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Pretface

The haematological malignancies are a complex group of neoplastic
diseases, linked by their origin in bone marrow-derived cells. Since
the discovery of the Philadelphia chromosome, in the 1960s, as the
pathognomonic marker of chronic myeloid leukaemia, the field of
haematological malignancy has provided several important paradigms
for the direct contribution of causal genetic lesions to the initiation of
human cancer.

The subsequent leap in our understanding of leukaemia and lym-
phoma pathogenesis via a variety of molecular and cytogenetic abnor-
malities that disrupt normal cellular processes has challenged traditional
approaches to disease classification and transformed both the diagnosis
and management of patients. The characterization of tumour cells by
genetic methods is now regarded as being as important as the traditional
morphological approach to diagnosis. This trend is being accelerated by
the introduction of monoclonal antibody therapy and by novel drugs
designed to target specifically the molecular abnormalities responsible
for the development of the tumour. Somatic genetic changes therefore
increasingly define not just the diseases themselves, but the way in which
an individual patient should best be treated and monitored.

With the following chapters, compiled by leading researchers in
the field, we aim to provide a summary of current knowledge on
the contribution of genetic and epigenetic lesions to the biology and
management of haematological malignancies. A unifying factor of
these biologically diverse diseases is the recent explosion of infor-
mation on hitherto unrecognized molecular lesions arising from the
application of novel next-generation sequencing technologies. In most
diseases, these newly identified aberrations are already contributing
to improved stratification and, in some cases, showing early promise
as therapeutic targets. It is hoped that further functional analysis of
recurrent lesions will permit the development of additional therapies
targeted against critical oncogenic drivers. Although the majority of
recurrent changes appear to have been identified, there remains scope
for further refinement of this knowledge with studies of larger cohorts,

xiii



xiv  Preface

the increasing use of whole genome sequencing, greater incorporation of
rearrangement-based bioinformatic analysis and enhanced integration
with epigenomic data. These areas, together with the investigation of
the importance of sequential acquisition of mutations in the initiation
of a malignant phenotype and the interaction of these lesions with
the bone marrow microenvironment, are likely to keep researchers
occupied for the foreseeable future. Nevertheless, as the following
chapters beautifully illustrate, a comprehensive picture is emerging of
the key genetic drivers of haematological malignancy, and these provide
a rational basis for future research towards a complete understanding of,
and effective treatment for, this complex group of diseases.

Sabrina Tosi
Alistair G. Reid



CHAPTER 1
The myelodysplastic syndromes

Cristina Mecucci, Valeria Di Battista and Valeria Nofrini

Introduction

Myelodysplastic syndromes (MDS) define neoplastic disorders with bone
marrow dysplasia and insufficiency leading to one or more cytopenia in
the peripheral blood. Bone marrow differentiation, although abnormal, is
maintained. Despite the reduced amount of circulating blood cells, bone
marrow cellularity is increased in the majority of cases. Less frequently,
the bone marrow is hypoplastic, particularly in children and young adults
with a predisposing genetic condition. The large majority of MDS cases
affect individuals over the age of 60 years. Blast count, by definition, is
less than 20%, although a minority of cases (10-20%) eventually trans-
form to acute myeloid leukaemia (AML), defined by a blast count of 20%
or more.

As bone marrow dysplasia may be induced from a variety of
non-neoplastic conditions, including vitamin deficiencies, viral infec-
tions, smoking or medication, the identification of clonal genetic
aberrations detected by chromosome banding or higher throughput
genomic technologies plays a key role in achieving the correct diagnosis.
Conventional cytogenetic analysis is able to detect abnormalities in
around 40-50% of cases of de novo MDS, increasing to around 70-80%
when integrated with whole-genome analysis detecting copy-number
variations, uniparental disomy and acquired mutations.!” Cytogenetic
abnormalities involving partial or complete chromosome loss are more
frequent than reciprocal translocations. This is in contrast to AML,
which is partly subcategorized according to the presence of typical
reciprocal chromosome translocations, such as t(8;21), t(15;17) and
inv(16). Importantly, the latter are consistent with a diagnosis of AML,
even in the presence of morphological evidence of less than 20% bone
marrow blasts.*

The Genetic Basis of Haematological Cancers, First Edition. Edited by Sabrina Tosi and Alistair G. Reid.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



2 Chapter 1

The incidence of chromosome aberrations is much higher in
MDS arising after chemo- or radiotherapy, including bone marrow
transplantation procedures, for a prior neoplastic or non-neoplastic
disease. A complex abnormal karyotype is found in more than 80% of
treatment-induced MDS.

The critical role of clonal cytogenetic defects at diagnosis is underlined
by the hierarchical clonal evolution and acquisition of additional chro-
mosomal defects that often accompany disease progression. In addition to
chromosomal rearrangements, newly acquired gene mutations may also
mark clonal evolution and disease progression.’”” These changes may
contribute to the development of a higher risk MDS or AML by conveying
growth advantage, decreased apoptosis or avoidance of immune control.®
The identification of driver gene mutations might also help define distinc-
tive entities within myelodysplastic syndromes, improving classification
and clinical management.® This chapter summarizes the current under-
standing of the genetic and epigenetic landscape of MDS and known
predisposing conditions.

Predisposing conditions

Several inherited or congenital conditions have been associated with a
predisposition to develop myelodysplasia. These conditions are charac-
terized by the presence of inherited genetic defects and the development
of MDS is often linked to additional genetic mistakes that are acquired
and confined to the myeloid lineage. Table 1.1 summarizes the condi-
tions described in this section and includes a list of constitutional genetic
defects associated with the disorders.

Familial platelet disorder with propensity to myeloid
malignancy (FPD/AML)

Familial platelet disorder with propensity to myeloid malignancy
(FPD/AML) is an autosomal dominant disease characterized by mild to
moderate bleeding tendency and modest thrombocytopenia with normal
platelet size and morphology. Predisposition to develop myelodysplasia
and acute leukaemia is another feature of this platelet disorder, with a
leukaemic rate of approximately 35%.!° The majority of patients exhibit
impaired platelet aggregation with collagen and epinephrine, similarly to
abnormalities caused by aspirin. FDP/AML is associated with alterations
of RUNX1/21g22.12, a gene encoding for a subunit of the core binding
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The myelodysplastic syndromes 5

factor (CBF) transcription complex. Monoallelic mutations in RUNX]I
include deletions and missense, nonsense and frameshift mutations.!!
Two functional consequences of these mutations include haploinsuf-
ficiency and a dominant negative effect.!? Large deletions of RUNXI
have also been described, and in these cases patients showed additional
teatures such as short stature, malformations, dysmorphic features and
intellectual disability.!®> Individuals with missense mutations have a
higher risk of haematological malignancies than those carrying muta-
tions causing haploinsufficiency.!* However, the genetics of FPD/AML
may be even more complicated; Minelli et al.!® reported a single family
with a clinical history consistent with FDP/AML in which no mutations
was detected in RUNXI and in which linkage to chromosome 21 was
excluded, implying that other genetic lesions outside this region may
also cause an FDP/AML-like phenotype.

Severe congenital neutropenia (SCN)

Severe congenital neutropenia (SCN) comprises a heterogeneous group
of primary immunodeficiency disorders collectively characterized by
paucity of mature neutrophils, increased infections and higher risk of
developing AML/MDS.'® The majority of patients respond to treat-
ment using recombinant human granulocyte colony-stimulating factor
(rh-G-CSF) by increasing neutrophil counts and decreasing frequency
and severity of infections. In recent years, progress has been made
with respect to the elucidation of the genetic causes underlying syn-
dromic and non-syndromic variants of SCN. The genes most commonly
involved are the elastase gene ELANE (in 50-60% of cases) and the
HCLS1-associated protein X-1 gene HAXI (in 4-30% of cases), while
mutations in the growth factor-independent 1 transcription repressor
gene GFII, the xylanase gene XLN and the glucose-6-phosphatase
catalytic subunit 3 G6PC3 have been described in a smaller number
of patients. Concurrent mutations have been also described (ELANE
+ HAX1, ELANE + G6PC3, HAX1 + G6PC3).'!'7 The majority of
patients with autosomal dominant SCN bear heterozygous mutations
in ELANE.'® To date, more than 50 mutations have been described
in ELANE; these mutations lead to severe neutropenia via a stress
response in the endoplasmic reticulum (ER), which provokes activation
of the unfolded protein response (UPR).!” Rarely, SCN can be caused
by autosomal dominant mutations in GFI! coding for a transcription
repressor for ELANE.?° In these individuals, monocytosis and leucopenia
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accompany the neutropenia.'® A complex disorder characterized by
SCN and developmental disorders is caused by mutations in the G6PC3
gene. The affected individuals present with features such as cardiac
and neurological malformations.!'” HAXI mutations were described by
Klein et al.?! as the genetic cause of Kostmann syndrome, the autosomal
recessive form of SCN, associated with neurophysiological defects. In this
torm of SCN, HAX1 mutations act as loss-of-function mutations, leading
to increased apoptosis. Devriendt et al.?? described X-linked neutropenia
in the Wiskott-Aldrich syndrome caused by gain-of-function mutations
in the WAS gene. These patients also have monocytopenia and very
low NK cell counts.?? Finally, acquired mutations in the granulocyte
colony-stimulating factor 3 receptor gene (CSF3R) define a subgroup
with a high risk of malignant transformation,?* due to the concomitant
presence of monosomy 7 in the myeloid cells.>*

Poikiloderma with neutropenia

This is a rare skin condition characterized by changes in pigmenta-
tion defined as autosomal recessive inherited genodermatosis. This
pathology has recently been associated with biallelic mutations in the
Cléorf57 gene, located at 16q21, that encodes a U6 biogenesis 1 (USB1)
protein. Mutations in this gene have also been encountered in the
Rothmund-Thomson syndrome (RTS). To date, 38 PN patients have
been reported, harbouring 19 different mutations that are all predicted
to generate truncated protein.?®> The function of the USBI protein is
poorly characterized and the pathogenesis on PN remains obscure, but
affected individuals may be predisposed to develop MDS and AML.2¢

Familial MDS/AML

The transcription factor GATA2 has been identified as a predispos-
ing gene in familial MDS/AML.?” GATA2 belongs to a family of zinc
finger transcription factors that has six members in mammalians
and is required in the early proliferative phase of haematopoietic
development.?® Ectopic expression of GATA2 has yielded controversial
results, promoting proliferation in some experiments and differentiation
in others.?2° The biological functions of GATA2 and the importance
of its balanced expression have led to the suggestion that this gene
might be involved in leukaemogenesis. A number of families carrying
inherited heterozygous missense mutations in the GATA2 transcription
factor gene have been studied.?’” The mutations caused almost total loss
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of function. The MDS/AML observed in these families was characterized
by various acquired chromosomal abnormalities, including trisomy 8,
monosomy 7 and trisomy 21. GATA2 mutations were also found by
exome sequencing in patients with mild chronic neutropenia associated
with monocytopenia and evolving to AML and/or MDS.

Shwachman-Diamond syndrome (SDS)

In the Shwachman-Diamond syndrome, a rare congenital disorder (inci-
dence 1/75,000), 90% of patients bear Shwachman-Diamond-Bodian
syndrome gene (SBDS) mutations. The SBDS gene maps to band 7ql1
and encodes a protein implicated in ribosome biogenesis, mitotic spindle
stability and cellular stress response.’?>* About 10% of patients with
clinical features of SDS lack SBDS mutations.?> SDS is characterized by
haematological abnormalities such as neutropenia, anaemia, thrombo-
cytopenia and a high risk of developing aplastic anaemia, MDS and/or
AML?¢ due to defective haematopoiesis and an altered microenviron-
ment. In these patients, the bone marrow contains few CD34% precursors
which, in vitro, have a reduced colony-forming capacity and bone mar-
row stromal cells are unable to support and maintain haematopoiesis.>’
André et al.?® showed that SDS mesenchymal stem cells have a normal
karyotype and do not show the chromosomal abnormalities observed in
the bone marrow of SDS patients. The cytogenetic abnormalities found
in the bone marrow blasts mainly involve chromosome 7 (monosomy
7 or 7q deletion, translocations or isochromosome 7) and chromosome
20, such as del(20q).>° The prognostic significance of the cytogenetic
abnormalities in SDS is not yet resolved. Many reports suggest that chro-
mosome 7 abnormalities were specific markers of MDS/AML evolution.*°
Nevertheless, the disease was stable in patients carrying iso(7q) and
del(20q).*"*? The mechanism of leukaemogenesis in SDS is unknown.
However, oligonucleotide microarray studies showed that several genes
related to other inherited marrow failure syndromes, including FANCD2,
FANCG, RUNXI, DKCI and MPL, were down-regulated in SDS marrow
cells, whereas several oncogenes such as LARG, TALI and MLL were
up-regulated.*> Altered expression of the SBDS gene has been found
in the mesenchymal cells of a Dicer! deleted mouse model of MDS,
highlighting the importance of a healthy microenvironment for a correct
haematopoiesis.**
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Dyskeratosis congenita (DKC) and telomere syndromes

The telomere syndromes are inherited conditions in which symptoms
affect different organs and tissues (skin, lung, liver and bone mar-
row). These syndromes are caused by dysfunctional telomerase and
abnormally short telomeres. Telomeres are DNA—protein structures that
protect chromosome ends from nuclease activity. Telomeric DNA is made
of hundreds to thousands of repetitions of the hexanucleotide TTAGGG.
The telomeric double-stranded DNA assumes a T-loop single-strand
conformation at the 3’ end that protects the chromosome end from
tolding backwards. Several proteins form the shelterin protein complex
(TERF1 and -2, TINF2, TPP1, POTI and RAP1) and altogether their
tunction is to stabilize the T-loop (Fig. 1.1, Table 1.2). The telomerase is
the ribonucleoprotein complex that adds back additional telomeric DNA,
avoiding dangerous shortening. This complex includes an RNA template,
TERC, a reverse transcriptase enzyme encoded by the TERT gene, and the
dyskerin proteins NHP2, GAR1, NOP10, TCAB1 and DKCI. Telomerase

NOP10

SHELTERINES
\ J

TELOMERASE

Figure 1.1 The telomere T-loop structure with shelterin complex and the elongation
telomerase sub-units TERT and TERC.
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Table 1.2 Telomerase components (shaded for diskerins) and shelterines.

Gene

Chromosome location

Function

Telomerase components

TERT
TERC

NHP2

GART

NOP10

TCAB1

DKCT1

Shelterins
TERF1

TERF2

TINF2

TPP1

RAPT

POTT

5p15.33
326.2

5035.3

4g25

15q14

17p13.1

Xq28

8g21.11

16G22.1

14q12

16022.1

16923.1

7931.33

Reverse transcriptase

RNA template

Present in the Cajal bodies, it is the first protein that
binds RNA, together with the other diskerines dials
the telomerase complex

snoRNAs belonging to H/ACA snoRNPs, specific for
the pseudourilation of the RNA

Nucleolar protein that constitutes the telomerase
complex

The fitting factor between TERT, TERC and diskerine,
transports the whole complex from the nucleus to
the Cajal bodies

Part of the telomerase comple, it is specifically
responsible for the first step of rRNA processing

Involved in a negative feedback mechanism that
establishes the length of telomeres, indeed interacts
with double-stranded telomeric DNA, PINX1, TINF2
and recruits POT1

Telomerase inhibitor, binds to telomeric DNA double
strand to limit telomere elongation

Interconnect between the factors binding telomeric
double-stranded TERF1-2 with those binding
telomeric single-stranded POT1-ACD.

