfamily. Other members include CDS,
the neural cell adhesion molecule (N-CAM) and the major
histocompatibility complex (MHC). The Ig and TCR mol-
ecules have many similarities and have been shown to share
common amino acid motifs. It is estimated that the immune
system requires in excess of 10" specific antibodies to
respond to antigenic determinants encountered in the envi-
ronment. If each Ig molecule were encoded separately in the
germline, most of our genome would consist simply of Ig
genes. Elegant work by Tonegawa demonstrated that Ig and
TCR genes exist in the germline state as non-contiguous
DNA segments that are rearranged during lymphocyte
development (Table 6.4). Gene rearrangement involves
recombination of germline gene segments that results in a
permanently altered non-germline configuration (Figure
6.4). The process of Ig and TCR gene assembly ensures
almost limitless variation of Ig and TCR molecules using
only a limited amount of chromosomal DNA. Other
features that ensure Ig and TCR variability include imprecise
joining of individual V, D and J segments, duplication and
inversion of segments, and somatic mutation (in Ig genes)
of V, D and J.

The immunoglobulin heavy chain locus

During normal lymphoid development, both B and T lym-
phocytes undergo rearrangement of their antigen receptor
genes (i.e., Ig genes in B cells and TCR genes in T cells), and
their clonal progeny bear this identical antigen receptor rear-
rangement. B-cell neoplasms, including NHL, ALL, myeloma
and CLL, undergo irreversible somatic rearrangement of the
IgH locus, providing a useful marker of clonality and the
stage of differentiation in these tumors. Until recently, the
lineage of Hodgkin lymphoma cells was unclear. PCR ampli-
fication of Ig genes has demonstrated that the vast majority
of cases of Hodgkin disease are of B-cell lineage.

The human IGH locus at 14q32.33 spans 1250kb. Unlike
the light chain (IgL) locus, IgH contains diversity segments
in addition to V, J and C segments. It consists of 123-129
IGHV genes, depending on the haplotypes, 27 IGHD
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Table 6.4 Immunoglobulin and T-cell receptor diversity is achieved through rearrangement of separate germline segments.

Diversity of immunoglobulin and TCR genes

Immunoglobulin T-cell receptor

H K A o B Y )
V segments 250 100 100 60 80 8 6
D segments 15 0 0 0 2 0 3
J segments 6 5 4 50 13 5 3
VDJ recombination 104 500 400 3000 2000 40 18
N regions 2 0 0 1 2 1 4
N region additions V-D, D-J None None V-J V-D, D-J V-J V-D1, D1-D2, D1-J
V domains 10'° 10* 10* 108 10° 10* 10"
V domain pairs 10" 10" 10"

Variable (VH) Diversity (D) Joining (JH)

— HH R

v
ol |

* N <+— Random nucleotide addition

Fig. 6.4 VDJ rearrangement

Rearrangement of non-contiguous germline V-,
D- and J-region segments generates a
complete V-D-J complex, which serves as a
useful marker of malignancy. FR1, FR2 and FR3

— — —= N N -
FR1 FR2 FR3 Jcon refer to framework regions 1, 2 and 3,
300-350 bp respectively; N random .N nucleotides;l Jcon, JH
250-300 b consensus primer. The sizes of the various PCR
A P products are shown (FR1 + Jcon generates a
100-120 bp fragment of 300-350bp, and so on).

segments belonging to seven subgroups, nine IGHJ seg-
ments, and 11 IGHC genes; 82-88 IGHV genes belong to
seven subgroups, whereas 41 pseudogenes, representing
ancestral gene remnants (denoted by ), which are too
divergent to be assigned to subgroups, have been assigned to
four clans. Seven non-mapped IGHV genes have been
described as insertion/deletion polymorphisms but have not
yet been precisely located. The VH elements fall into seven
families (VH1, VH2, VH3, VH4a, VH4b, VH5 and VHS6).
Unlike the TCR and IgL loci, the IgH locus contains multiple
heavy-chain constant region (CH) segments (Figure 6.5),
some 11 in total, including two pseudogenes (Cy, C3, Cy3,
Cyl, Cye, Cal, Cyy, Cy2, Cy4, Ce and Co2). Each C
segment contains multiple exons corresponding to the func-
tional domains in the heavy-chain protein (CH1, CH2, CH3,
etc.). The multiple C elements correspond to the different
classes of heavy chain encountered during class switching.
Cu generates IgM, Co generates IgA, and so on. This mecha-

nism ensures that although the heavy chains are of varying
class, they will all bear identical V-D-J sequences.