Provides a physical link between telomerase and
shelterin complex

Essential for the suppression of a homologous repair
system that would act on the single-stranded
telomeric DNA

Interacts with TERF1 and ACD binds to
single-stranded telomeric DNA to transmit
information about the length of telomeres

enzymatic activity is repressed in the somatic cells, but activated in the
stem and germinal cells and in highly proliferative tissues (skin, bone
marrow, ovaries). Moreover, telomerase is up-regulated in cancer cells
so that these cells can overtake the cell cycle checkpoints and escape
apoptosis.*>=*7 During DNA replication, there is a necessary gradual loss
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of telomeres due to end replication problems, but factors such as ageing,
stress and mutations in telomerase complex genes accelerate progressive
telomere erosion. When the telomeres are critically short (telomere
length <5 kb), cells sutfer defective proliferation with consequent senes-
cence, apoptosis and genomic instability (breakage—fusion-bridge cycle,
aneuploidy) that limits cell regeneration. These mechanisms underlie
the development of dyskeratosis congenita (DKC), bone marrow failure,
aplastic anaemia, pulmonary fibrosis and cryptogenic hepatic cirrhosis.
Telomere shortening may also promote, due to genomic instability, MDS
and leukaemia.*® Telomere shortening syndromes are clinically evident
relatively early in severe forms such as the premature ageing syndrome
DKC whereas aplastic anaemia (AA) and idiopathic pulmonary fibrosis
(IPF) are late-onset diseases that may only be recognized when MDS or
AML occur. Moreover, AA and IPF are often considered complications
of DKC and they are the first cause of mortality in these patients.*

DKC is a serious disorder characterized by nail dystrophy, lacy reticular
pigmentation of the neck and upper chest and oral leukoplakia. In many
patients, additional clinical manifestations such as bone marrow failure,
pulmonary fibrosis, eye and dental abnormalities, oesophageal and ure-
thral stenosis and osteopenia may be part of the clinical phenotype. The
disease may be X-linked (DKCX) and is caused by mutations in the DKCI
gene, which encodes for dyskerin, a protein necessary for the stabiliza-
tion of telomerase. The autosomal dominant form (DKCAZ2) is caused by
mutations in TERT and TERC genes coding for telomerase and RNA tem-
plate, respectively. The autosomal recessive disease (DKCB1) is caused by
mutations in TINF2, NOP10 and NHP2 genes encoding for shelterin, a pro-
tein necessary for the correct refolding of the telomeres (t-loop). owing
to a complex pattern of inheritance in the DKC, disease penetrance and
expressivity are highly variable and, in addition to the mutations, short-
ness of telomeres is required for the disease to manifest.*’

Aplastic anaemia (AA) is a complex, heterogeneous bone marrow
failure (BMF) disorder. Differential diagnosis between AA and hypoplas-
tic forms of MDS is based on peripheral blood count and bone marrow
cellularity criteria. Differential diagnosis may be difficult to establish
and is sometimes arbitrary, in the absence of cytogenetic abnormalities.
Correct diagnosis, however, is important for addressing prognostic
stratification and treatment. Exposure to putative risk factors such as
chemicals, drugs and viruses contributes to the manifestation of the
acquired form. Detection of mutations in the telomerase complex and
shelterin genes in patients with AA and DKC contributed to a greater
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understanding of the consequences of telomerase deficiency in bone
marrow failure and predisposition to cancer.*® Heterozygous mutations
in the TERT gene impair telomerase activity by haploinsutficiency and
may constitute a risk factor for marrow failure such as MDS and AML,
even in patients without evidence of DKC.’° Telomere and telomerase
behaviour in T-cell deregulation has been studied in naive T-cells in
MDS. Naive T-cells in MDS patients had shorter telomeres, lower TERT
mRNA and reduced proliferative capacity contributing to the accumula-
tion of senescent cells and a reduction of the naive T-cell compartment.
These results suggest a mechanistic link between AA and some forms of
MDS.>!

Fanconi anaemia (FA)
Fanconi anaemia (FA) is a rare autosomic recessive and X-linked dis-
ease characterized by multiple somatic malformations, haematological
abnormalities and predisposition to a variety of cancers.’>=>* The classical
diagnostic test for FA is based on an assessment of cellular hypersensitiv-
ity to DNA interstrand crosslinking agents, such as diepoxybutane (DEB)
and mitomycin (MMC).>®

Haematological abnormalities represent the most prominent patho-
logical manifestation of FA; 75-90% of FA patients develop bone
marrow failure during the first decade of life and, in addition, patients
develop aplastic anaemia, MDS or AML.>*>7 A recent report revealed a
common pattern of specific chromosomal abnormalities in FA patients
with MDS or AML, which include gain of 1q or 3q, monosomy 7 or
deletion of 7q and 11q loss.”® Moreover, cryptic RUNXI lesions such
as translocations, deletions or mutations have also been reported.>®
Interestingly, translocations and/or duplications of 1q can be seen at all
stages in the BM, including ‘normal’ or hypoplastic BM without signs of
transformation. This suggests that these abnormalities are not predictive
of MDS-AML development.’>° Fifteen FANC genes have been identi-
fied to date (FANCA, FANCB, FANCC, FANCDI1, FANCD2, FANCE, FANCF,
FANCG, FANCI, FANCJ, FANCL, FANCM, FANCN, FANCO and FANCP),
mutations of which give rise to FA. Their products are components of
a common cellular pathway, the Fanconi anaemia signalling pathway,
involved in controlling multiple functions related to DNA repair and
cellular response to stress.®! There are some clear genetic—-phenotype
correlations in the FA patients: ‘hypomorphic’ mutations are associated
with mild phenotype whereas FANCD2 patients usually have a more
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severe phenotype.®? Identification the of breast cancer susceptibility gene
BRCA2 as an additional FA gene suggests a close relationship between
the DNA repair mechanisms of the FA and BRCA1/2 pathways.®>=¢°

Down syndrome

The increased risk of leukaemia in children with Down syndrome (DS)
is estimated at 50-fold. The World Health Organization (WHO) in 2008
proposed a unique biological entity for DS-related myeloid leukaemia to
include both MDS and AML.* Among AML patients, acute megakary-
ocytic leukaemia (AMKL) is the most common subtype identified. Cyto-
genetic abnormalities in myeloid leukaemia of DS showed trisomy 8 in
13-44% of patients whereas monosomy 7 is very rare.®®°” In addition
to the constitutional trisomy 21, somatic mutations of the gene encod-
ing the transcription factor GATAI have also been reported.®®~7° Younger
DS patients showed a better response to chemotherapy than non-DS
AML children,”! whereas older DS patients with GATAI mutations had
a poorer prognosis comparable to that of AML patients without DS.”?
Recent research using mouse models showed that of the many genes
present on chromosome 21 that are over-represented in Down syndrome
patients, HMGNI1 is particularly important as it is responsible for switch-
ing off PRC2 with the consequence of increasing B-cell proliferation.”?
HMGNTI is a plausible candidate for regulating genome-wide chromatin
modification, with potential impact on other forms of cancer.” This dis-
covery opens up new avenues for targeted therapy in individuals with
Down syndrome and haematological malignancies.

Cytogenetics

Standard cytogenetic methods based on chromosome banding
techniques allow the detection of chromosomal abnormalities in
about 50% of patients with de novo MDS and 80% of those with
treatment-related MDS. In the remaining cases, karyotypes are normal
or non-informative.”> These figures are based on the definition of cyto-
genetic clone that requires the presence of a chromosomal aberration in
at least two metaphases (in the case of structural aberration or trisomy)
or three metaphases (in the case of monosomy).

Single chromosomal aberrations are typical of primary MDS whereas
complex karyotypes are more common in therapy-related MDS
(t-MDS), although there is considerable overlap. Overall, deletions
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predominate over reciprocal translocations, suggesting that tumour
suppressor gene inactivation/haploinsufficiency plays a pivotal role in
MDS development.”’ Translocations are shared with AML and/or MPD.
Besides one distinct MDS type defined by its chromosome change,
i.e. del(5q),* other recurrent cytogenetic findings are associated with
typical morphological features and clinical course of disease.”®”” Cytoge-
netic findings play a major role in determining prognostic stratification
of MDS addressing treatment choice and experimental therapies. Con-
ventional cytogenetics, i.e. karyotyping, provided the most relevant
biological markers for MDS diagnosis (Figure 1.2, Table 1.3). Further
refinements have been introduced by higher resolution technologies
such as fluorescence in situ hybridization (FISH) and single nucleotide
polymorphism (SNP) array analysis. FISH allows the detection of abnor-
malities in non-dividing cells, whereas SNP array technology allows the
detection of regions of loss of heterozygosity (LOH) that are cryptic at the
level of G-banding, either because they are caused by deletions too small
to discern microscopically or because they occur without genomic loss
via a phenomenon known as acquired uniparental disomy (UPD). The
latter phenomenon is relatively common in MDS and has been shown
to result in the unmasking of mutated tumour suppressor genes.”7?

Loss of Y chromosome (-Y) and del(11q)

According to the recent international prognostic scoring,®® both abnor-
malities are associated with even better prognosis than normal karyotype,
which itself confers a favourable outcome.®!82 The role of -Y in MDS
pathogenesis is not clear as it is also found in the bone marrow of healthy

1,6%1.4%0-6%

0.3%

= Normal karyotype

= Complex karyotype

= Isolated del(5q)

*® Rare abnormalities

= lossY

= trisomy 8

= del(20q)

= del(5q) + 1 abnormality
= Non complex —7/del(7q)
= del(11q)

= trisomy 8 + 1 abnormality
= Independent clones

Figure 1.2 Distribution of cytogenetic aberrations in 364 cases of MDS. (See plate
section for color representation of this figure.)
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Table 1.3 List of chromosomal abnormalities identified by conventional
cytogenetics relevant for MDS diagnosis.

MDS chromosome abnormalities Structural

1(11;21)(q23.3; t;(2;11)
del(7q)

del(5q)

del(20q)
del(12p)
del(11q)
del(17p)

iso(X)(q13)

del(18q)

Numerical

monosomy 7

trisomy 6

=Y

trisomy 8
Structural/numerical

1q unbalanced translocations

MDS/AML chromosome abnormalities Structural
1(6;9)(p23;034)/DEK-CAN
1(3;5)(025;934)/NPM1-MLF1
inv(3)(021026/t(3;3)(a21;926)/EVI1, MDS1
t(1;3)

Numerical
trisomy 4
trisomy 8
trisomy 13
trisomy 14
trisomy 21

MDS/MPD chromosome abnormalities i(17)(q13)
trisomy 14/(14)(q11)
del(13)(q14)
trisomy 8
del(17)(p13)
del(20)(q13)

elderly males. Consequently, -Y, like del(20q), is not a diagnostic marker
of MDS without additional morphological evidence. However, detection
of Y at diagnosis and its disappearance at remission indicate that, at the
very least, it represents a marker of clonality in confirmed MDS cases.
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Del(11q) describes interstitial deletions of chromosome 11 that occur
with variable breakpoints between q14 and q23 in MDS. Ring sideroblasts
are a frequent morphological feature accompanying this aberration.8%84
Importantly, given its location, the MLL gene is not involved in this chro-

mosomal change.8

Del(20q)

Common to MDS and MPD, isolated 20q deletions are also sporadically
found in cases without evidence of BM dysplasia and transient cytopenia.
Both interstitial and terminal deletions have been detected by conven-
tional cytogenetics. Molecular cytogenetics has established that virtually
all deletions are interstitial and have a common deleted region at band
20q13. A single 20q deletion may result in the complete loss of expression
of two imprinted genes, i.e. L3MBTLI and SGK2, whose concomitant loss
is responsible for dysregulation of both erythro- and megakaryopoiesis.®
Del(20q) is included among cytogenetic abnormalities with a relative
favourable course.®® When del(20q) is found in bone marrow without
typical morphological signs of bone marrow dysplasia, it is insufficient to
support diagnosis of MDS.487

idic(X)(q13)

A dicentric isochromosome composed of two copies of the short (p) arm
of the X chromosome, which may involve either the active or inactive
X, is a recurrent finding in elderly women with MDS and is frequently
associated with the presence of ringed sideroblasts. Breakpoints involving
Xql3 may be also found in MDS associated with translocations, such as
t(X;11)(ql3;q924), t(X;19)(ql3;pll), in which ring sideroblasts are not
common.%8

Del(17)(p13)/i(17q)

Unbalanced 17p translocations, monosomy 17 or i(17q), all resulting in
17p13 deletion, have been found in roughly 5% of MDS.3° Loss of TP53
usually occurs as a result of these abnormalities, often accompanied by
deletion or mutation affecting the second allele. Often therapy related,
these cases usually have excess blasts in the bone marrow. The most fre-
quent translocations that, in an unbalanced state, lead to loss of 17p are
t(5;17)(p11;pll) and t(7;17)(p11;p11).°%°! The majority of patients with
del(17p) have additional chromosomal changes, with more than 75%
displaying a peculiar type of dysgranulopoiesis, i.e. pseudo-Pelger—-Huét
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hypolobulation of the nucleus and small vacuoles in neutrophils.
Interestingly, isolated isochromosome 17q, which also results in loss of
17p, is a distinct clinico-pathological entity with myelodysplastic and
myeloproliferative features, a high risk of leukaemic transformation and
a wild-type remaining TP53 allele.”?

Del(12p)

Abnormalities of the short arm of chromosome 12 (12p) are found in
1-3% of primary MDS as an isolated change or with additional anoma-
lies. Deletions at 12p are more frequent in t-MDS with complex kary-
otype. The deletions vary in size with a common deleted region within
band 12p13, between ETV6 (distally) and CDKNI1B (proximally).”? It has
been reported that 12p deletions of smaller size often occur as a sole
abnormality and appear to confer a relatively good clinical outcome.’*
Indeed, according to the IPSS-R, cases with isolated del(12p) fall within
the good risk group with del(5q).8°

Trisomy 8

In primary MDS, the incidence of +8, whether alone or associated with
other abnormalities, is about 10-15%. Together with monosomy 7, it
is the most frequent numerical aberration and is also commonly found
in other myeloid malignancies, namely AML and MPN.”7” In MDS, a
trisomy 8 constitutional mosaicism may underlie trisomic cell growth in
bone marrow.”” Independently of treatment or clinical-haematological
variations, trisomy 8 may be involved in the so-called ‘clonal fluctua-
tion,” i.e. spontaneous trisomic clone disappearance and re-expansion
during disease follow-up.?® The prognostic impact of trisomy 8 is
not well defined since patients have a wide ranging survival, hence the
aberration is grouped in the ‘intermediate’ prognostic category. Pheno-
type/genotype correlations suggest that trisomy 8 in MDS mainly affects
an early myeloid progenitor at the level of CFU-GEMM, downstream of
the totipotent myeloid-lymphoid stem cell. Gene expression profiling
of CD34" cells with trisomy 8 detected the aberrant expression of genes
regulating immune and inflammatory responses and apoptosis.!?°

Rare trisomies: +6, +13, +14, +15, +16, +19, +21

These trisomies have been sporadically reported in MDS as isolated
numerical changes. As trisomy 6 is typically associated with hypoplastic
MDS, it distinguishes MDS from true aplastic anaemia. The neoplastic
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+6 clone involves both myeloid and erythroid lineages. Although very
few cases have been reported to date, trisomy 6 does not appear to be
associated with an aggressive clinical course.!°!

Trisomy 14 appears to predict poor prognosis in MDS, MPD and
AML. It is associated with advanced age, male gender, thrombo-
cytosis and morphological abnormalities in red blood cells. Similar
clinical-haematological features were observed in cases with an
isochromosome 14q.192103

Trisomy 15 is predominantly found in low-grade MDS, such as refrac-
tory anaemia, and is often associated with -Y. Its significance has not yet
been completely defined. It is prevalent in males and, like —Y, has been
related to ageing. In fact, the largest analysis of patients with trisomy 15
did not find frank BM dysplasia and showed that PB cytopenia resolved
spontaneously in many cases.!%410>

Trisomy 19 is closely associated with de novo MDS and MDS-derived
AML, suggesting that it plays a role in disease progression.!%¢

Trisomy 21, the second most common trisomy in patients with
MDS/AML, is rarely isolated but, when it is, it appears to predict poor
prognosis.!%7 It is frequently associated with -5/5q—, —7/7g— and +8,
which determine outcome. A recent study designed to identify putative
accompanying genetic lesions, such as imbalances, uniparental disomy
and gene mutations, and to define associated clinical features found
that +21 positive myeloid malignancies were clinically highly variable
and had a heterogeneous pattern of cryptic copy-number variations and
gene mutations.!'%8

Monosomy 7 and del(7q)

Loss of whole chromosome 7 or partial deletions at its long arm
[-7/del(7q)], whether isolated or as part of a complex karyotype,!®®
occur in ~10% of MDS with unfavourable prognosis. In a minority
of cases, an underlying familial monosomy 7 syndrome with more
than one affected sibling may emerge. Monosomy 7 is associated with
susceptibility to serious infections. MDS with monosomy 7 responds
well to demethylating agents.!'® Monosomy 7 is often observed in
emerging MDS/AML clones from hypo/aplastic bone marrow in con-
genital conditions such as Fanconi anaemia, Shwachman-Diamond
syndrome, Kostmann syndrome and neurofibromatosis 1, and also
in acquired aplastic anaemia after benzene exposure. Insights into
selective G-CSF stimulation of myeloid cells bearing monosomy 7 have
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been obtained in vitro and in vivo.?*''! The gene expression profile
in CD34% cells with monosomy 7 revealed down-regulation of genes
associated with differentiation. Partial 7q deletions are large in size and
relevant genes are still elusive,!!'#11> although by analogy with del(5q),
haploinsufficiency for one or more critical gene(s) is likely.''* At least
three commonly deleted regions (CDRs) have been identified, at 7q22,
7q32-33 and 7q35-36 (Fig. 1.3).!1>"1” Interesting candidate genes are
located at the 7q22 CDR, although deletion of a 2 Mb synthenic region
did not induce myeloid malignancies in mice.!4

Three contiguous genes located immediately upstream of 7q22, i.e.
SAMD9/7q21.2, SAMDOL/7q21.2 and MIKI/7q21.3, have been proposed
as candidate genes. In particular, down-regulation of MIKI gene, located
at the mitotic spindle and centrosome, produced mitotic abnormalities
and a nuclear morphology similar to that observed in MDS.!2° CUX1
(CUTLI, 7q22), encoding a homeodomain DNA binding transcription
factor, has also been implicated.!'®!!® Normally highly expressed in
multipotent haematopoietic progenitors, CUXI was down-regulated
in CD34" cells from patients with —7/del7q. Haploinsufficiency of its
orthologue in Drosophila resulted in increased haemocyte proliferation
and melanotic tumour proliferation in developing larvae.'?! Another
candidate at 7q22 is MLL5, a member of the MLL family thought to
regulate stable transcriptional states during the developmental processes.
In loss-of-function mouse models, MLL5 behaved as a key regulator
of normal haematopoiesis; however, its inactivation did not result in
overt myeloid diseases.!??7124 Moving downstream, a recent candidate
is the DOCK4 gene at 7q31. This gene encodes a GTPase regulator
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14 IRF-1/g31.1 CDR1+{ 2 |mwusigee2

31 DOCK4/q31.1
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Figure 1.3 Chromosomes 5 and 7 common deleted regions (CDRs) and examples of
deleted genes.
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and was identified in a methylation profiling study on peripheral
blood leukocytes of 21 MDS patients with either normal or abnormal
karyotypes (including monosomy 7).12> DOCK4 was significantly hyper-
methylated and weakly expressed in MDS. Genetic and epigenetic
events such as promoter methylation and 7q loss may underlie this
deep down-regulation. DOCK4 knockdown in primary marrow CD34%
stem cells reduced erythroid colony formation and increased apoptosis,
recapitulating MDS bone marrow failure.!?> Whole-genome analysis
identified EZH2 gene mutations in patients with —7/del(7q) by cytoge-
netics or UPD on SNP analysis).!'® EZH2 maps at 7q36.1, encodes for
a methyltransferase protein in the PRC2 complex and serves an essen-
tial function in maintaining transcriptional silencing through specific
post-translational histone modifications.'?® A diverse range of missense,
nonsense and frameshift mutations in EZH2 were identified in ~6.4%
of MDS cases. Interestingly EZH2 mutations are found in monoallelic
and biallelic states and are more frequently associated with 7q UPD and
7q36.1 microdeletions than with -7/del(7q).''8!27 These observations
suggest that EZH2 acts as a tumour suppressor. In contrast, however, an
activating mutation increasing FZH2 methylation activity was found in
lymphomas!?® and EZH2 over-expression has been reported in various
malignancies.!2¢

Rare monosomies

Monosomy 5 is rarer than estimated on the basis of karyotype; FISH
reveals that a proportion of cases are in fact long arm deletions or unbal-
anced translocations, with the p-arm and proximal g-arm retained in
abnormal marker chromosomes.!?? It is typically found in t-MDS aris-
ing after alkylating agents and predicts a poor outcome.!** Monosomy
18, and also other monosomies, such as =13, —17, =20 and -21, are usu-
ally found as part of complex karyotypes.'>!713> When present as a sole

abnormality, monosomy 21 is considered a good prognostic marker.!>?

Unbalanced translocations involving 1q

These translocations involve a supernumerary 1q that rearranges with
a variety of chromosome loci (Yql2, 6p21, 6p24, 7ql0, 9p10, 10qll1,
13ql0, 14ql0, 15ql0, 16qll, 1624, etc.), resulting in partial trisomy
of 1g. In the majority of cases the 1q breakpoint occurs within the
heterochromatic region. The most frequent unbalanced 1q transloca-
tion, t(1;7)(q10;p10), occurs in both MDS and AML, particularly in
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therapy-related cases. der(6)t(1;6)(q21-25;p21-23), another recurrent
unbalanced translocation producing a partial trisomy 1q, has been
reported in MDS, AML and chronic myeloproliferative neoplasms. 413>

t(17;18)(p10;910)

The rare t(17;18) whole arm chromosome translocation is recurrent in
AML and MDS, even in cases with ringed sideroblasts. Rarely found
as an isolated abnormality, it results in loss of the short arms of chro-
mosomes 17 and 18. FISH has shown that the derivative bears both
centromeres.”%13¢

Rare or sporadic balanced translocations

Sporadic balanced translocations are seen in ~2-3% of low-grade
MDS. Unlike most translocations in MDS/AML, a recurrent breakpoint
at 11g23.3, telomeric to MLL in the t(11;21)(g23.3;q11.2) and the
t(2;11)(p21;923.3), does not produce a fusion gene. Remarkably, the
t(2;11)(p21;923.3) is associated with strong miR-125b up-regulation
which, in in vitro experiments, interfered with primary human CD34%
cell differentiation and inhibited terminal (monocytic and granulocytic)
differentiation in leukaemic cell lines. In some patients, the normal
chromosome 11 was lost and the derivative was duplicated, reinforcing
the critical role of the rearranged sequences in disease pathogenesis.
These translocations are frequently seen as isolated abnormalities.
However, the most commonly associated changes are del(5q) and/or
—7/del(7q).!?”13® Remarkably, several new reciprocal translocations
have been reported recently in MDS and AML,!?%!40 but the molecular
counterpart(s) still remain to be determined.

t(3;5)(q25.1;q34)

t(3;5)(q25.1;q34) produces a fusion between NPMI, encoding for a
nucleocytoplasmic shuttle protein, and MLFI, encoding for a cytoplas-
mic protein. The NPMI-MLFI fusion has been linked to increased BM
apoptosis.141-142

3921-926 rearrangements

These consist of inv(3)(q21g26) and t(3;3)(q21;q26) and other 3q26
rearrangements. Typically associated with rapidly evolving MDS, they
are frequently found in therapy-related cases. Both the former rear-
rangements deregulate expression of at least two genes, i.e. MECOM
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(MDSI1 and EVII complex locus) at 3q26 and ribophorin I (RPNI) at
3g21. 3q21 rearrangements predict poor response to chemotherapy and
short survival and are associated with marked dysmegakaryopoiesis
(micromegakaryocytes) in 90% of cases. The platelet count is normal in
50% of cases and even increased in 20% of 3q21 abnormalities.!43144
Both 3921 and 3q26 breakpoints may be involved in other recurrent
rearrangements in MDS. Among them, the t(1;3)(p36;q21) typically
occurs in MDS with trilineage dysplasia, especially dysmegacaryocy-
topoiesis and poor prognosis. RPN is involved at 3q21 and the putative
oncogene MELI (MDS/EVIl-like gene 1) at 1p36.3. Since MELI and
MECOM are highly similar and t(1;3) and inv(3)/t(3;3) both result in
RPN1-driven ectopic MELI or MECOM expression, they are hypothe-
sized to share a common molecular mechanism. The t(3;21)(q26;q22),
generating the RUNXI-MECOM fusion, is typically associated with
t-MDS/t-AML arising after exposure to radiation, epipodophyllotox-
ins and anthracyclines. Cases usually show multilineage dysplasia
but do not have thrombocytosis.!#> Like other 3q26 rearrangements,
t(2;3)(pl5-22;q26), another recurrent translocation involving 3q26,
causes MECOM ectopic expression. The translocation fuses MDSI and the
5" region of EVII from the MECOM locus at 3q26 with BCLI1A, THADA
and other loci at 2pl16.1-21. In a few cases, accompanying cryptic
deletions distal to the 3926 breakpoint were detected. As with any
other 3926 rearrangement and MDSI/EVII ectopic expression, clinical
outcome is severe, 46147

AML-associated translocations

Typical balanced translocations associated with eponymous AML sub-
types such as t(8;21)(q22;922), (15;17)(q22;q21) and inv(16)(p13q22)
can be found in cases with less than 20% of bone marrow blasts.
Nevertheless, these cases should be diagnosed as AML rather than
MDS.* Other chromosome rearrangements, such as the t(6;9)(p23;q34),
MLL/11q23 translocations and NUP98 translocations, when found in
cases with <20% blasts, predict a rapid evolution towards a frank
leukaemia. The t(6;9)(p23;q34) was associated with a younger age of
patients whereas, unlike AML, it did not appear to impact on prognosis
if compared with the overall outcome of RAEB and RAEB-T.!“® MLL
translocations are typically associated with t-MDS/t-AML, which devel-
ops after a relatively short period from treatment with topoisomerase II
inhibitors for a previous neoplasia.'4’
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NUP98/11p15 translocations

At least 30 different partners have been reported for the NUP98 gene
(11p15) in MDS (Fig. 1.4), AML, MPN and T-ALL. Despite the variety of
NUP98 partner genes, they fall into two main categories: homeodomain
(HD) and non-HD genes. The chimeric transcripts encode for fusion pro-
teins that juxtapose the NUP98 N-terminal GLFG repeats to the partner
gene C-terminus. Remarkably, several translocations were found in
patients with t-MDS/t-AML, suggesting that genotoxic chemotherapeu-
tic agents can play a role in generating chromosomal rearrangements
involving NUP98. NUP98-NSDI is a cryptic change frequent in paediatric
AML but rare in adult MDS.!5%-153 In NUP98-positive cases, events coop-
erating with NUP98 in leukaemogenesis were identified as FLT3-1TD and
WTI and KIT mutations.!>*

Complex karyotypes

A karyotype with multiple abnormalities, termed complex, is seen in up
to 20% of MDS and more than 50% of t-MDS and is associated with poor
prognosis and a median survival time of less than 1 year. Most current

AF10 [10p12]
GSX2[4912]  prpx1/PMXT [1924]
RARG[12q13] HOXD11 [2q31]
PRRX2/PMX2 [9934] HOXAQ [7p15]
RAP1GDS1 [4q23] HOXD13 [2g31]
TOP2B [3p24] HOXA13 [7p15]
LEFDGF [9p22] HOXA11 [7p15]
C60rf80 [6G24]
NUP98 HOXC11 [12g13]
PHF23 [17p13] (11p15) oxC
ADD3 [10q25] HOXCTS [12913]
TOP1 [20q12] HHEX[10023]
SETERY [18912) JARID1A [12p13]
NSD1 (5035] NSD3 [8p11]
IQCG [3g29g13] DDX10 [11q22]
POU1F1 [3p11] MLL[11g23]

LOC348801 [3q12] HMGB3[Xq28]

NUP98 protein  NH,~ [ [[[[JGEEBS [ [T ] PEFCOOH

(*: GLFG repeats) RNA binding domain

Figure 1.4 NUP98 partner genes (top) and schematic representation of the NUP98
protein (bottom).
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clinical guidelines agree that the presence of more than three numerical
and/or structural changes is the threshold for poor prognosis.”> Exposure
to mutagens and/or radiation can be found in the medical history of
MDS patients with complex karyotypes,!>> which often include -7/7q-
and -5/5q-. In around 40% of MDS/AML with -5/5q- and complex
karyotypes NPM1, mapping at 5935, is deleted, although it is never lost
in isolated 5q—.!°° TP53 deletions and/or mutations, seen in more than
90% of cases, characterize patients with extremely poor prognosis.!>¢157
However, a monosomal karyotype, i.e. at least two clonal autosomal
monosomies or one monosomy associated with a structural change, may

possibly be prognostically worse than a complex karyotype in MDS.1%8-161

Chromosome 5q deletions

Chromosome 5q deletions, with or without additional karyotypic abnor-
malities, vary in size. In de novo MDS, 10-15% of patients display a 5q
loss, making it the most frequent recurrent cytogenetic abnormality in
MDS.162 As the most specific aberration in MDS, an isolated 5q deletion
is recognized as a distinct entity, MDS del(5q) or ‘5q— syndrome,” in the
WHO 2008 classification* (described below) (Fig. 1.5). In MDS induced
by cancer treatment with alkylating agents or radiotherapy, a 5q deletion
also is seen in ~80% of patients with complex karyotypes, with or with-
out chromosome 7 abnormalities.'®> Outcomes in MDS patients with 5q
deletion vary greatly in terms of overall survival (OS) and risk of trans-
formation to acute myeloid leukaemia (AML), depending on additional
associated changes.!®? It is well established that patients with del(5q) plus
two or more chromosomal abnormalities (i.e. complex karyotypes) have
poor outcomes. OS ranges from 27 to 145 months in isolated del(5q)
compared with 6-33 months for del(5q) in a complex karyotype. Risk
of AML transformation is greater in the latter category, with almost all
patients developing AML within 5 years of diagnosis of MDS,132/162,164-167
The prognostic value of a single chromosomal abnormality (excluding
chromosome 7 anomalies) in addition to del(5q) is still a matter of debate.
Some evidence suggests that patients with del(5q) plus one additional
abnormality have significantly worse prognosis than patients with iso-
lated del(5q)'°* (Fig. 1.3), whereas other studies found no significant
differences in 0S.132162:164-167 Regponse rates to treatment indicate the
profound biological and clinical differences in MDS with isolated 59— and
MDS with 5g- in complex karyotypes. Lenalidomide successfully elicits
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Figure 1.5 Example of G-banded karyotype showing a del(5q).

erythroid response and transfusion independence in up to 70% of cases of
5g@- syndrome, but in only 20% of cases with 5q—in complex karyotype.

Isolated 5q deletion: 5q- syndrome and other del(5q) MDS

The ‘5g- syndrome,” the only MDS to be recognized as a separate cat-
egory in the WHO 2008 classification,* was first reported by Van den
Berghe et al. in 1974.1°% They described the isolated interstitial deletion
at the long arm of chromosome 5 as a distinct entity that was charac-
terized by refractory macrocytic anaemia, normal or high platelet count,
hypolubulated micromegakaryocytes, hypoplastic erythropoiesis, female
gender preponderance and relatively good prognosis. Subsequent reports
confirmed a female preponderance (7:3 females:males) and good progno-
sis (median survival of 145 months) with ~10% of patients transforming
to acute myeloid leukaemia.*!%°-17! Remarkably, the 5q— syndrome can
often be predicted on the basis of bone marrow morphology alone.!”!
It is worth noting that some MDS with del(5q) as the sole anomaly e.g.
refractory anaemias (RA) and refractory anaemia with excess of blasts
(RAEB)'%? do not satisfy 5g— syndrome criteria. An isolated del(5q) has
occasionally been reported in myeloproliferative neoplasms (MPN) and
acute myeloid leukaemia (AML). Recent evidence suggests that an iso-
lated del(5q) other than 5g- syndrome is an adverse prognostic factor
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in myeloid malignancies, regardless of the clinical-pathological disease
phenotype.!72

When the del(5q) is the sole karyotypic abnormality, cryptic genomic
imbalances are very rare.”®17>17% Both centromeric and telomeric
boundaries are different in isolated del(5q) compared with those in 5q-
in complex karyotypes.!”>17¢ Mutations in JAK2 and MPL genes have
rarely been reported, in 6% and 3% of 5g— syndrome, respectively,
without consequences on phenotype or prognosis.!”? The del(5q) and
the JAK2V®'7F, however, were shown to be independent clones from
a single patient.!”” IDH mutations are more frequent in other myeloid
malignancies with del(5q).!”? Interestingly, 18% of patients with
low-risk, early-stage MDS and isolated del(5q) carried small subclones
bearing p53 mutation which subsequently expanded with leukaemic
evolution.!”® The p53-positive small clones may expand at time of
disease progression.!'”?