Third complementarity-determining region

The third complementarity-determining region (CDR3)
region of the IgH gene is generated early in B-cell develop-
mentand is the result of rearrangement of germline sequences
on chromosome 14. One diversity segment is joined to a
joining region (D—J). The resulting D-J segment then joins
one variable-region sequence (V—DJ), producing a V-D-J
complex (Figure 6.4). The enzyme terminal deoxynucleoti-
dyltransferase (TdT) inserts random nucleotides at two sites:
the V-D and D-J junctions. At the same time random deoxy-
nucleotides are removed by exonucleases. Antibody diversity
is further increased by somatic mutation, a process that is not
found in TCR genes. The final V-N-D-N-] sequence (CDR3)
is unique to that cell, and if the cell multiplies to form a clone
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Fig. 6.5 Genetic map of region 14932
The CH segments are shown toward the 3’
end of the region.

this region will act as a unique marker for that malignant
clone. The V(D)] product corresponds to part of the variable
region of the antibody molecule.

TCR genes undergo a similar process of
rearranging their germline segments to
produce complete TCR genes

Junctional region diversity

Imprecise recombination involving V(D)J region DNA
enhances the number of possible different antibody mole-
cule polypeptides due to loss or gain of additional nucle-
otides during the recombination event. The resulting V(D)
J product may be functional (i.e., generates antibody mole-
cules) or, if the reading frame is lost, non-functional.
Whether functional or not, the CDR3 remains a unique
marker for the malignant clone.

TdT inserts N region nucleotides into the CDR3

N region nucleotide insertion is seen at the boundary of V,
D or J coding segments and is template-independent. These
N regions contain 1-12 nucleotides and are more often
guanine or cytosine than adenine or thymidine, reflecting
the role played by the enzyme TdT in this process.

Combinatorial association

The TCR molecules are dimeric proteins, usually o plus 8
(TCR 0:B), although 5% of circulating T cells bear the y:d
TCR. The random combination of subunits in the TCR
dimers further enhances the generation of diversity. The
recombination events on one chromosome leading to the
production of a functional molecule, such as TCR o3, result
in the inhibition of recombination at that locus on the other
chromosome. This so-called allelic exclusion ensures that
any given lymphocyte will express only one type of receptor
molecule.

(@ Cy3 Cy1 Cye Co1 Cyy

%m*m

Cy2 Cy4 Ce Co2

Somatic hypermutation

This describes the random introduction of mutations within
the V, D and ] segments and is well documented in Ig genes
but does not contribute to diversity in the TCR genes.
Rearranged V-region sequences in B cells have been analyzed
and found to differ from those of the germline V sequences
from which they were generated. Most of these mutated V
regions are found in the secondary immune response on
rechallenge of B cells with antigen. During this process the
antibody of the primary response (IgM) is switched to I1gG
or IgA. The somatic mutation rate has been estimated to be
as high as 107 per base pair per cell generation, and the
process occurs predominantly in variable regions of the mol-
ecule. The presence of somatic mutation can be useful in
determining the stage of lineage in B-cell malignancies. In
CLL it has been shown that cells either do or do not have
mutated Ig genes. This has important prognostic signifi-
cance since those patients who have undergone somatic
hypermutation have a better prognosis than those who have
no mutations.

The clinical utility of the CDR3 DNA
sequence

The description of V-D-J recombination may appear
arcane, with no obvious relevance in clinical terms, but it is
the formation of this unique recombination product that
generates a powerful specific—specific marker that we can use
for the detection of malignant clones and MRD. The DNA
sequence within the V-D-] is determined by sequencing,
following which the individual V, D and ] segments are
delineated. This allows accurate identification of the N
region nucleotides (which are generated randomly by the
enzyme TdT) that form the basis of the unique clone-specific
(patient-specific) probe (Figure 6.6).

There are two sites available for design of the customized
probe: the DNA of the V-N-D sequence and that of the
D-N-J sequence. Does it matter which one we use to make
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Fig. 6.6 Semi-nested PCR of IgH region in
patient with B-cell tumor
V- and J-region primers are used to generate
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the initial PCR product. Using DNA sequence
J information, an allele-specific oligonucleotide
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the probes? The V-N-D sequence generally has a larger N
region with more random nucleotides inserted, but the
D-N-J site appears preferable for use as a clone-specific
probe since there is less base deletion of the 3" end of the
framework region 3 (FR3) than of the 5" end of the ] region.
In addition, the D-J segments appear to be inherently more
stable than V-D segments. Finally, where there is V>V
switching, as happens in some diseases such as ALL, the D-]
segment remains unchanged and the probe will still detect
the clone even if the V regions alter. The consensus view at
present is that the D-N-] is probably the best DNA sequence
to use to make probes for MRD detection.

Quantitation of neoplastic cells
using PCR

Until fairly recently, PCR amplification simply confirmed
the presence (+) or absence (—) of tumor DNA sequences
with little scope for quantifying the tumor bulk, particularly
when using DNA as the PCR template. A band on agarose
gel may represent the DNA from one cell, or many millions
of cells. Clearly, this is of clinical importance if the informa-
tion obtained is to be of value in determining the need for
further chemotherapy, which is the main rationale for
attempting to detect MRD in the first place.