The 5g- syndrome is well established as a disorder of the human
haematopoietic stem cell (HSC). In a subset of patients with 5q—, B-cells
may be involved, suggesting HSCs with combined lympho-myeloid
potentialities.'8%!8! Investigation into del(5q) MDS patients who
received lenalidomide showed that virtually all CD34%, CD38 /low,
CD90% stem cells and CD34%, CD38" progenitor cells had the 5q deletion
before treatment. Despite complete remission, however, a fraction of the
minor, quiescent CD34%, CD38 /low, CD90" del(5q) stem cells remained
resistant and expanded considerably at the time of disease progression.
This CD34" HSC subset plays a role in leukaemia initiation.!8?

Decades of research has been focused on analysing chromosome 5q
deletions in 5g— syndrome and other MDS with del(5q) to define a com-
monly deleted region (CDR) and to identify the gene(s) responsible for
the disease. Two distinct CDRs were identified and linked to differences
in disease behaviour (Fig. 1.3).!7° The proximal CDR (CDR1) at 5q31,
associated with advanced MDS and AML, includes a cytokine cluster (i.e.
IL3, 114, IL5, IL13, GM-CSF), CDC25c, PP2Acalfa, CTNNAI and ERGI (see
below).18%>184@ A more distal CDR (CDR2) in 5g- syndrome was narrowed
toan ~1.5 Mb interval at 5932-q33 flanked by the DNA marker D552413
and the GLRAI gene.'®*® CDR2 encompasses around 40 genes including
SPARC, mir-143, mir-145, mir-146 and RPSI14. An absence of detectable
mutations in any of the 40 genes is in keeping with haploinsufficiency
(i.e. the dosage effect resulting from loss of a single allele) as a major
pathogenetic event.!”!
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Whether phenotypic heterogeneity in MDS patients with del(5q)
is the inevitable consequence of the number and type of haploin-
sufficent genes inside the deleted region of individual patients has
not been established. Additional genetic and epigenetic abnormali-
ties, and also microenvironment interactions with clonal cells, have
been hypothesized.'®> However, in vitro and/or in vivo models pro-
vided functional evidence of the role of individual genes, located at
5q, in haematopoietic stem cell function and leukaemic progression
(Table 1.4).'%° Next-generation sequencing in MDS with del(5q) evolv-
ing to AML showed mutations of RYRI and TP53 only at progression to
AML.'3¢ The critical role of TP53, however, is better illustrated by the
finding of clonal hyperexpression and mutation of the gene in around
20% ot low-risk MDS evolving to acute myeloid leukaemia who fail to
respond to lenalidomide. 78187

Candidate genes at 5q
APC

The adenomatous polyposis coli (APC) tumour suppressor gene is located
at chromosome band 5q23. A single APC allele is lost in over 95% of
patients with myeloid neoplasms and del(5q). APC encodes for a multi-
functional protein involved in the regulation of, for example, the Wnt
signalling pathway via its ability to control p-catenin degradation, cell
migration, cell adhesion, spindle assembly and chromosome segregation.
Since APC loss of function underlies colorectal cancer initiation and
progression!®” it may therefore contribute to MDS by haploinsuffi-
ciency. In two murine models, APC haploinsufficiency led to ineffective
haematopoiesis and altered haematopoietic stem cell function, inducing
an MDS/myeloproliferative phenotype.!818?

IRF-1

The IRFI gene maps to 5q31.1, upstream of the proximal del(5q) CDR.
It encodes the interferon regulatory factor-1, a transcription factor
controlling functions such as immune response regulation, cell growth,
cytokine signalling and haematopoietic development. Interestingly,
in IRFI7~ mice, immature granulocytic precursors were increased,
suggesting a role in early myelopoiesis.!?°

PP2Aca and CDC25c¢

Protein phosphatase 2a (PP2A) dephosphorylates many substrates and
plays a role in the broad cellular regulatory functions of many signalling
and metabolic pathways. A holoenzyme, it is composed of diverse
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Table 1.4 List of 5q genes with a role in haematopoietic stem cell function and

leukaemic progression.

Gene Locus

CDR1 CDR2

Murine model phenotype

APC 5022

IRF-1 5031.1

EGRT* 5031.2

DIAPH1 5031.3

CSFIR 5032

miR-145/miR-146a 5q32/5g33.3

SPARC 5033
RPS14 and RBN22 5q33
NPM1 5035.1

No

No

Yes

Yes

No

No

No

No

No

No

Yes

Yes/adjacent
to distal
border of CDR
Yes

Yes

No

Anaemia, macrocytosis,
monocytosis'88.189

Impaired granulocytic
differentiation and maturation,
reduction in granulo-monocytic
progenitors'®®

Development of T-cell lymphoma
or MDS/MPD phenotype
characterized by leukocytosis,
anaemia, thrombocytopenia,
with dysplastic neutrophils'!
Development of age-dependent
myeloproliferative defects:
splenomegaly, fibrotic and
hypercellular bone marrow,
extramedullary haematopoiesis
in both spleen and liver, presence
of immature myeloid progenitor
cells with high
nucleus-to-cytoplasm ratio,
dysplastic erythrocytes'??
Mononuclear phagocytic
deficiency, increased primitive
progenitor cell frequency'®?
Thrombocytosis, neutropenia,
megakaryocytic dysplasia'®*

Thrombocytopenia, reduced
erythroid colony formation'®®
Development of a 5g— syndrome
phenotype: macrocytic anaemia,
monolobulated
megakaryocytes'?®

MPD/AML phenotypes,'®” MDS
phenotype'®®

*No haematological phenotype; T-cell ymphoma or MPD developed after treatment with

alkylating agents.
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subunits. The catalytic subunit alpha isoform (PP2ACa) and its regu-
latory subunit (beta isoform PR 52) are located at 5q31.1 and 5q32,
respectively. PP2A activates the G2-M cell cycle transition by dephos-
phorylating an inhibitory serine residue on CDC25¢, a serine/threonine
and tyrosine phosphatase which the gene also maps at 5q31.2. CDC25c,
in turn, dephosphorylates cyclin-B/cyclin-dependent kinase (CDK)-1,
allowing mitotic start.?’® Lenalidomide directly inhibits CDC25¢ activity
and indirectly suppresses PP2A activity, inducing G2/M arrest in del(5q)
myeloid progenitors. Thus, PP2A and CDC25c inhibition emerge as key
effectors of del(5q) MDS sensitivity to lenalidomide.?°!

EGRI

The early growth response 1 (EGRI) gene maps to 5q31.1 and encodes
for a transcription factor with a zinc finger DNA binding domain.!7°
Although not itself transforming, EGR1*/~ and EGR1~'~ mice developed
a, MPN-like syndrome when treated with N-ethylnitrosourea (ENU)
with shorter latencies and higher frequencies than wild-type EGRI.'"!

CTNNAI

CTNNAI maps at 5q31.2, downstream to the proximal del(5q) CDR.
Known as alpha-catenin, CTNNAI encodes for a transmembrane glyco-
protein that is involved in establishing tight epithelial cell connections via
intracellular domain anchorage to the actin cytoskeleton. The tumour
suppressor role of CTNNA1 was reported in patients with intestinal

tumours.292

CTNNAI expression was reduced in del(5q) leukaemic cells
and in the HL-60 cell line harbouring a chromosome 5q interstitial
deletion. Interestingly, methylation and histone deacetylation may
suppress the retained allele in MDS with del(5q) and in high-risk MDS

and AML.203

DIAPHI

DIAPH]I encodes for the mammalian diaphanous (mDia)-related formin
mbDia-1 protein. It maps at 5q31.3 immediately upstream of the del(5q)
distal CDR and participates in many cytoskeletal remodelling events,
including cytokinesis, vesicle trafficking and filopodia assembly. Knock-
down experiments in Drfl, the murine homologue of DIAPHI, resulted
in haematopoietic progenitor defects mimicking a myeloproliferative
disorder.1??
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miR-145 and miR-146

miR-145 and miR-146a, which are abundant in haematopoietic/stem
progenitor cells, are implicated in features of the 5g— syndrome phe-
notype, namely thrombocytosis and hypolobulated megakaryocytes.!*
Both are deleted in virtually all 5g— syndromes as miR-145 maps
within the typical 5g— syndrome CDR whereas miR-146a is located
adjacent to its distal boundary. Indeed, miR-145 and miR-146a
were both down-regulated in the CD34% cells of three patients
with 5g- syndrome.'”® miR-145 targets Toll-interleukin-1 receptor
domain-containing adaptor protein (TIRAP) and miR-146a the tumour
necrosis factor receptor-associated factor 6 (TRAF6). Knockdown
of both miR-145 and miR-146a, or enforced TRAF6 expression, in
mouse haematopoietic stem cells resulted in thrombocytosis, mild
neutropenia and megakaryocytic dysplasia, as observed in patients
with 5g- syndrome.!®* However, miR-145 expression levels are dis-
crepant in patients with 5q— syndrome.?%4-2%¢ Notably, p53 up-regulates
miR-145.207:208

SPARC

The secreted protein acidic and rich in cysteine/osteonectin/BM40
(SPARC) gene is located on 5q931.3—q32. It encodes for a protein that
regulates extracellular matrix components. Deletion of one allele of
SPARC may provide a malignant clone with a stromal advantage. SPARC
expression is up-regulated in del(5q) erythroblasts after treatment
with lenalidomide.?? In addition, homozygous SPARC knock-out mice
developed several features, including anaemia and thrombocytopenia,
suggesting a cooperative effect on erythropoiesis and anaemia as seen in

del(5q) MDS.!%°

RPS14

Mapping at 5q32, the ribosomal protein S14 gene encodes a 40S
ribosome subunit protein. In yeast its homologue is essential for
endonucleolytic cleavage, which removes 200 nucleotides from the 3’
end of 20S pre-rRNA and generates mature 18S rRNA and functional
40S ribosomal subunits.?!° ITn 2008, Ebert et al.?!! used RNA-mediated
interference (RNAi) to reproduce a disease phenotype in normal
haematopoietic progenitor cells. Forced expression rescued the pheno-
type in patient-derived bone marrow cells. A block in pre-ribosomal
RNA processing in RPSI4-deficient cells was identified. Interestingly,



30 Chapter 1

the block in ribosome biogenesis in 5g— syndrome cells was function-
ally equivalent to the defect in Diamond-Blackfan anaemia (DBA), a
congenital disorder characterized by anaemia, erythroblastopenia and
increased malignancy caused by mutations in several ribosomal protein
genes. The role of RPSI14 in del(5q) MDS pathogenesis was reinforced by
evidence from a murine model of the human 5g- syndrome. Haploin-
sufficiency in mice induced macrocytic anaemia with dysplastic features,
monolobulated megakaryocytes and hypocellular bone marrow that
was rescued by p53 inactivation.'®® This study first suggested that a
p53-dependent mechanism underlay the 5g— syndrome and a link
between the typical 5g— syndrome ribosome biogenesis dysregulation
and the p53 checkpoint was later demonstrated. Indeed, disruption of
ribosome assembly released free ribosomal proteins. These interacted
with the product of the human homologue of the mouse double minute
2 gene (MDMZ2). MDM?2 is an E3-ubiquitin ligase that directly binds
TP53, leading to its proteasomal degradation. Therefore, interaction of
free ribosomal proteins with MDM2 prevented TP53 binding, inhibited
ubiquitination and promoted protein stabilization.?!%213

Consistent with the 5q- syndrome phenotype, RNAi-mediated
RPS14 gene silencing in human haematopoietic stem cells was followed
by selective p53 activation in erythroid progenitor cells, resulting in
erythroid-specific p21 accumulation, cell cycle arrest and apoptosis.?!*

CSNKIA1

Strong evidence has been accumulated for an important pathogenetic
role of this gene in del(5q).?!> CSNKI1AI mutations were identified in
~7% of del(5q) cases. Interestingly, mutant expression induced cell cycle
progression of haematopoietic stem cells in mice.

NPM1

The NPMI gene maps at chromosome 5q35.1 and encodes a highly
conserved phosphoprotein of around 37 kDa. NPM protein resides in
nucleoli, although it shuttles rapidly between nucleus and cytoplasm,
participating in many cellular processes. These include pre-ribosomal
particle transport and ribosome biogenesis, response to stress stimuli
such as UV irradiation and hypoxia, maintenance of genomic stability
through control of cellular ploidy, DNA repair processes and DNA tran-
scription regulation through chromatin condensation/decondensation
modulation. NPM regulates the activity and stability of crucial tumour
suppressors such as p53 and ARE?!® Bone marrow dysplastic features
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and chromosome instability were found in mouse models with NPMI
haploinsufficiency.!?”1% This is in keeping with human high-risk MDS
and AML in which NPM]I loss is significantly associated with karyotype
complexity (i.e. chromosome markers and aneuploidies).!>¢-217.218

Somatic mutations

In addition to cytogenetic abnormalities, a range of genetic and epige-
netic lesions are found in patients with MDS. To date, only one mutation
has been associated with a particular MDS subtype, and this involves
SF3BI in MDS with ring sideroblasts.?!” The majority of lesions are shared
with acute myeloid leukaemia and myeloproliferative neoplasms. Sev-
eral somatic mutations are predictive of overall survival and progression
to acute myeloid leukaemia, although they are yet to be included in any
of the risk stratification systems. Commonly mutated gene types in MDS
include

1 oncogenes and tumour suppressor gene;
2 genes involved in epigenetic modification (CpG island methylation or

histone modification);
3 genes encoding for spliceosome machinery.

Oncogenes and tumour suppressor genes

RUNX1

The human runt-related transcription factor 1 gene (RUNXI, previously
termed CBFA2, AMLI or PEBP2aB) is located on chromosome 21q22,
spans 260 kb and is encoded by 10 exons that produce three transcript
variants by alternative splicing. The encoded protein is one of the
conserved core binding transcription factor (CBF) alpha subunits. This
transcription factor is a heterodimeric protein composed of three distinct
DNA-binding CBFa subunits (RUNXI, RUNX2 and RUNX3) and a com-
mon invariable non-DNA-binding subunit (CBFp). The RUNXI protein
consists of two well-defined domains: a highly conserved N-terminal
RUNT domain mediates DNA binding and heterodimerization with
the non-DNA binding regulatory CBFf subunit and a transactivation
domain (TAD) followed by a highly conserved five amino acid sequence
(VWRPY) at the C-terminus.??° RUNXI plays an essential role in spec-
ifying the haematopoietic stem cell and is required for haematopoiesis.
Molecular studies in runx1~~ mice showed arrested development and
death at an early embryonic stage due to blocked haematopoiesis.??!
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Two promoters regulate RUNX1 expression transcription: RUNX1c, the
longest isoform, is transcribed from a distal promoter in exon 2, whereas
RUNXIla and RUNX1b are transcribed from the proximal promoter in
exon 4.%22 Functional studies in mice suggested that relative expression
of RUNX1a and RUNX1b splice isoforms affects cell fate because RUNX1a
expression increases the self-renewal capacity of haematopoietic stem
and progenitor cells, whereas RUNX1b expression promotes differenti-
ation of these cell types. The balance between these antagonist effects
underlies physiological regulation of haematopoietic ontogeny.??3

RUNXI1 is a DNA-binding transcription factor which, in the myeloid
lineage, directly binds several genes related to myeloid growth factor
signalling, such as IL-3, GM-CSF, the M-CSF receptor and c-Mpl, 224227
thus regulating expression in immature myeloid cells.?2822° Chro-
mosomal rearrangements involving the RUNXI gene, such as t(8;21)
RUNXI-RUNXITI, t(3;21) RUNX1/EAP and t(3;21) RUNX1/MECOM(EVII)
are typically associated with acute myeloid leukaemia and rarely
described in MDS. Nevertheless, RUNX1 is a promiscuous gene recom-
bining with multiple genomic sites. A translocation t(X;21)(p22.3;q22.1)
with RUNX1/FOG2 rearrangement was described in one case of refractory
anaemia with excess of blasts.?>® Conversely, loss-of-function RUNX]I
mutations are far more common in MDS.231-233

RUNXI gene mutations were detected in about 10-20% of MDS,
particularly in radiation-associated and therapy-related MDS/AML. At
the protein level, these mutations are distributed throughout the full
length of the protein. N-terminal mutations involve, almost exclusively,
the RUNT domain; half are missense mutations replacing amino acid
residues in direct contact with DNA. Other frameshift or nonsense
mutations abolish the physiological function of the RUNT domain.
Although these N-terminal mutations are associated with low or no
DNA-binding ability, they can still bind the CBF complex B subunit.
N-terminal mutations predominantly affect younger patients with
a history of radiation and/or chemical exposure, who present with
hypocellular bone marrow.