In the early years of PCR detection of MRD the starting
template was usually DNA, but more recently PCR amplifi-
cation of reverse-transcribed mRNA (termed “complemen-
tary DNA” or cDNA) has been used. This refinement in PCR
amplification has evolved where analysis of translocations
such as t(9;22) or t(15;17) is impossible using a DNA tem-
plate, simply because of the enormous size of the target being
amplified. In these translocations the primer binding sites
are so far apart on the DNA template that amplification is
virtually impossible. However, the mRNA transcribed from
these translocations undergoes considerable modification,
with excision of introns making the mRNA counterpart of
the translocation much smaller than the DNA.

Quantitation using competitive PCR templates has been
possible for RNA-based PCR, and so we are able to quanti-

(ASO) primer unique to that patient is
<}:l constructed and used with the V primer to
amplify an aliquot of the first-round PCR

Istamp.  product.

tate the tumor cell burden in those diseases where RNA is
the nucleic acid used for the PCR assays. Diseases in which
reverse transcriptase PCR (RT-PCR) is possible, with quan-
titation of the tumor burden, include CML [with t(9;22)],
APL [t(15;17)] and acute myelogenous leukemia (AML)-M2
[t(8;21)].

DNA templates are more difficult to quantitate, although
competitive PCR templates may be of value here also.
Recent technologies such as the TagMan real-time PCR
machine may allow true quantitation using DNA as starting
material. This system uses an internal oligonucleotide probe
with added reporter and quenching activities (Figure 6.7).
After primer and probe annealing, the reporter dye is
cleaved off by the 5-3" nuclease activity of Taq DNA
polymerase during primer extension (Figure 6.8). This
cleavage of the probe separates the reporter from quencher
dye, greatly increasing the reporter dye signal. The sequence
detector is able to detect the fluorescent signal during
thermal cycling. The advantages of this system are the elimi-
nation of post-PCR processing and the ability to examine
the entire PCR process, not simply the end point of ampli-
fication. Moreover, since the probe is designed to be
sequence-specific, non-specific amplification products are
not detected.

Use of PCR for detection of MRD in
non-Hodgkin lymphoma

The standard technique used for the diagnosis of NHL is
light microscopy of stained sections of lymph node or other
tissue. This allows accurate classification of lymphoma
subtype. In terms of detecting MRD, this technique has the
limitation of detecting lymphoma cells only when they con-
stitute approximately 5% or more of all cells (i.e., 1 malig-
nant cell in 20 normal cells). Application of flow cytometric
analysis for the detection of NHL has been hampered by the
lack of lymphoma-specific monoclonal antibodies since all
the cell surface antigens identified to date on the surface of
lymphoma cells are also present on normal B cells or B-cell
precursor cells (Table 6.5).
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Fig. 6.7 Real-time PCR amplification
See text for details.

Fig. 6.8 Standard curves generated for accurate
quantitation of leukemic cell burden

Quantitation by real-time PCR requires generation of a
standard curve. A known amount of template DNA is
diluted into genomic DNA and amplified by PCR. The
threshold cycle is the cycle number at which reported
fluorescence is first detected above background and is
proportional to the amount of starting template DNA. The
threshold cycle number is then plotted against the known
amounts and a standard curve can be generated. The
threshold cycle of the unknown samples can then be
quantified by reading off the standard curve.
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Chromosomal translocations

As shown in Table 6.2, a number of chromosomal transloca-
tions and gene rearrangements associated with NHL have
been identified; the breakpoints have been sequenced and
are applicable for PCR amplification.

t(14;18)

The most widely studied non-random chromosomal trans-
locations in NHL is t(14;18), occurring in 85% of patients
with follicular lymphoma and 30% of patients with diffuse
large cell lymphoma. In t(14;18) the BCL-2 proto-oncogene
on chromosome 18 is juxtaposed with the IgH locus on
chromosome 14 (Figure 6.9). The breakpoints have been
cloned and sequenced, and have been shown to cluster at
two main regions 3’ to the BCL-2 coding region: the major

Table 6.5 Clinical utility of PCR-based studies in patients with
leukemia and lymphoma.

Detection of bone marrow infiltration as part of staging
procedure

Detection of circulating lymphoma cells in peripheral blood
Detection of minimal residual disease following therapy
Assessing contribution of reinfused lymphoma cells to relapse
in patients undergoing autologous bone marrow
transplantation

Assessing ability of purging techniques to eradicate residual
malignant cells in marrow

breakpoint region (MBR) within the 3" untranslated region
of the BCL-2 gene, and the minor breakpoint cluster region
(m-BCR) located 20kb downstream. Juxtaposition of the
transcriptionally active IgH with the BCL-2 gene results in
upregulation of the BCL-2 gene product and subsequent
resistance to programmed cell death by apoptosis.

The clustering of the breakpoints at these two main
regions at the BCL-2 gene and the availability of consensus
regions of the IgH joining (J) regions make this an ideal
candidate for PCR amplification to detect lymphoma cells
containing the t(14;18) translocation. A major advantage in
the detection of lymphoma cells bearing the BCL-2/IgH
translocation is that DNA rather than RNA can be used to
detect the translocation. In addition, since there is variation
at the site of the breakpoint at the BCL-2 gene, the PCR
products for individual patients differ in size and have
unique sequences. The size of the PCR product can be
assessed by gel electrophoresis and used as confirmation that
the expected size fragment is amplified from a specific
patient.

Other translocations in non-Hodgkin lymphoma

The t(11;14)(q13;q32) is associated with a number of B-cell
malignancies, particularly mantle cell lymphomas. In this
translocation the proto-oncogene BCL-1 (also called PRAD-
I) on chromosome 11 is juxtaposed to the IgH chain locus
on chromosome 14.

One-third of anaplastic lymphomas express the chromo-
somal translocation t(2;5)(p23;q35), which involves a novel
protein tyrosine kinase and nucleophosmin, resulting in a
p80 fusion protein. This translocation is detected by RT-PCR

18q21 14q32
' 3' untranslated Intron
3'exon . v D 11-6
b2 _ [ T T T C T T T ]
[T S W
MBR ~15kb mcr
Fig. 6.9 t(14;18) translocation
l In t1(14;18) the BCL-2 locus on chromosome

18 is juxtaposed to the IgH locus on
chromosome 14. The breakpoints on
chromosome 18 cluster at two main regions:
the major breakpoint region (MBR) in the 5
| untranslated region of the BCL-2 gene, and

bcl-2 18 14
MBR

der (14;18)

the minor cluster region (mcr) downstream in
the intron. The chimeric gene product
provides a unique tumor marker that can be
PCR-amplified using primers upstream of the
MBR or mcr region with consensus primers
within the J region of the IgH gene.



where the mRNA sequence is converted into cDNA before
PCR amplification.

Use of molecular techniques for
detection of MRD in lymphoma

Detection of MRD has clearly illustrated that patients in
clinical complete remission often harbor malignant cells in
low numbers. The clinical significance of the detection of
such MRD is still being evaluated and remains unclear. The
results of these studies will likely have great impact on the
clinical management of patients as we understand more
about the contribution of minimal disease to subsequent
relapse. The prognostic significance of the achievement of
molecular complete remission remains elusive, and few
studies to date have demonstrated the importance of eradi-
cating MRD in the patient to achieve cure. The majority of
studies have been performed using as a target the t(14;18)
in follicular lymphoma, but more recent studies have exam-
ined other translocations as well as Ig or TCR rearrange-
ments and have been reporting similar results. These studies
have suggested that the goal of therapy should be to eradicate
the malignant clone and achieve molecular complete
remission.

PCR detection of bone marrow infiltration as
a staging procedure

Lymphomas generally originate in lymphoid tissue, but as
the disease progresses there may be spread to other sites,
such as bone marrow and blood. At initial presentation all
patients undergo staging investigations to determine the
extent of disease as a means of planning treatment. A number
of studies have examined the use of PCR detection of t(14;18)
as a staging procedure to detect lymphoma cells in the bone
marrow and peripheral blood at the time of initial presenta-
tion. However, PCR analysis cannot replace morphological
assessment of bone marrow since not all patients have trans-
locations detectable by PCR, and these techniques are essen-
tially complementary. These PCR studies have all detected
lymphoma cells in the bone marrow in a number of patients
who had no overt evidence of marrow infiltration by mor-
phology. Of great interest are those studies that have evalu-
ated the clinical utility of MRD detection in those patients
presenting with localized disease. Although patient numbers
are small, a significant number can be found who would be
upstaged from early-stage to advanced-stage disease by the
results of PCR analysis. Whether PCR detection of minimal
marrow infiltration will eventually lead to modifications in
therapy in those patients currently treated with localized
radiotherapy remains to be determined.
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PCR detection of MRD following chemotherapy

In follicular lymphoma, long-term analysis of patients after
completion of conventional chemotherapy has shown that
conventional-dose chemotherapy does not eradicate PCR-
detectable disease, but this may not be associated with poor
outcome. One study has shown no association between the
presence or absence of PCR-detectable lymphoma cells and
clinical outcome. Moreover, this confirms the previous
observation that some patients can indeed remain in long-
term continuous complete remission despite the presence of
PCR-detectable lymphoma cells, strongly suggesting that the
detection of residual lymphoma cells has no prognostic sig-
nificance. Thus cells containing t(14;18) might not always
represent residual lymphoma cells, but simply cells without
the additional necessary cellular changes required for malig-
nant transformation. However, an alternative explanation is
that conventional chemotherapy might not cure any patients
with advanced stage follicular lymphoma and that all patients
with persistent lymphoma cells are destined to relapse. The
long-term remission status of these small numbers of
patients might therefore represent merely the very long
duration of their disease course.

These studies suggest that conventional-dose chemother-
apy did not result in molecular remission. More novel treat-
ment approaches, including more aggressive induction
therapy and combinations of monoclonal antibody therapy
with chemotherapy and the use of stem cell transplantation,
have all been reported to be capable of eradicating PCR-
detectable disease, achieving so-called molecular complete
remission. In all these circumstances, eradication of PCR-
detectable disease has been shown to be associated with
improved outcome in follicular lymphoma, strongly sug-
gesting that eradication of MRD may be required for cure.
With longer follow-up this question should be answered.