C-terminal mutations are seldom missense. The majority are the
so-called ‘chimera-like,” frameshift mutations that result in truncation
of the original RUNXI1 protein followed by a stretch of additional amino
acids originating from the new reading frame. RUNXI C-terminal
mutations display a high cellularity in bone marrow and peripheral
blood and increased dysplastic megakaryocytes, resulting in a myelodys-
plastic/myeloproliferative disease.?** Recent studies have shown that
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haploinsufficiency of RUNXI! activity leads to thrombocytopenia,
whereas an almost complete loss of RUNXI activity leads to increased
genomic instability and predisposes to leukaemia.?*>

Germinal heterozygous RUNXI loss-of-function mutation causes the
familial platelet disorder with predisposition to acute myeloid leukaemia
(AML) (FPD/AML). Patients have moderate thrombocytopenia and
impaired platelet function, usually show progressive pancytopenia
and dysplastic features with age and share a markedly increased risk
of developing AML during their lifetime with MDS patients.?>¢ All
tamilies showed loss-of-function mutations affecting the RUNT domain.
Evidence that RUNXI1 haploinsufficiency causes FPD/AML came from
observations in families with a RUNXI large intragenic deletion and
a tully functional residual allele. However, current evidence indicates
that complete RUNX1 loss of function might be required for or, at least,
contribute to AML progression, as a significant proportion of sporadic
AML cases have biallelic RUNXI mutations. RUNXI gain of function by
amplification events was detected in primary paediatric ALL.

A multivariate analysis that included risk stratification using IPSS
showed that RUNXI, ASXLI, TP53, EZH2 and ETV6 mutations were
independent predictors of poor overall survival and were mainly associ-
ated with high-risk MDS subtypes (RAEB, RAEB-T, CMML).?*” RUNXI,
TP53 and NRAS mutations correlated with severe thrombocytopenia
and elevated blast count, but not with neutropenia or anaemia.??”-238
Loss-of-function RUNXI mutations in mice affect megakaryocyte but
not granulocyte or erythroid differentiation, which is consistent with
the MDS phenotype in humans with RUNXI mutations. The close
association of RUNXI mutations with radiation suggests that either the
RUNXI gene is particularly sensitive to DNA damage following radiation
or that pre-existing RUNXI mutations may predispose patients to MDS
following DNA damage.?*® Patients with RUNXI mutations at diagnosis
also have a higher frequency of —7/7q deletion than those without.?*’

NRAS and KRAS

The RAS family, namely the proto-oncogenes with intrinsic GTPase activ-
ity H-ras, K-ras and N-ras, is the most extensively studied gene family
in MDS. Ras proteins are signal switch molecules that cycle between
active GTP-bound and inactive GDP-bound conformations (Ras-GTP and
Ras-GDP). Once activated by a cell surface receptor, RAS proteins mediate
signal transduction across the plasma membrane and also the intracellu-
lar pathways that underlie proliferation and differentiation. Two protein
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families regulate the Ras protein activation status. Negative regulators
are GTPase-activating proteins (p120GAP, neurofibromin and GAP1) that
stimulate hydrolysis of bound GTP to GDP. Positive regulators are gua-
nine nucleotide exchange factors (Sos and Ras-GRF) that stimulate the
exchange of Ras-bound GDP for fresh GTP from the cytosol.?4°

In the active conformation, GTP-bound Ras binds to and activates
effector proteins such as Raf kinases, PI-3 kinase and Ral-GDS. In one
well-defined Ras signalling pathway, activation of the serine-threonine
kinase Raf protein family activates the ERK MAP kinase protein kinase
cascade. The RAS-to-MAPK pathway appears to be essential for mito-
genic signalling.?4! Ras proteins shuttle between the Golgi apparatus and
plasma membrane. Produced as cytoplasmic proteins, they require sev-
eral post-translational modifications such as prenylation, proteolysis, car-
boxymethylation and palmitoylation to acquire full biological activity.?4

In RAS family molecules, primary amino acid sequence alignment
indicates four domains: (i) at the N-terminus, 85 amino acids are identical
in H-, K- and N-ras; (ii) another 80 amino acids, showing 70-80% con-
servation within RAS proteins; (iii) the rest of the molecule, except for
the last four amino acids, is a hypervariable region; (iv) the highly con-
served C-terminal motif CAAX (C = cysteine, A = any aliphatic residue,
X = any uncharged amino acid) is the consequence of post-translational
modifications.

The human neuroblastoma RAS viral oncogene homolog gene (NRAS,
NM_002524.4) maps on 1pl3.2, spans 8 kb and consists of seven exons
encoding for a 189 amino acid protein. The v-Ki-ras2 Kirsten rat sarcoma
viral oncogene homologue gene (KRAS) maps on 12p12, is spread over
35 kb and consists of six exons that can be alternatively spliced to produce
a 188 or 189 amino acid protein (NM_004985, 5312 bp, and NM_033360,
5436 bp, respectively) according to whether exon 5 is retained or not.

KRAS defects are implicated in AML and juvenile myelomonocytic
leukaemia (JMML). Mutations give rise to abnormal protein products
that retain the active GTP-bound form, promoting constitutive activa-
tion. RAS mutations were detected in haematological malignancies and
NRAS was particularly implicated in AML, chronic myeloid leukaemia
and acute lymphoblastic leukaemia.?*>=24> The most frequent mutation,
a single base change at codon 12 (G—A transition) results in aspartic acid
being substituted for glycine in the protein. Codons 13 and 61 are also fre-
quently mutated. Codons 12 and 13 are located on the pocket that binds
GTP and mutant proteins have decreased phosphatase activity. NRAS is

mutated twice as often as KRAS.>4¢
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A study focusing on point mutations in 439 cases of myelodysplastic
syndromes identified 3.6% with NRAS mutations and 0.9% with KRAS
mutations. Both mutations were associated with adverse clinical features
and a high risk of transformation to AML.!

ETV6

ETS variant gene 6 (ETV6, previously known as TEL) maps at 12pl3,
consists of eight exons spanning 8 kb and is a member of the ETS (E-26
transforming specific) family of transcriptional repressors that bind to
DNA sequence 5'-CCGGAAGT-3’ factors. The protein (NM_001987.4,
452 amino acids) has two specific domains. At the N-terminus, the
HLH domain (encoded by exons 3 and 4) is also referred to as the
pointed or sterile alpha motif (SAM) domain. It underlies hetero-
and homo-dimerization with other ETV6 proteins and possibly other
ETS family members. At the C-terminus, the ETS domain encoded by
exons 6-8 underlies sequence specific DNA binding. The ubiquitously
expressed ETV6 protein is found in the nucleus. Mice carrying a targeted
ETV6 gene disruption demonstrated a role for ETV6 in early embry-
onic angiogenesis and adult haematopoiesis.?*” ETV6 knock-out mice
display profound embryonic lethal phenotypes. Rescue of embryonic
lethality in ES cell-embryo chimeras revealed that ETV6 was required
for adult haematopoiesis, specifically erythropoiesis, myelopoiesis and
lymphopoiesis.?4®

ETV6 accelerates erythroid but represses megakaryocytic differen-
tiation.?4%2%% ETV6 is reported to be involved in over 40 translocations
with various chromosome partners®>®! (Fig. 1.6). However, transloca-
tions involving ETV6 are rare in myelodysplastic syndromes and mainly
concentrated in myelodysplastic/myeloproliferative disorders.?’! More-
over, ETV6 is a typical partner of PDGFRB/5q33 in a distinct myeloid
neoplasm.*

Although its role in fusion genes supports a mechanism of oncogene
activation, there is mounting evidence that ETV6 may also function as
a tumour suppressor gene. In a large MDS study, ETV6 mutations were
present in 2.7% of patients and were associated with decreased overall
survival.!

Germline mutations in ETV6 have been reported in a number of
unrelated individuals, defining a new hereditary syndrome. Func-
tional studies have shown that these mutations have an impact in
haematopoiesis and represent predisposing conditions for cytopenia and
malignant transformation.?>2
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Figure 1.6 Example of ETV6 partner genes shaded according to their function.

TP53

Human tumour protein 53 (TP53), at chromosome 17pl13.1, is an
11-exon gene spanning over 19,149 kb (GenBank Accession Number:
NC_000017). This gene encodes for 12 different isoforms because of
alternative splicing, alternative promoter usage and alternative initiation
of translation.?®> TP53 is a 53 kDa phosphoprotein consisting of four
main functional domains (UniProtKB P04637 — P53_human; www
.uniprot.org/uniprot/P04637) (Fig. 1.7):

1 an N-terminal transactivation domain (TAD) that is responsible for
TP53 transcriptional function (amino acids 17-56) and a proline-rich
SH3 target region;

2 a DNA-binding domain (DBD) (amino acids 102-292), also known
as the ‘core’ domain that is responsible for the specific DNA-binding
ability of p53;

3 an oligomerization domain (OD) (amino acids 325-356) that is
responsible for TP53 quaternary structure;
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Figure 1.7 Structure of the TP53 protein showing the four main functional domains: (i) N-terminal transactivation domain (TAD), (ii)
DNA-binding domain (DBD), (iii) oligomerization domain (OD) and (iv) C-terminal regulatory domain (RD).
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4 a C-terminal regulatory domain (RD) (amino acids 368-387) that
seems to have a negative effect on specific DNA binding of the
full-length protein. It is connected to the tetramerization domain
through a basic linker region that contains a nuclear localization
sequence.

TP53 was originally isolated as a cellular partner of simian virus 40
(SV-40)-derived tumour antigens®>>#2° and later shown to be an impor-
tant tumour suppressor.2>¢2%7 The encoded protein is a transcription
factor?®2%% that binds directly and specifically as a tetramer to target
sequences of DNA through p53-responsive elements (p53REs)2°%2%0 to
transactivate several genes involved in p53 tumour suppressor activities
such as p212°! (cell-cycle arrest), BCL2 binding component 3 (PUMA )2¢2
and SHISA5 (SCOTIN)?°® involved in apoptosis.

It mediates DNA damage responses to a variety of cellular stresses,
inducing cell-cycle arrest,>** senescence?®® and apoptosis?®®2¢7 in order
to maintain genomic stability.?%8

TP53 is often described as the ‘guardian of the genome’ because of
its key role in cell-cycle arrest and in inducing apoptosis when DNA
becomes extensively damaged. Five functional pathways involving p53
have been schematically grouped.?®® There are various physical and
chemical causes of DNA damage that is detected by a dedicated set of
proteins and then repaired by specialized enzymes. The p53 protein
seems to be involved in multiple types of DNA damage that involve
an active repair system.?’%2’! The levels of the p53 protein are pre-
dominantly regulated by its proteolytic turnover. In normal unstressed
cells, its level is down-regulated via the binding of proteins such as
MDM2, COP1, PIRH2 or JNK that promote p53 degradation via the
ubiquitin/proteasome pathway.?’? Once p53 is activated in response to a
stress signal, it gains the ability to bind to p53-responsive DNA sequence
elements in the genome (RRRCWWGYYY, where R = purine, W = A or
T and Y = pyrimidine).?*” TP53 regulates a set of genes that are clearly
involved in cell-cycle arrest (p21, 14-3-3 sigma, GADD-45), apoptosis
(intrinsic and extrinsic apoptotic pathways) and senescence.

Mutations of TP53 are often deleterious for the cell and favour tumori-
genesis. Germline mutations were found in Li-Fraumeni syndrome, a
rare disease in which half of the affected patients are predicted to get
cancer before their thirties.?’>-27* Somatic TP53 mutations are associated
with a variety of human cancers. They are distributed along all the coding
sequence of the gene, although several hot-spot mutations are frequently
described. The hot-spot amino acids R273 and R248 directly contact the
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major and minor grooves of DNA. Four other hot-spot mutations (R175,
G245, R249, R282) are involved in stabilizing the structure through a
hydrogen-bond network. There are three major classes of mutations that
prevent DNA binding: (i) mutations involved in direct DNA contact, (ii)
mutations that destabilize the structural integrity of the DNA binding
region and result in loss of DNA-binding affinity and (iii) mutations in
the helix region that prevent cooperative binding.?”°

TP53 mutations had been extensively described in MDS and AML
before the era of large-scale sequencing, although the advent of
extremely sensitive techniques for whole-genome analysis allowed
the detection of a higher number of cases affected. The presence of
TP53 mutations confers a poor prognosis in MDS.?’¢ They have been
significantly associated with complex karyotypes including -7/7q-,
-5/5q- and 17p deletions.!?77278 A range of different mutations has
been reported, although the majority are missense mutations in the
sequence-specific DNA-binding domain of p53, between residues 102
and 292.276

In 30/318 (9.4%) consecutive MDS patients, TP53 mutations concen-
trated in isolated del(5q) (19%) and in complex karyotypes (CK) with
-5/5q—- (72%), with an intermediate-2 prognostic index, a low level of
p53 protein expression by immunohistochemistry, high blast count and
risk of leukaemic progression.?’® Jadersten et al.!”’® detected mutations
in bone marrow progenitors in almost one-fifth of patients with low-risk
del(5q) MDS (10/55, 18%) and showed that small clones with mutations
may occur at an early stage of disease, even years before disease progres-
sion, and were associated with an increased risk of leukaemic evolution.

Mutations of genes involved in epigenetic modulation
TET2

Molecular and cytogenetic approaches identified the TET2 gene in a com-
mon 500 kb minimal deleted region in myeloid malignancies.?’® TET2,
ten-eleven translocation 2, maps at chromosome 4q24 and encodes
for two isoforms of which the longer (isoform A, NM 001127208.2)
includes 11 exons and encodes a 2002 amino acid protein. TET2
belongs to the TET family of proteins, TET1-2-3, which are Fe(II)- and
a-ketoglutarate-dependent enzymes that modify DNA by hydroxylating
5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmcC).279:280
5-hmC blocks the activity of methyl-DNA-binding proteins that nor-
mally confer transcriptional silencing.?8? Additionally, 5-hmC may lead
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Figure 1.8 Mechanisms of action for IDH1, IDH2 and TET2.

to passive demethylation as DNMTI is unable to recognize 5-hmC.
Methylation marks are therefore lost in succeeding DNA replication
cycles, as newly incorporated cytosines in the daughter strand fail to
become methylated?®® (Fig. 1.8).

TET2 somatic deletions and inactivating mutations were identified in
MPN and MDS. Loss of heterozygosity and microdeletions were mapped
within a minimal region of chromosome 4q24.27928% TET2 sequencing
identified missense, frameshift and nonsense somatic mutations in
11-26% of patients with MDS, 37-44% of patients with MDS/MPN and
11-24% of patients with SAML.283-285-288 Importantly, most TET2 muta-
tions are heterozygous in leukaemia and wild-type allele expression is
retained. These data suggest that TET2 can function as a haploinsufficient
tumour suppressor in most patients. Biallelic TET2 inactivation occurs in
<10% of patients.?7%-28?