Detection of circulating lymphoma cells in peripheral blood

Blood is less frequently involved than marrow at presenta-
tion, but becomes more frequent as disease progresses.
Studies at the time of initial presentation have suggested a
high level of concordance between the detection of lym-
phoma cells in the peripheral blood and bone marrow when
assessed by PCR. However, other studies have found that the
bone marrow is more likely than peripheral blood to contain
infiltrating lymphoma cells in previously untreated patients.
The presence of residual lymphoma in the bone marrow but
not in the peripheral blood argues strongly that the marrow
is indeed infiltrated with lymphoma in these patients and
does not simply represent contamination from the periph-
eral blood. The findings of peripheral blood contamination
with NHL when assessed by PCR are likely to have profound
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implications since there is now increasing interest in the use
of peripheral blood stem cells, rather than bone marrow, as
a source of hematopoietic progenitors. A number of studies
have demonstrated that peripheral blood stem cell collec-
tions may also be contaminated with lymphoma cells when
assessed by PCR techniques. In addition, much work is being
performed to monitor the effects of chemotherapy and the
growth factors that are used to mobilize hematopoietic pro-
genitor cells, to ensure that these agents do not also mobilize
lymphoma cells.

Contribution of reinfused lymphoma cells to relapse after
autologous stem cell transplantation

In low-grade NHL there has been increasing interest in the
use of high-dose therapy as salvage therapy for patients who
have failed conventional-dose chemotherapy regimens. The
resulting ablation of a patient’s marrow after high-dose
therapy can be rescued by infusion of allogeneic or autolo-
gous stem cells. Autologous stem cell transplantation (ASCT)
has several potential advantages over allogeneic stem cell
transplantation for marrow rescue: there is no need for a
histocompatible donor and there is no risk of graft-versus-
host disease. ASCT can therefore be performed more safely,
and in older patients, and has become a major treatment
option for an increasing number of patients with hemato-
logical malignancies.

The major obstacle to the use of ASCT is that the infusion
of occult tumor cells harbored within the stem cell collection
may result in more rapid relapse of disease. To minimize the
effects of the infusion of significant numbers of malignant
cells, stem cells are collected when the patient either is in
complete remission or has no evidence of lymphoma in the
blood. In addition, a variety of methods have been developed
to purge malignant cells from the stem cell collection in an
attempt to eliminate any contaminating malignant cells and
leave intact the hematopoietic stem cells that are necessary
for engraftment. The development of purging techniques
has led to a number of studies of ASCT in patients with
either a previous history of bone marrow infiltration or even
overt marrow infiltration at the time of bone marrow harvest.
Because of their specificity, monoclonal antibodies are ideal
agents for the selective elimination of malignant cells.
Clinical studies have demonstrated that immunological
purging can deplete malignant cells in vitro without signifi-
cantly impairing hematological engraftment.

Assessing purging efficacy by PCR

PCR has been used to assess the effectiveness of immuno-
logical purging in models using lymphoma cell lines and has

shown itself to be a highly sensitive and efficient method for
determining the efficacy of purging residual lymphoma cells.
The efficacy of purging varies between the cell lines studied,
making it likely that there would also be variability between
patient samples.

PCR amplifications of the t(14;18), t(11;14) and IgH rear-
rangements have all been used to detect residual lymphoma
cells in the bone marrow before and after purging in patients
undergoing autologous bone marrow transplantation (BMT)
to assess whether the efficiency of purging had any impact
on disease-free survival. In one study, 114 patients with
B-cell NHL and the BCL-2 translocation were studied.
Residual lymphoma cells were detected by PCR analysis in
the harvested autologous bone marrow of all patients.
Following three cycles of immunological purging using anti-
B-cell monoclonal antibodies and complement-mediated
lysis, PCR amplification detected residual lymphoma cells in
50% of these patients. The incidence of relapse was signifi-
cantly increased in the patients who had residual detectable
lymphoma cells compared with those in whom no lym-
phoma cells were detectable after purging.

Detection of residual lymphoma cells in the marrow after
transplantation is associated with increased incidence of
subsequent relapse

Since PCR analysis detected residual lymphoma cells after
conventional-dose chemotherapy in the majority of patients
studied, it is not surprising that it has not been possible
to determine any prognostic significance for the persistence
of PCR-detectable lymphoma cells. At the Dana-Farber
Cancer Institute, PCR analysis was performed on serial bone
marrow samples obtained after ASCT to assess whether
high-dose therapy might be capable of depleting PCR-
detectable lymphoma cells. The persistence or reappearance
of residual detectable lymphoma cells had a great adverse
influence on the disease-free survival of patients in this
study after high-dose therapy. In contrast to previous
findings that all patients had bone marrow infiltration fol-
lowing conventional-dose therapy, no PCR-detectable lym-
phoma cells could be found in the most recent bone marrow
sample obtained from more than 50% of patients following
high-dose chemoradiotherapy and ASCT. A number of
studies have now demonstrated that persistent detection of
MRD by PCR following ASCT in patients with lymphoma
identifies those patients who require additional treatment
for cure, and also suggest that our therapeutic goal should
be to eradicate all PCR-detectable lymphoma cells. In addi-
tion, quantitative PCR analysis has further shown that
a rising tumor burden is a particularly poor prognostic
feature.



Use of PCR for detection of MRD in
acute leukemias

Acute lymphoblastic leukemia

The treatment of childhood ALL has been one of the great
success stories of modern chemotherapy and cure rates
approaching 80% have been achieved in recently reported
series. ALL cells usually rearrange either the IgH or TCR
genes or both, and these provide markers that can be used
to assess the clinical significance of MRD detection in a
disease with such a high likelihood of cure. It is now clear
that early eradication of MRD is a powerful prognostic
marker in childhood ALL. Most studies have suggested that
modern aggressive induction regimens are often associated
with rapid elimination of PCR-detectable disease and many
studies are ongoing where treatment is intensified in chil-
dren with higher levels of residual disease early in their treat-
ment. Most studies have also demonstrated thata quantitative
increase in tumor burden is almost invariably associated
with impending relapse. The impact of MRD on outcome
has been studied less extensively in adult ALL, but most
studies have also suggested that failure to eradicate MRD has
important prognostic significance and should influence
future clinical management.

t(12;21)

The TEL/AML-1 gene rearrangement results from the cryptic
reciprocal translocation t(12;21). This is the most common
gene rearrangement found in childhood ALL and accounts
for 25% of pre-B-cell ALL in children, but is rarely found in
adult ALL. Most data are suggestive that the presence of this
rearrangement is associated with a good prognosis. However,
qualitative and quantitative PCR analysis studies have sug-
gested that the persistence of residual leukemia cells or a
slower rate of eradication of the leukemic cells is associated
with poor prognosis.

Acute promyelocytic leukemia

APL is associated with a balanced translocation between
chromosomes 15 and 17, resulting in t(15;17)(q22;q21) and
leading to rearrangement of the RAR«. gene (also termed
RARA) on chromosome 17 and PML on chromosome 15
(Figure 6.10). With rearrangement of DNA, the chromo-
somal translocation produces two novel fusion genes involv-
ing PML and RARo., namely PML/RARc. and RARo/PML.
It is believed that PML/RAR0. is responsible for the develop-
ment of aberrant hematopoiesis. There are two isoforms of
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the PML/RARo. fusion gene: long and short. Patients who
possess the short isoform have a poorer clinical outcome
than those in whom the long isoform is found, but the exact
mechanism involved is unclear at present.

The resultant fusion protein (PML/RAR0) contains func-
tional domains in both PML and RARo, and binds all-trans
retinoic acid (ATRA), to which the leukemic cells in APL are
exquisitely sensitive. In fact ATRA, which induces differen-
tiation of the leukemic cells, may alone achieve remission in
80% of de novo cases of APL. Two classes of retinoic acid
receptor mediate the effects of retinoids: RAR and RXR,
both of which are members of a superfamily of related lig-
and-inducible transcriptional regulatory factors. RAR (o, B
and v) is activated by ATRA and 9-cis-retinoic acid. RXR (a,
B and vy) is activated by 9-cis-retinoic acid only.

Patients with APL and t(15;17) who achieve remission are
now regarded as good-risk patients, with a 60% chance of
achieving long-term remission. The presence of the fusion
gene may be inferred from cytogenetic analysis (i.e., the
presence of typical translocation) or, more recently, by an
RT-PCR method. In this, the PML/RAR0. mRNA is reverse-
transcribed into cDNA, which is then used for PCR detec-
tion of the abnormal transcript. The RT-PCR assay has been
used to quantitate residual leukemic cells in patients with
APL undergoing chemotherapy.

Trial data suggest that persistence of t(15;17) determined
by the PCR approach predicts outcome: those patients who
fail to become PCR-negative or who become PCR-positive
following a period of PCR negativity subsequently suffer
overt clinical relapse. Quantitative PCR monitoring of PML/
RARa:. can identify patients at high risk of relapse, suggesting
that clinically practical monitoring at more frequent inter-
vals may improve predictive accuracy for relapse or continu-
ing complete remission in many patients with persistent,
fluctuating MRD levels.