TET2 mutations in MDS are thought to result in a loss of catalytic activ-
ity. Loss-of-function mutations are predicted to decrease global 5-hmC
levels and increase 5-mC levels.??° Several missense mutations are asso-
ciated with impaired 5-hmC production and reduced 5-hmcC levels in vitro
and in vivo, respectively.?? Ter2 knock-out mice developed a disease with
MDS-like features including erythroid progenitor expansion.?’! Notably,
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in murine models a considerable latency to overt myeloid leukaemias
suggests that secondary events are required for leukaemogenesis.'?°. A
study performed on a large series of patient samples showed that pro-
gression to acute myeloid leukaemia was accompanied by evolution of a
novel clone or development of minor pre-existing clones often carrying
additional genetic lesions or biallelic TET2 mutations.?%

Multiple studies have reported conflicting results on the impact of
TET2 mutations on survival?’?2872%3 and on response to demethylating
agents, such as 5-azacytidine. To date, no consistent impact of TET2 muta-
tions on survival has been observed in MDS.287293
DNMT3A
DNA cytosine-5-methyltransferase 3A (DNMT3A4) is a 26-exon gene
mapping at chromosome 2p23. It encodes three isoforms: the longest
is A (NM_022552.4 and NM_175629.2, which differ in the 5" UTR), B
(NM_153759.3) and C (NM_175630.1). They consist of 23, 19 and 4
exons, respectively, and encode for corresponding proteins of 912, 723
and 166 amino acids. DNMT3A, a member of the mammalian family
of DNA methyltransferases (DNMTs), catalyses the addition of a methyl
group to the cytosine residue of CpG dinucleotides. Since DNMT3A
initiates de novo DNA methylation, it affects the expression of a variety
of genes and also affects genome stability.?”* The DNMT3A N-terminus
contains PWWP and ADD domains that recognize histone H3 lysine
modifications and recruit the protein to specific gene targets (e.g.
promoter region),?> subsequently modifying gene expression.27¢-2%7

DNMT3A mutations were initially identified in de novo AML with poor
prognosis, at a frequency of 22%,2°82%? and later in a subset of MDS
patients (<10%), about 30% of whom developed secondary AML.>%
In high-risk MDS, 3.3% of patients bear heterozygous mutations in the
DNMT3A methyltransferase domain. Identifying DNMT3A mutations
in MDS might be relevant in prognosis as they may precede AML
development.???3% The most frequent mutation in AML and MDS is a
heterozygous missense mutation that converts arginine to histidine at
position 882 (R882H). This mutation reduces DNMT3A methyltrans-
ferase activity in vitro.>°! It is not clear whether DNMT3A mutations result
in a function loss or gain.!2¢301302 Frameshift and nonsense mutations
occur upstream of the methyltransferase domain and are likely to be
loss-of-function mutations,*?° but as missense mutations involve highly
conserved residues within the DNMT3A methyltransferase domain, they
may not be simple loss-of-function mutations but may confer a novel
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protein function. DNMT3A loss causes a defect in gene silencing that is
necessary for haematopoietic stem cell renewal. Impairing de novo DNA
methylation has been shown to block haematopoietic differentiation.>®?

The prognostic significance of DNMT3A mutation status in de novo
MDS needs to be validated in large clinical studies as patients with
mutations could be candidates for more intensive treatment such as
allogeneic transplant®®? early in their disease course. Further functional
analysis is also required; mechanistically, partial loss of DNMT3A activity
is thought to lead to hypomethylation, but the role of the loci targeted
by these changes in DNMT3A-mutant or DNMT3A-haploinsufficient cells
remains to be delineated.

A large study performed on more than 17,000 individuals unatfected
by haematological disorders showed that detectable somatic gene
mutations affecting the DNMT3A, TET2 and ASXLI genes are rare in
the younger population (age <40 years). However, they become more
frequent in the older population (age >70 years) and increase in a
manner that is directly proportional to age. These findings support the
notion that age-related clonal haematopoiesis is associated with the risk
of developing haematological disorders.>>8

IDH1/IDH2

The IDHI gene, mapping at chromosome 2q33.3, encodes for a sin-
gle 414 amino acid protein (NM_005896.2) whereas the IDH2 gene,
mapping at chromosome 15q26.1, encodes for a 452 amino acid
protein (NM_002168.2). Both IDH1 and IDH2 catalyse an essential
step in the Krebs cycle: conversion of isocitrate to a-ketoglutarate in
an NADP*-dependent manner. IDH1 is active in the cytoplasm and
peroxisomes and IDH2 in the mitochondria (Fig. 1.8).

First described in metastatic colon cancer and glyomas,?°43% IDHI
and IDH2 mutations were later reported in de novo and secondary
AML (15-30%), MDS (~5%) and MDS/MPN (~9%).>°¢312 Mutations
involved exon 4 of both the IDHI and IDH2 genes, which encodes three
arginine residues (R100, R109 and R132 in IDH1 and R140, R149 and
R172 in IDH2).2!? IDHI and IDH2 mutations were always heterozygous
and were mutually exclusive, suggesting aberrant gain of function.
Distinct mutations in both enzymes (IDH1: R132 —» C, H, L or S; IDH2:
R172 — C, H, Lor S; R140 — Q) reduced enzymatic function with respect
to a-ketoglutarate (a-KG) production but increased 2-hydroxyglutarate
(2-HG) production 50-fold.?'!>14315 Increased 2-HG might result in
DNA hypermethylation through inhibition of multiple enzymes, such as
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the large family of Jumonji domain-containing histone demethylases®!*

and TET enzymes®!” that require a-KG as a cofactor.>'®3!? hence
mutations in IDHI or IDH2 seem to deregulate widely DNA and histone
demethylation processes.

IDHI mutations seem to be associated with shorter overall survival
and a higher rate of transformation into acute myeloid leukaemia,>?°
although a prospective clinical trial is needed to confirm these data.

ASXL1

ASXL1 (additional sex combs-like protein 1) is a 12-exon gene (81 kb)
mapping at band 20q11.21. Alternative splicing results in two tran-
script variants (NM_015338.5 and NM_001164603.1). The longer
isoform, ASXL1, a 1541 amino acid protein (170 kDa), is ubiquitously
expressed and, like ASXL2 and ASXL3, is a mammalian homologue
of the Drosophila gene ASX. Structurally, ASXL1 has two highly con-
served regions, the N-terminal ASX homology domain (ASXN and
ASXM) and the C-terminal plant homeodomain (PHD). ASXL1 belongs
to the polycomb group and trithorax complex family and regulates
gene expression by conformational chromatin changes (epigenetic
mechanisms). At the cellular level, it interacts with many different
molecules [histone acetyltransferase (SRC-1), LSD1 protein, etc.], which
accounts for its pleiotropic role as either a transcriptional activator or
repressor.>21322 Although expressed in many human tissues, ASXL1
activity is of major importance for haematopoiesis and bone marrow
homeostasis. ASXLI-deficient human CD34" stem and progenitor cells
showed impaired granulo-monocyte differentiation.>?> A mouse model
showed that ASXLI silencing cooperates with other genetic aberrations
in inducing myeloid leukaemia.?2?

ASXLI is often mutated in MDS (10-15%), MPN (10-15%),
AML (40%) and CMML (40%) and in the congenital Bohring—Opitz
syndrome,>?432> but rearrangements are rare in lymphoid neoplasms.>2¢
In myelodysplastic syndromes, heterozygous base exchanges leading
to stop codons (nonsense mutations) are frequently seen. Frameshift
mutations via nucleotide insertion or deletion are also common.
Mutations are usually concentrated in exon 12, around the Gly-rich
domain, but there are reports of mutations in a more proximal portion
to the C-terminal end.?>?7-32° The clinical outcome is unfavourable, with
patients harbouring ASXLI mutations showing significantly shorter
overall survival.!-330331
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EZH2

EZH2 (enhancer of zeste homolog 2) on chromosome 7q35-36 tran-
scribes five splice variants; the longest isoform (isoform a, NM_004456.4)
encodes a 751 amino acid protein (NP_004447.2).

The EZH2 protein is a catalytic subunit of the polycomb repressive
complex-2 (PRC2), involved in transcriptional silencing. PRC2 is a highly
conserved histone methyltransferase that targets lysine 27 on histone 3
(H3K27me3). It is commonly associated with the silencing of genes that
are implicated in cellular development, differentiation and fundamental
processes, such as fate decision, cell-cycle regulation, senescence, cell dif-
ferentiation and cancer.?? Its core enzymatic subunit mediates methyla-
tion activity by interacting with SUZ12 and EED, which are two auxiliary
subunits. EZH2 contains a highly conserved C-terminal SET domain with
333 and a cysteine-rich CXC domain that
is required, together with the SET domain, for histone methyltransferase
activity. The N-terminus contains an EID domain that binds to the PRC2
subunit EED and two SANT domains. Domain II is required for binding
SUZ12, a non-catalytic protein.>**

The gene is mutated in ~6% of patients with MDS.!2¢ Missense
mutations mostly target highly conserved residues located in the SANT
domain II and CXC-SET domain, whereas frameshift mutations are

an unusual pseudoknot structure

dispersed throughout the gene. All mutations are clearly inactivating
and are classified as loss of function as they reduce EZH2 catalytic
activity. Whether EZH2 acts as a co-dominant tumour suppressor for
myelopoiesis is still under debate. In lymphoma, a recurrent missense
mutation of a single tyrosine in the EZH2 protein SET domain (Y641)
appears to lead to gain of function rather than reduced H3K27 methy-
lation. Heterozygous Y641 mutants seem to work in combination
with wild-type EZH2, to increase H3K27 trimethylation, which is the
tunctional equivalent of EZH2 over-expression. Even though a variety
of EZH2 mutations, including missense, nonsense and premature stop
codon, were described in MDS, the lymphoma-associated Y641 muta-
tion, was never reported. Moreover, many other co-existing factors on
chromosome 7 may contribute to leukaemogenesis in MDS patients,
thus contributing to their poor prognosis. EZH2 mutations are found in
both MDS and MDS/MPN and are frequently associated with uniparental
disomy (UPD) of 7q or 7q36.1 microdeletions.!?733>-337 EZH2 mutations
are strongly associated with decreased overall survival (OS) in patients
with MDS.1-238
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Mutations of genes involved in the spliccosome
machinery

Spliceosome proteins are essential for spliceosome complex assembly and
function and provide a basic cellular mechanism for gene expression.
Alternative splicing generates a large diversity of proteins from a limited
set of genes. The RNA splicing complex is made of multiple snRNP pro-
tein and other protein factors which together remove introns from newly
transcribed pre-mRNA. Spliceosome recognition of exon-intron bound-
aries, transesterification reactions and intron sequence splicing generate
mature and truncated mRNA. Splicing starts with recognition of a 5’
splice site by a Ul snRNP complex followed by recruitment of U2AF1/2
(35/65) heterodimer, ZRSR2 and an SR protein, such as SRSF1 or -2, that
recognized the 3’ splice site. Finally, a U2 snRNP complex replaces SF1
bound to the branch point sequence with one of its components, SF3B1,
to establish a splicing complex.>*?

In MDS, mutually exclusive spliccosome mutations mostly affect
SF3BI1, U2AFI, SRSF2 and ZRSR2 in the E/A splicing complex>*°
(Table 1.5). Compromised function of the E/A complex, the hallmark
of this unique category of myeloid neoplasms, plays a central role in
the pathogenesis of myelodysplasia. The close relationship between the
mutation type and unique disease subtypes is evidence of a pivotal role
in MDS, but the functional link between the abnormal RNA species
splicing and MDS phenotype is still unclear.**!

U2AF1

U2AFI1 (U2 small nuclear RNA auxiliary factor 1; 21q22.3) belongs to
the SR family of splicing factors and has nine exons; alternative splic-
ing results in multiple transcript variants. U2AF1 plays a critical role
in constitutive and enhancer-dependent RNA splicing.**? Some cases of
MDS, AML and MDS/MPN were reported to carry heterozygous missense
mutations, affecting codon 34 (S34) or codon 157 (Q157) of the U2AFI

Table 1.5 Spliceosome components mutated in MDS.

Gene Chromosome location  Mutations in MDS (%)

U2AFT 219223 6-20
ZRSR2  Xp22.1 3
SRSF2 17925.1 8-14 (75 MDS-RS, 40 CMML)

SF3B1 20331 14-28 (75-80 MDS-RS, 68-82 RSRS, 57-76 RCMD-RS)
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gene. The S34 and Q257 residues are located within zinc finger domains
that may be important for RNA binding activity, as they recruit the RNA
3’ splicing site. Pre-mRNAs may influence U2AF1 function and speci-
ficity. The nucleotide sequence of this immature messenger RNA may be
important in determining the genes altered in cells expressing mutant
U2AF1. These observations suggest that mutations are gain of function,
with the mutant protein showing increased splicing activity.>*? The fre-
quency of U2AFI mutations in MDS is estimated to be 6-20% but they are
not significantly associated with haematological findings, FAB subtypes
or karyotype and their impact on clinical outcome is controversial.

The role of U2AFI mutations and the exact trigger mechanisms in
cancer pathogenesis are not known, but it is clear that they induce abnor-
mal global RNA splicing.>*> U2AFI is implicated in 3’ SS recognition.
Mutations involving this site would lead to incorrect splicing, resulting
in increased production of transcript with unspliced intronic sequences.
A loss-of-function mutation (S35F) was also identified.>*! This muta-
tion probably contributes to MDS-related ineffective haematopoiesis and
cytopenia.>*! U2AFI and SRSF2 mutations are more frequent in CMML
and higher risk MDS.>44

ZRSR2

ZRSR2 (small nuclear ribonucleoprotein auxiliary factor 35 kDa
subunit-related protein 2), mapping at Xp22.1, is involved in devel-
opment of the splicing complex and is specifically required for
pre-spliceosome assembly. The ZRSR2 gene has 11 exons and gen-
erates only one transcript that encodes for a 428 amino acid protein.
Rare mutations were found in 3% of MDS patients. Mutations were
prevalent in MDS without ring sideroblasts. Specific association with
IPSS risk profile or cytogenetic aberrations are unknown. Thol et al.>#°
identified recurrent mutations in this gene: a frameshift mutation in
codon R448, heterozygous nonsense mutations in codons R126 and
R295 and a missense mutation in codon C181. These mutations involved
splicing of the donor/acceptor site, which caused either premature trun-
cation or gross structural changes, leading to loss of protein function.
ZRSR2 mutation occurs mainly in males, as ZRSR2 appears to act as an
X-linked recessive tumour suppressor gene. Many missense mutations
that were found in both males and females were functional somatic
changes.>*!
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SRSF2

The serine/arginine-rich splicing factor 2 (SRSF2) gene on chromosome
17q25.1 has five exons and generates two transcript variants that
differ in the 3’ UTR. The gene encodes a 221 amino acid protein,
which is localized in the cell nucleus. The protein is a member of the
serine/arginine (SR)-rich family of pre-mRNA splicing factors. SRSF2
mutations were found in 8-14% of patients with MDS, in 75% of MDS
with ring sideroblasts and 40% of CMML.>*> RNA splicing regulation is
important for normal cell functions and, because of its role in splicing
complex assembly and splice-site recognition, SRSF2 genetic alterations
may be crucial to the pathogenesis of MDS and other haematopoietic
neoplasms.>*® Missense or deletion SRSF2 mutations involve the P95
codon in a sequence between the RNA recognition motif (RRM) and the
arginine—serine-rich domains***#7 and are frequently associated with
mutations of other genes (ASXLI, RUNXI, IDH) in MDS. SRSF2 gene
mutations are associated with older age and male gender and predict
poor overall and leukaemia-free survival.>*® In a study of a large series
of SRSF-mutated patients, the mutations were shown to be present at
diagnosis rather than being acquired during disease progression.>4°

SF3B1
SF3BI (splicing factor 3B, subunit 1) on chromosome 2q33.1 has
26 exons; alternative splicing results in multiple transcript variants
encoding different isoforms. Isoform 1 is the longest, comprising all
26 exons. Isoform 2 uses an alternate splice site in the 3’ coding
region to encode a shorter isoform with a distinct C-terminus that
lacks exon 5. SF3BI encodes subunit 1 of the splicing factor 3b protein
complex and is a 1304 amino acid protein that forms nuclear speckles.
Splicing factor 3b, splicing factor 3a and a 12S RNA unit form the
U2 small nuclear ribonucleoproteins complex (U2 snRNP). Splicing
factor 3b is required for ‘A’ complex assembly and the 3b/3a splicing
factor complex binds pre-mRNA upstream of the intron’s branch site
in a sequence-independent manner and may anchor U2 snRNP to
pre-mRNA.>48

SF3BI sequencing has revealed mutations in 14-28% of MDS cases,
75-80% of MDS with ring sideroblasts (MDS-RS), 68-82% of refractory
anaemia with ring sideroblasts (RARS) and 57-76 % of refractory cytope-
nia with multilineage dysplasia with ring sideroblasts (RCMD-RS). Ring
sideroblasts (RS) are recurrent findings in MDS, MPN and MDS/MPN
overlap syndromes in which erythroid precursors show a perinuclear ring
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of iron-laden mitochondria.**> SF3B1 mutations are strongly associated
with increased sideroblasts, with one study finding a positive predictive
value of 97.7%.>*° The association between SF3B1 mutations and distinct
RS and erythroid lineage defects suggests that SF3BI plays a unique role
in the pathogenesis of these MDS subgroups.>*° In particular the pertur-
bation of the iron metabolism in SF3B1 mutant was linked to deregu-
lation of SCL25A37.%°! SF3B1 mutation is associated with better overall
survival and lower risk of progression to AML.>4>>>2 SF3B1 may have the
potential to become a novel predictor of favourable clinical outcome in
the diagnosis of RARS.?°0:3%3:354