Acute myelogenous leukemia

MRD monitoring in all AML treatment phases using real-
time quantitative PCR for fusion transcripts (CBFB/MYH11;
RUNXI1/RUNXITI fusion transcripts of MLL gene) and for
the Wilms tumor (WTI) gene has demonstrated clinical
utility in predicting relapse.

t(8;21)

The non-random chromosomal translocation t(8;21) occurs
in up to 10% of de novo AML cases. It is more common in
AML with features of maturation. This gene fuses the AML
gene on 21q22 with the ETO gene on 8q22. The breakpoints
in this translocation invariably occur within defined regions
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in the AML and ETO genes, resulting in a fairly uniform
fusion product. Early studies of this translocation suggested
that there was persistence of this transcript in almost all cases
studied, even in patients in long-term remission. This sug-
gests that the AMLI/ETO translocation may be necessary,
but in itself insufficient, for leukemic transformation. PCR
analysis suggests that a quantitative increase in the fusion
transcript is predictive of subsequent relapse.

Use of PCR for detection of MRD in
chronic leukemias

Chronic myeloid leukemia

Detection of t(9;22) by PCR amplification

The translocation t(9;22), termed the Philadelphia chromo-
some, was described in 1960 by Nowell and Hungerford, and
represented the first non-random chromosomal abnormal-
ity shown to be associated with a specific neoplasm, namely
CML (although it is found in other disorders). The t(9;22)
is formed by the fusion of the BCR gene on chromosome 22
with the ABL proto-oncogene on chromosome 9 and occurs

Fig. 6.10 t(15;17)(g22;g921) translocation

A balanced translocation involving the RARa.
gene (at 17921) and the PML gene (15q22)
found in AML M3 (APL) in >90% of cases.
The chimeric PML/RARo. protein plays a role in
the differentiation block characteristic of APL.

in the vast majority of patients with CML and in up to 20%
of adult patients with ALL. The CML cells transcribe an 8.5-
kb chimeric mRNA that is translated into a 210-kDa protein
(p210) with tyrosine kinase activity. The breakpoints at the
ABL gene can occur at any point up to 200kb upstream in
the intron and therefore cannot easily be amplified by PCR
using genomic DNA as described earlier in this chapter. In
contrast, the chimeric mRNA will usually be of two possible
types: BCR between exons 13 and 14 is fused 5" of exon 2 of
ABL, generating the b2a2 product; an alternative product,
b3a2, is generated when the breakpoint is located between
exons 14 and 15 of BCR. It is therefore possible to amplify
the chimeric mRNA by first reverse-transcribing to cDNA.
Using this technique, it is possible to detect one leukemic
cell in up to 10° normal cells (see Chapter 7).

MRD monitoring in tyrosine kinase inhibitor therapy
in CML

Imatinib induces complete cytogenetic response in most
patients with CML, but MRD remains detectable by RT-PCR
in many cases. These cells retain full leukemogenic potential
since disease recurrence occurs after discontinuation of
imatinib, an indication that the residual BCR/ABL-positive



cells retain full leukemogenic potential. Whereas most
patients who fail to respond or relapse after initial response
harbor mutations in the kinase domain of BCR/ABL that
impair drug binding, the mechanisms responsible for persist-
ence of MRD in responding patients are not well understood.
Continuous monitoring using quantitative assessment of
MRD during continuous drug therapy allows assessment of
initial response, can predict relapse, even in cases achieving
complete cytogenetic remission, and is an independent prog-
nostic factor for progression-free survival.

Detection of MRD after bone marrow transplantation
in CML

Before the widespread use of tyrosine kinase inhibitors in
CML, allogeneic BMT was treatment of choice for suitable
patients. However, 20% of patients transplanted in the
chronic phase and more than 50% of patients transplanted
in the accelerated phase or blast crisis relapse. Considerable
effort has been made to establish whether persistence of
MRD after allogeneic BMT is predictive of relapse. Early
studies yielded conflicting results about the clinical implica-
tions of persistence of PCR-detectable disease. However, a
recent large study from Seattle, including analysis of data
from 346 patients, showed a clear association between the
relapse and persistence of PCR-detectable disease. Detection
of MRD early after BMT does not necessarily suggest a poor
prognosis, and a PCR-positive sample 3 months after BMT
was not informative for the clinical outcome. In contrast, a
PCR-positive bone marrow or peripheral blood sample at or
after 6 months post-BMT was closely associated with subse-
quent relapse. Statistical analysis of the data revealed that the
PCR assay for the BCR/ABL fusion transcript 6-12 months
after BMT is an independent predictor of subsequent relapse.
In contrast, no clear prediction of clinical outcome could be
made in patients who tested PCR-positive more than 3 years
after BMT. This study and others have clearly demonstrated
that most patients are PCR-positive 3 months after BMT,
indicating that BMT preparative regimens alone do not
eradicate CML cells effectively. Nevertheless, since this treat-
ment leads to cure in more than 50% of patients, other
mechanisms (e.g., immunological mechanisms) must be
responsible for tumor eradication.

Chronic lymphocytic leukemia

This is the commonest leukemia in adults and predomi-
nantly affects the elderly. A full description of CLL and its
molecular abnormalities is provided in Chapter 10. Most are
B-cell neoplasms (95%) which demonstrate a variety of
cytogenetic abnormalities that are of value for molecular
diagnosis and residual disease detection. Karyotypic abnor-
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malities include trisomy 12 and deletions or translocations
of chromosomes 11 and 13. Since these tumors are of B-cell
origin, rearranged IgH genes may be used to confirm clonal-
ity and to detect residual tumor following chemotherapy
and, in younger poor-risk patients, BMT. Most studies in
CLL have suggested that eradication of MRD predicts for
improved outcome. The variety of MRD techniques and the
lack of standardization have made it difficult to interpret and
compare different clinical trials. Two techniques are widely
used to assess MRD in CLL: PCR detection of IGVH rear-
rangements and multiparameter flow cytometric analysis.
An international standardized approach has been adopted
for flow cytometric analysis of MRD in CLL and compared
with real-time quantitative PCR. Assessment of 50 CLL-
specific monoclonal antibody combinations identified three
(CD5/CD19 with CD20/CD38, CD81/CD22 and CD79b/
CD43) that had low interlaboratory variation and low false-
positive results. There was close correlation between four-
color flow cytometry and PCR when levels of disease were
above 0.01%. Allele-specific oligonucleotide PCR appears to
be approximately 1 log more sensitive than four-color flow
cytometric assessment, which has the advantage of being
more applicable and does not require sequencing of the
IGVH rearrangement.

BMT is generally precluded in most patients with CLL due
to the advanced age of the patients affected. However, recent
studies of younger patients with aggressive disease who have
undergone either autologous or reduced intensity condi-
tioning allogeneic BMT have shown that PCR-detectable
disease is often present at, or shortly after, transplantation,
but this does not predict relapse. In the largest single-center
study, the methods used for the analysis involved PCR
amplification of the IgH locus with sequencing of the CDR3
products, before constructing patient-specific oligonucle-
otide probes, which were then used to probe the PCR prod-
ucts from marrow or blood samples taken after
transplantation. Data suggest that patients who remain
PCR-positive in the months following transplantation or
who become PCR-positive, having been PCR-negative ini-
tially, tend to relapse. Those who remain PCR-negative or
become negative remain in clinical and morphological
remission (Figure 6.11). Obviously, with an indolent, slow-
growing disease like CLL, we must wait some years before
the data can be interpreted fully, since it may be that ulti-
mately all patients will relapse.

Problems with PCR analysis for
detection of MRD

The major concern with PCR-based disease detection will
always be the fear of false-positive results because of the
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Fig. 6.11 Detection of relapse of CLL in a patient undergoing
autologous bone marrow transplantation using PCR

In the samples before (pre) and after (post) purging of the patient’s
marrow, PCR positivity is clearly seen. Six months after autologous
bone marrow transplantation no PCR-detectable signal is seen.
However, 15, 27 and 32 months after the transplant, PCR positivity
is easily detected. These findings were confirmed clinically and using
standard morphological examination of the patient’s bone marrow.

ability of the technique to amplify even minute amounts of
contaminating DNA. Unlike cell culture assays, it is not pos-
sible to determine whether cells detected by PCR are clono-
genic (i.e., capable of division and causing relapse). Cells
bearing a translocation may be committed progenitors inca-
pable of further proliferation, or might have been sufficiently
damaged by previous exposure to chemotherapy or radio-
therapy to be already dead but still detectable by PCR analy-
sis. A potential problem with the use of PCR of the BCL-2/
IgH translocation is that this translocation may not be spe-
cific for lymphoma cells. Cells bearing the translocation have
been detected in hyperplastic lymphoid tissue in healthy
individuals with no evidence of lymphoma, and more
recently have been shown to occur rarely in normal B cells.

Conclusions

Methodologies have been developed for the sensitive detec-
tion of MRD in lymphoma and leukemia that are applicable
to many patients. The question that now remains to be
answered is the clinical utility of these techniques and devel-
opment of standardized approaches that lead to reproduci-
bility between laboratories. In childhood ALL, MRD
monitoring of response is standard and results lead to altera-
tion of treatment. MRD monitoring has become standard in
assessment of response in CML and APL. In NHL, studies
are most advanced in patients with t(14;18). In these patients,
conventional-dose chemotherapy does not appear to be
capable of depleting PCR-detectable lymphoma cells,
although lymphoma cells were detectable in peripheral
blood in only half of the patients studied. Following ASCT,
the persistence or reappearance of PCR-detectable lym-
phoma cells in the bone marrow is associated with an

increased likelihood of relapse. In lymphomas that do not
express t(14;18), it is not yet clear whether failure to detect
MRD in peripheral blood and bone marrow will predict
which patients will relapse since other subtypes of lym-
phoma may relapse in nodal sites without detectable lym-
phoma cells in the circulation.

From the available data, there are clearly diseases in which
the persistence of PCR-detectable disease following treat-
ment predicts relapse and others in which it does not. The
full relevance of these findings will become clearer as we
understand more about the biology of the diseases and addi-
tional data are generated as part of ongoing major clinical
trials.
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Introduction

Chronic myeloid leukemia (CML) is a clonal myeloprolif-
erative neoplasm that a