Rare gene mutations in myelodysplastic syndromes
JAK2

Janus kinase 2 (JAK2) is a 25-exon gene (NG_009904.1) of 142,939 kb
mapping at 9p24.1. The transcript (NM_004963.1) is translated into
the 1132 amino acid JAK2 protein (130.7 kDa) belonging to Janus
kinase subfamily, which also includes JAK1, JAK3 and TYK2 proteins
(NP_004963.1). JAK2 is a non-receptor tyrosine kinase associated with
the intracellular domain of many cytokine receptors and ubiquitously
expressed in human tissue, including haematopoietic organs. The critical
role of JAK2 was demonstrated in vivo as germline deletion in mice
resulted in embryonic lethality and no haematopoiesis.>*>3°¢ A somatic
point mutation of JAK2 at nucleotide 1849 (exon 14) involvinga Gto T
transversion results in phenylalanine substitution for a valine at codon
617 (V617F), leading to a gain of kinase activity function and constitutive
activation.>®” JAK2 V617F is frequently involved in the pathogenesis of
BCR-ABLI-negative myeloproliferative neoplasms (MPN), particularly
polycythemia vera. JAK2 mutations were described in about 50% of rare
MDS/MPN subgroups, such as refractory anaemia with ring sideroblasts
and thrombocytosis (RARS-T).>*® This is a haemopathy with some
characteristics of myelodysplasia, such as ring sideroblasts, but also
increased platelet count and hypercellular marrow typical of MPN. In
these cases, the association of JAK2 and SF3BI mutations has been
established (reviewed by Musto et al.>>?).

c-CBL
¢-CBL (also named CBL2, ¢-CBL, RNF55, etc.), a 101,873 kb human gene,
maps at 11g23.3. It has 16 exons (NM_005188.3) and encodes a 906
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amino acid protein (115 kDa). Its expression is ubiquitous but espe-
cially predominant in haematopoietic cells. c-CBL belongs to a highly
conserved mammalian protein family?¢°
E3 ubiquitin ligase, by ubiquitination and intracellular degradation, it

negatively regulates the activity of receptor and non-receptor tyrosine
361

and has a dual function. As an

kinases**! and non-kinase cell surface receptors.’°>3%> In its adaptor
function, c-CBL interacts with a plethora of proteins including kinases
and structural proteins.>®® These multiple c-CBL activities are associated
with its particular domain structure, which, in keeping with other Cbl
proteins, includes a conserved N-terminal portion consisting of two
important domains: the tyrosine kinase-binding domain and the RING
finger domain.?%*

¢-Chl mutations were widely described in solid tumours*®>3% and
myeloid neoplasms.>%” Missense intragenic insertion—deletion mutations
revealed that ¢-CBL has a dual role, acting as a tumour suppressor
gene with loss of function causing abrogation of negative regulation of
E3 ubiquitin ligase activity and as an oncogene with gain-of-function
mutations causing enhanced adaptor activity.’®® In mice expressing a
BCR-ABLI transgene, loss of ¢-Cbl accelerated evolution to blast crisis.>®*

Mutations of ¢-CBL have been reported in 15% of juvenile
myelomonocytic leukaemia (JMML) and 13% of chronic myelomono-
cytic leukaemia (CMML) and also in AML and MDS, mostly in RAEB and
RCMD. In MDS, relatively few ¢-Cb/ missense and insertion mutations
(2-5% incidence) are found in early-stage disease, but they increase
during AML transformation.>¢?
of heterozygosity via acquired uniparental disomy (aUDP) at region
11q.>7° Transgenic mice expressing the fusion gene NUP98-HOXDI3
acquired the Cbl aberration with progression from MDS to AML.?>’! This
suggests that ¢-Ch/ mutations might be associated with a more aggressive
type of MDS and might cooperate with other genomic abnormalities in
the development of AML.

¢-CBL mutations are associated with loss

Epigenetics

Epigenetic changes influence chromatin remodelling or post-transcrip-
tional regulation without affecting DNA sequence. Well-characterized
epigenetic mechanisms include methylation of CpG-enriched pro-
moter regions, chromatin remodelling via histone modification and
post-transcriptional regulation such as that that caused by variation in
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Table 1.6 Molecules and events related to

epigenetics.

DNA and chromatin RNA

CpG islands methylation Micro RNA
Histone modifications Piwi RNA
Methylation Transfer RNA
Acetylation Ribosomal RNA

the expression of non-coding RNA (Table 1.6). Dynamic CpG methyla-
tion throughout cell differentiation correlates with cell type-specific gene
regulation and expression levels.>”? It has been proposed that transcrip-
tional and post-transcriptional regulation via epigenetic changes play a
key role in the conserved differentiation programme of the haematopoi-
etic system®”> and could therefore plausibly be hijacked by cancer.
Notably, epigenetic changes are clonally inherited but reversible. Indeed,
the role of epigenetic events in MDS pathogenesis and progression is
emphasized by the efficacy of DNA hypomethylating agents and histone
deacetylase inhibitors.?’#37> The importance of epigenetic changes in
MDS pathogenesis is further emphasized by the frequent mutation of
epigenetic regulator genes, namely TET2, IDHI, IDH2, DNMT3A, EZH2
and ASXLI, discussed in the previous section.

DNA methylation

DNA methylation involves the conversion of cytosine residues to
5-methylcytosine with subsequent changes in protein-DNA interac-
tions. Methylation of CpG islands, typically located at gene promoters,
can inhibit gene expression by two mechanisms: directly by precluding
the recruitment of DNA-binding proteins to their target sites, or indirectly
by recruitment of histone and chromatin remodelling complexes to
methylated sites, which in turn physically inhibits normal DNA—-protein
interactions.

Genome-wide aberrant hypermethylation of promoter regions
has been shown in MDS cells compared with normal CD34 positive
progenitors.>’¢ Interestingly, a profile of hypermethylated genes dif-
ferentiating MDS and secondary AML from de novo AML has been
reported,®’® allowing the identification of distinct biological pathways
critical in MDS and secondary AML, such as transcription factors,
NOTCH signalling, DNA repair and the WNT pathway. Methylation of
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the DAP-kinase 1 promoter has also been reported to differentiate de novo
from treatment-induced MDS.?”7 Aberrantly hypermethylated genes
may contribute to the development of new diagnostic tools; for example,
transcription factor genes such as KLF1I, MAFB and KLF5 are hyper-
methylated in 15, 7 and 1.7%, respectively, of cases of MDS other than
the 5g— syndrome.?’® Global hypermethylation can occur early in MDS,
independent of cytogenetic changes, and influences prognosis, allowing
the identification of patients at risk of rapid transformation.?”¢37?

The paradigm for epigenetic deregulation in MDS is silencing of the
p15INK4B cell cycle-regulating gene by aberrant promoter methylation,
found in 10-30% of MDS cases and associated with disease progression.
Inactivation of pI5INK4B in a murine model results in MDS/MPN pheno-
type with frequent progression to AML.*3® Methylation of other specific
genes, namely HICI, CDHI, ER and p73, has been also related to adverse
outcome.>8138% A list of single genes involved in epigenetic events in
MDS is provided in Table 1.7.

Overall, the genome-wide methylation level seems to have an impact
on MDS progression, with high risk MDS showing higher average methy-
lation levels than low-risk cases.*®* Hypermethylation of GSTMS5, BIK and
ANGPTL2 promoters, in particular, was observed in bone marrow sam-
ples from patients with refractory anaemia with excess blast (RAEB),
and correlate with high risk, as does hypermethylation of D4, which
is seen with higher frequency in advanced stages.>®>>8¢ The gene FHIT
encompassing a common fragile site at 3p14.2 was methylated in 47%
of MDS, particularly higher risk cases.?®” In contrast, hypermethylation

Table 1.7 List of single genes involved in
epigenetic events in MDS.

Gene Location Gene Location

PRDM?2 1p36.21  DOCK4  7931.1

INPP5D 2g37.1 CDKN2B ~ 9p21
FHIT 3p14.2 DAPK1 9p21.33
ZMYNDT — 3p21.3 MEG3 14032.2
RASSF1 3p21.3 50CS1 16p13.13
PLK2 5012.1 CDH1 16022.1
RIL 5031.1 HICT 17p13.3
CTNNAT  5q31.2 PLCBT 20p12
ID4 6p22.3 GATAT Xp11.23

ESR1 6025.1
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and under-expression of IL27RA and DICERI were consistently found in
low-risk MDS.>38

Although the precise molecular mechanisms underlying the role of
most recurrent epigenetic alterations are not fully understood, some
findings support their role in pathogenesis of MDS. For example, CpG
hypermethylation of the GATAI erythropoietic gene promoter seems to
contribute to the ineffective erythropoiesis that characterizes MDS.>3?

Recent genome-wide studies of the methylome have emphasized
the importance of evaluating DNA methylation in a range of genomic
regions such as transcriptional start sites, gene bodies, regulatory
regions and repeat sequences.>*® Recent data also support the existence
of regions of intermediate methylation that seem to contradict the
previously accepted bimodal model of DNA methylation that implies a
binary methylated—unmethylated state.>®! Although DNA methylation
mainly occurs in the CpG dinucleotide context in mammals, non-CG
methylation has been described in human stem cells.?*> The latter
findings therefore suggest that further research is required to define the
precise nature and role of disease-specific methylation in MDS.

Histone modifications

Histones are composed of an octamer of proteins that include dimers
of H2A, H2B, H3 and H4. These eight-protein complexes are the basic
structure of nucleosomes around which DNA is coiled. Histone-based
alterations include methylation, acetylation, ubiquitination, phos-
phorylation, sumoylation and ADP-ribosylation.?*®> Post-translational
modifications of histone tails are closely linked to gene expression
patterns and have been proposed as an epigenetic code.’** Histone
lysine (K) or arginine (R) mono-, di- or trimethylation does not direct
affect nucleosomal compaction but serves as a binding site for a range of
reader proteins that participate in histone mobility and stability, influ-
encing chromatin conformation and DNA transcription. Trimethylations
of lysine 4 (H3K4me3) and lysine 27 (H3K27me3) are typically active
and inactive histone modifications, respectively. However, methylation
of specific residues can be associated with either activation or silencing
of transcription.>> Lysine (K) and arginine (R) residues of histone H3
and H4 were shown to be aberrantly methylated in MDS.?>%¢ Histone
modifications in MDS are a major effect of recurrent somatic mutations
involving the EZH2 and ASXLI genes (see the previous section).
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RNA

The importance of the RNA machinery emerged relatively recently
with the application of deep sequencing technologies to the human
transcriptome. Although the most relevant information to date came
from microRNA (miRNA), the human genome may encode over
1400 miRNAs, which frequently target many genes related to cancer
development or prevention.?*” The relationship between miRNAs and
components of the epigenetic machinery is twofold: miRNAs can be
deregulated by epigenetic silencing/activation or can themselves regulate
the epigenetic machinery. The relative amounts of all components may
undergo significant variation in MDS.

An important role is played by miRNA in the control of normal
haematopoietic stem cell function and their deregulation may corre-
spond to specific features of MDS.>?® A diagnostic signature allowing
discrimination of MDS from normal haematopoiesis has been reported,
including increased expression of hsa-miR-378, hsa-miR-632 and
hsa-miR-636.>°? Assessment of miRNA signature was also shown to be
helpful in distinguishing MDS entities with chromosomal alterations
from those with a normal karyotype.°® In MDS with del(5q), miR-150
was markedly increased compared with normal haematopoiesis.*°!492 In
addition, a specific signature of 17 up-regulated and four down-regulated
miRNAs has been identified in the 5q— syndrome.*® It is important to
note, however, that down-regulation of miRNAs in MDS is not simply
a result of deletion of the corresponding coding region.*?®> Increased
miR125b-1 was found in MDS with t(2;11)(p21;q24.1), with or without
del(5q).!*® The level of expression of miR181 significantly influenced
survival in MDS of lower risk according to the International Prognostic
Scoring System (IPSS)#%* and increased expression of miR-155 and
miR-210 was reported to be associated with disease progression.4%®

The pathogenic function of some miRNAs is likely to be explained
by the critical role of their molecular targets, which frequently involve
established MDS pathways. For instance, binding of miR21 to the 3’-UTR
of the SMAD7 gene (located at chromosome 18g21) in haematopoietic
cells reduces the expression of SMAD7 protein, thus potentiating
TGF-p signalling, which is responsible for decreased erythroid colony
formation.*®® Members of the miR-17-92 family (miR-17-5p and
miR-20a) which down-regulate E2FI and let-7a, which in turn reduces
the expression of KRAS, are under-expressed in high-risk compared
with low-risk MDS.47 At least two predicted targets of microRNA, the
MYB gene, critical in haematopoiesis, and the Sufu gene, involved in
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the Hedgehog signalling pathway, emerged from a 13 miRNA signature
diagnostic for MDS.?%°

Aside from miRNA, other species of SRNA exist that, when dereg-
ulated, could potentially impact on oncogenesis via epigenetic means.
A recent RNA-seq study of MDS revealed a significantly higher level of
transfer RNA (tRNA) in RAEB2 than in RA.%%% {RNA is involved in chro-
matin organization via post-translation editing.*? Interestingly, tRNAs
are able to inhibit cytochrome c-activated apoptosis, which has been
shown to be decreased in high-grade MDS).#1%411 In Jow-grade MDS,
the same study also reported extensive post-transcriptional regulation
via the recently discovered Piwi interacting RNAs (piRNA).408

Conclusion

Our understanding of the contribution of somatic alterations to the devel-
opment of the myelodysplastic syndromes is developing rapidly with the
increased use of post-genomic techniques. Important links have recently
been made between genetic and epigenetic factors and clinical and bio-
logical features of MDS that have advanced our understanding of disease
pathogenesis and provided rational targets for future therapeutic use. It is
hoped that a molecular approach to clinical management, in combination
with established methodology, will hasten improved outcomes in MDS.
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CHAPTER 2

Molecular genetics of the
myeloproliferative neoplasms

Philip A. Beer

Introduction

The human myeloproliferative neoplasms (MPNs) are a group of clonal
stem-cell malignancies characterized by the overproduction of mature
blood cells. The predominant cell type in excess defines the specific dis-
ease entity and is closely correlated with clinical complications, although
overlap exists in the phenotypic and clinical manifestations of the individ-
ual conditions (Table 2.1). In addition, MPNs share a variable tendency to
phenotypic transformation, which may manifest as uncontrolled cellular
proliferation, bone marrow failure, bone marrow fibrosis or development
of acute leukaemia.

Overview of the different types of mutation found
in MPN patients

The recent acceleration in sequencing and related technologies has
revealed the MPNs as genetically complex disorders. Even at initial
diagnosis, MPN patients often harbour several distinct genetic mutations
in disparate pathways, with further mutations acquired with disease
progression. Constitutional alleles have also been identified that alter
the risk of acquiring a clonal MPN or modulate its clinical phenotype.
In addition, a group of rare inherited conditions lead to polyclonal over-
production of mature blood cells and represent important differential
diagnoses for the clonal MPNs. The first section of this chapter gives an
overview of these genetic events divided into five broad categories. The
first three categories outline the genetic events that are central to MPN
pathogenesis, comprising mutations in cytokine signalling pathways,
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Table 2.1 MPN phenotypes and major disease complications.

MPN Predominant Clinical Disease progression
phenotype complications

Essential Thrombocytosis Thrombosis Myelofibrosis

thrombocythaemia Haemorrhage (10-30%)

(ET) AML (2-5%)

Polycythaemia vera Erythrocytosis Thrombosis Myelofibrosis

(PV) + thrombocytosis Haemorrhage (10-30%)

Primary
myelofibrosis (PMF)

Chronic eosinophilic
leukaemia (CEL)

Systemic
mastocytosis (SM)

+ granulocytosis

Bone marrow fibrosis
Splenomegaly
Anaemia

+ cytopaenias

+ thrombocytosis

+ granulocytosis

Eosinophilia
+ BM mastocytosis

BM mastocytosis
Tissue mastocytosis
(skin, lymph nodes,
spleen)

Bone marrow failure
Thrombosis

Splenic discomfort
Cachexia

Endomyocardial
fibrosis
Neuropathy
Lung damage

Syncope, diarrhoea,
anaphylaxis

Bone marrow failure
Hepatosplenic
infiltration

AML (2-5%)

AML (10-30%)
Intractable wasting
syndrome

Acute leukaemia:
myeloid or lymphoid
(rare)

Myelofibrosis
AML (mast cell or
blastic)

BM, bone marrow; +: variable feature; AML, acute myeloid leukaemia.

mutations in pathways controlling transcriptional regulation and events
associated with transformation to advanced-phase disease (including
acute leukaemia). The fourth category comprises constitutional alle-
les that are associated with an increased risk of developing a clonal
MPN. The fifth category comprises inherited conditions characterized
by polyclonal blood cell overproduction that phenocopy the clonal
MPN.

Following a general overview of the different mutation categories,
the specific mutations in these five categories are discussed for the
individual MPNs. Owing to extensive phenotypic and molecular overlap,
polycythaemia vera (PV), essential thrombocythaemia (ET) and primary
myelofibrosis (PMF) are considered in a single section. PV, ET and
PMF also represent the most extensively studied and characterized of
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the MPNs and serve as a paradigm for understanding MPN biology in
general.

Acquired mutations in cytokine signalling pathways

Genetic alterations that result in constitutive signalling through cytokine
pathways are cardinal events in MPN pathogenesis and are directly
implicated as drivers of the specific disease phenotypes (Tables 2.2
and 2.3). Signalling pathway mutations target either cytokine receptors
or downstream signalling intermediaries (Fig. 2.1). Mutations affecting
cytokine receptors result in increased signalling that is limited to a
specific cytokine pathway and is therefore usually associated with
overproduction of a single blood lineage. Examples include mast cell
proliferation with KIT mutations and eosinophilia with alterations of
PDGFRA. Mutations affecting molecules that lie downstream of cytokine
receptors result in increased signalling across a group of related cytokine
pathways and may, therefore, be associated with overproduction of
several cell types. For example, mutations in JAK2 result in constitutive
signalling through the thrombopoietin, erythropoietin and G-CSF recep-
tors, resulting in thrombocytosis, erythrocytosis and granulocytosis.
Signalling pathway mutations are generally mutually exclusive, with
each individual patient harbouring only one genetic alteration in this

Table 2.2 The prevalence of genetic alterations in specific genes in different myeloid

neoplasms.
PV ET PMF CEL  SM MPN-BC CML CML-BC AML  MDS  CMML

—

MPL
LNK

PDGFRA/B -
KIT

EZH2

suziz2

ASXL1

e -
IDH1/2

DNMT3A

Splicing

<10% of cases

- 10-50% of cases
- >50% of cases

Not reported
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Figure 2.1 Acquired mutations in cytokine signalling pathways. The
myeloproliferative neoplasms are characterized by genetic alterations affecting
tyrosine kinase molecules and other components of intracellular signalling
pathways, comprising point mutations (depicted by stars) and chromosomal
rearrangements (where genes are fused with a partner gene).

category. The relative specificity for overproduction of one or a few
related blood lineages means that mutations in this category are closely
associated with specific disorders (Fig. 2.1, Table 2.3).

Acquired mutations in pathways controlling
transcriptional regulation

Mutations in genes implicated in the control of transcriptional regula-
tion are common in MPN patients and affect pathways regulating gene
expression or RNA splicing (Fig. 2.2). The control of gene expression
is regulated at the histone and DNA levels. Nuclear DNA is wound
around histone proteins, with the resulting DNA-histone complex
referred to as chromatin. The histone protein elements of chromatin
can undergo a number of different post-translational modifications,
including methylation and acetylation. These histone modifications
serve as signals to transcription factors and other mediators of gene
expression and play a permissive or repressive role, resulting in either
increased or decreased rates of gene transcription. At the DNA level, gene
transcription is controlled in part by modification of cytosine residues
found within areas of DNA that are rich in cytosine-guanine repeats
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Figure 2.2 Acquired mutations in pathways controlling transcriptional regulation.

Mutations in genes implicated in the control of transcriptional regulation are
common in the myeloproliferative neoplasms in addition to a wide variety of other
myeloid neoplasms and affect pathways regulating histone modification, DNA
methylation and RNA splicing. Specific genes targeted by mutation are shown in
italics.

(referred to as CpG islands). CpG islands are generally found in gene
promoters or close to transcriptional start sites. Methylation of cytosine
residues within CpG islands usually has a suppressive effect on gene
expression, whereas in actively transcribed genes the cytosine residues
are generally unmethylated. More recently, 5-hydroxymethylcytosine
has been revealed as an important intermediary in this process.! Prior
to translation, the nascent RNA molecule undergoes a process of editing
known as RNA splicing. This process involves the removal of intronic
sequences to generate a mature, protein-coding RNA. In addition,
this process can generate diverse RNA species from the same gene, by
the inclusion or exclusion of specific exons to generate variant RNAs
(referred to as splice variants) encoding divergent proteins. The splicing
process is directed by specific DNA sequences within the introns of the
gene (referred to as splice donor and splice acceptor sites) and catalysed
by a large protein complex known as the spliceosome.

Mutations in genes implicated in histone modification or the control
of DNA methylation are found in a wide variety of myeloid malignan-
cies, including the MPN, myelodysplasia and acute myeloid leukaemia
(Tables 2.2 and 2.4), and also in lymphoid malignancies, particularly
angioimmunoblastic T-cell lymphoma. Mutations in different elements
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of the spliceosome are distributed even more widely, through myeloid,
lymphoid and solid tumours. In contrast to signalling pathway muta-
tions, mutations affecting transcriptional regulation may not lead directly
to the overproduction of mature blood cells, are not associated with
specific disease phenotypes and often coexist with other transcriptional
control mutations in the same patient.

Acquired mutations associated with transformation

to advanced-phase disease

Disease progression is a shared feature of the MPNs, although the risk is
somewhat variable between the different disorders. Disease progression
may involve transformation to acute leukaemia (blastic-phase disease) or
the development of aggressive disease in the absence of overt leukaemia
(referred to as advanced- or accelerated-phase disease). The phenotypic
manifestations of advanced-phase disease are variable and may include
uncontrolled cellular proliferation, increasing splenomegaly, bone mar-
row failure or bone marrow fibrosis. Disease progression is likely driven
by the acquisition of additional genetic mutations. Consistent with this,
disease progression is often associated with cytogenetic alterations such
as chromosomal deletions or duplications, indicating the accumulation
of additional genetic damage. Overall, however, the specific molecular
lesions that drive disease transformation are not as well characterized as
those present in early-phase MPNs.

Inherited predisposition to clonal MPNs

Two distinct patterns of familial MPN predisposition have been identified:
(i) rare but strong inherited traits associated with multiple affected indi-
viduals within a single family and (ii) common but low-penetrance traits
imparting a statistical increase in the risk of acquiring an MPN. In both
of these situations, the MPNs that develop are true clonal blood disorders
and need to be distinguished from inherited conditions associated with
polyclonal blood cell overproduction.

Inherited non-clonal disorders that phenocopy distinct
MPNs

Inherited mutations may result in the overproduction of various differ-
ent blood lineages. These conditions, which are all rare, display phe-
notypic similarities to the clonal MPNs. The clinical complications and
management strategies for inherited disorders, however, are completely
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different from their clonal counterparts and it is important that these con-
ditions are not confused. Of note, inherited mutations affect some of the
same genes that are mutated in acquired clonal MPNs (Table 2.5).

Polycythaemia vera (PV), essential
thrombocythaemia (ET) and primary myelofibrosis
(PMF)

PV and ET are characterized by overproduction of erythrocytes and
platelets, respectively. In both conditions, patients are prone to clinical
complications of thrombosis and haemorrhage (Table 2.1). The PMF
phenotype is characterized by bone marrow fibrosis secondary to
hyperproliferation of clonal megakaryocytes, associated with either
thrombocytosis or thrombocytopaenia. The clinical syndrome of PMF is
variable and includes complications of thrombocytosis and granulocyto-
sis (thrombosis, haemorrhage), bone marrow failure (anaemia, bleeding,
infection), catabolic state (cachexia, lassitude) and increase in spleen
size (pancytopaenia, abdominal discomfort). PV, ET and PMF overlap
clinically and share a tendency to undergo phenotypic shift, such that
patients with ET may develop PV and those with ET or PV may develop
a myelofibrotic transformation that is phenotypically indistinguishable
from PMF. ET and PV, which represent early-stage disease, generally
follow a benign clinical course, with thrombotic complications repre-
senting the major source of morbidity. PMF often follows an aggressive
course associated with a much-reduced life expectancy and several

Table 2.5 Inherited syndromes with MPN-like phenotypes (mutated genes in
parentheses).

Erythrocytosis High oxygen-affinity haemoglobin (HBB, HBG1, HBG2)
2,3-Biphosphoglycerate mutase deficiency (BPGM)
Erythropoietin receptor mutation (EPOR)
Oxygen-sensing pathway mutation (VHL, EGLNT, EPAST)

Thrombocytosis Thrombopoietin overproduction (THPO)
TPO-receptor or JAK2 mutation (MPL, JAK2)

Myelofibrosis Grey platelet syndrome (NBEAL2)

Eosinophilia Familial eosinophilia (unknown)

Mastocytosis Familial mastocytosis (KIT)
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lines of evidence suggest that PMF represents presentation with an
advanced-phase MPN, as discussed in more detail below.

Acquired mutations in cytokine signalling pathways
(Table 2.3)

Mutations in JAK2

Mutations in JAK2 are the most common molecular events in the MPN.
A JAK2 V617F mutation is present in around 50% of patients with ET
or PMF and up to of 97% of those with PV.? JAK2 V617F mutations
are also common in patients with a proliferative variant of chronic
myelomonocytic leukaemia® and are detected in occasional cases of
de novo AML, although at least some of the latter represent presentation
in the blastic-phase of a previously undiagnosed MPN.# The majority of
PV patients without a JAK2 V617F mutation instead harbour a mutation
in exon 12 of JAK2.> A large number of different JAK2 exon 12 alleles
have been reported, comprising either missense mutations or small
insertions and deletions leading to in-frame gain or loss of a small
number of amino acids.

JAK2 is an intracellular tyrosine kinase that binds to and is essential
for signalling through the erythropoietin and thrombopoietin receptors
and also contributes to signalling through the receptors for granu-
locyte colony-stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), interleukin-3 and interferon-y.
Mutations in JAK2 reduce the activity of an important autoinhibitory
region, resulting in increased basal kinase activity and activation of the
JAK2-receptor complex in the absence of ligand binding. This increased
signalling activity leads to constitutive activation of downstream effec-
tors, including STAT5, AKT and ERK, resulting in alterations in cellular
behaviour that include increased proliferation, resistance to apoptosis
and cytokine-independent differentiation.>® In biochemical studies,
JAK2 exon 12 mutations produce similar but stronger activation of
downstream targets than the JAK2 V617F allele.’ Taken together, these
findings imply a direct role for mutant JAK2 in driving the overpro-
duction of the megakaryocyte, erythroid and granulocyte lineages that
characterize the clinical phenotypes of ET and PV.

A central role for mutant JAK2 in MPN pathogenesis is corroborated
by mouse models of JAK2 V617F-positive disease. A number of different
approaches have been pursued, using expression of either murine or
human JAK2. These include the use of viruses to induce expression
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of mutant JAK2 in transplanted bone marrow’ or the permanent
integration of a mutant JAK2 gene into the mouse genome, either
in a random position (transgenic model)® or in place of the normal
murine JAK2 locus (knock-in model).? These different approaches have
recapitulated most of the major phenotypic features that characterize
the JAK2-mutant MPN, including thrombocytosis, erythrocytosis, bone
marrow fibrosis and extramedullary haematopoiesis. The findings from
these studies reinforce a central role for mutant JAK2 in the pathogenesis
of these conditions and facilitate further dissection of the disease process.
Expression of JAK2 V617F in mouse cells in which the Stat5a/b genes
have been deleted abrogates the development of erythrocytosis in vivo,
but does not prevent the development of bone marrow fibrosis!®!! This
observation, in conjunction with previous in vitro studies,'? cements the
role of STAT5 as a key mediator of JAK2 signalling, but implies that
other downstream signalling pathways are also important for phenotypic
manifestations such as the development of myelofibrosis.

In MPN patients, the JAK2 V617F mutation is present in progenitors
with B-cell, T-cell, NK-cell and myeloid lineage potential, demonstrating
that the mutation arises in a multipotent haematopoietic stem cell
(HSC).!*> JAK2 mutations, however, are detected in mature lymphoid
cells only in a minority of cases and the proportion of lymphocytes
carrying the mutation is usually low. Of relevance to this observa-
tion, transformation of cell lines occurs only when mutant JAK2 is
co-expressed with a type I homodimeric receptor.'* Type I homodimeric
receptors include the erythropoietin, thrombopoietin and G-CSF recep-
tors. It has been hypothesized that JAK2 requires the presence of one
of these receptors as a scaffold in order to activate downstream targets,
thus restricting the transforming effects of mutant JAK2 to myeloid
lineage cells. In addition, JAK2 is expressed at relatively low levels in
haematopoietic stem and progenitor cells and increases at least 10-fold
during myeloid differentiation. As such, increasing levels of both JAK2
and its receptors (EpoR, TpoR and G-CSFR) result in an amplification of
mutant JAK2 signalling during the later stages of myeloid differentiation.
Consistent with this, the mutant allele burden in the stem and progenitor
compartment of MPN patients is often low, but increases in terminally
differentiated cells; this effect appears particularly pronounced in those
harbouring a JAK2 V617F-homozygous subclone.!>1¢

Evolution of subclones harbouring additional copies of the JAK2
V617F allele is common in patients with ET and PV. These clones
are generated at cell division by mitotic recombination, resulting in
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duplication of the JAK2 V617F mutation and loss of the wild-type allele
(Fig. 2.3).!'7 Homozygosity for JAK2 exon 12 mutations also arises by
the same mechanism. Of interest, fine mapping of the chromosomal
cross-over region has indicated that individual patients often harbour
several different JAK2 mutant homozygous clones,'® consistent with
a role for mutant JAK2 in enhancing homologous recombination.!?
An alternative pathway to amplification of the mutant allele involves
duplication of the whole of chromosome 9, most likely through chromo-
somal non-dysjunction at mitosis, producing a trisomy 9 subclone with
one wild-type and two mutant JAK2 alleles (Fig. 2.3).2%2! Duplication of
signalling pathway mutations by mitotic recombination or chromosomal
duplication is a common feature of myeloid malignancies, for example
FLT3 and CBL mutations in AML. This process is presumed to provide
an additional selective advantage to the homozygous clone, either by
increased expression of the mutant allele or loss of the wild-type protein.

JAK2 VB17F Mitotic

recombination

JAK2 V617F
—p

Chromosome
non-dysjunction

/N /N

Figure 2.3 Duplication of the JAK2 V617F allele may arise by mitotic recombination
or chromosomal non-dysjunction. Mitotic recombination leads to exchange of
genetic material between chromosomes of different parental origin (depicted in
white and grey) at cell division, giving rise to daughter clones with either two
mutant or two wild-type copies of the JAK2 allele. Chromosomal non-dysjunction,
thought to result from abnormal segregation of a whole chromosome at cell
division, gives rise to a daughter clone with two mutant and one wild-type JAK2
allele. The JAK2 mutation is depicted by a star.
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Progenitor cells from patients with PV or ET harbouring a JAK2 V617F
mutation produce both thrombopoietin-independent megakaryocyte
colonies and erythropoietin-independent erythroid colonies, consis-
tent with ligand-independent activation of the thrombopoietin and
erythropoietin receptors by mutant JAK2. In the presence of erythropoi-
etin, cultured patient samples typically produce both JAK2-mutant and
JAK2-wild-type erythroid colonies, but only JAK2-mutant erythroid pro-
genitors are able to form colonies in the absence of erythropoietin.!>22
Progenitor cells from JAK2 V617F-positive MPN patients are com-
petent to engraft immunocompromised mice (NOD/SCID strain),
with long-term maintenance of JAK2-mutant haematopoiesis in some
instances. Of note, whereas normal human progenitors give rise
to predominantly lymphoid output in this xenograft system, JAK2
V617F-positive progenitors produce mainly myeloid cells.?*> This finding
provides further evidence that the JAK2 mutation is acquired in a stem
cell and provides a selective advantage for differentiating myeloid but
not lymphoid cells.

Itis noteworthy that the same JAK2 V617F mutation is associated with
predominant erythrocytosis in patients with PV and thrombocytosis in
those with ET. Several lines of evidence implicate the degree of STAT5
activation in determining the disease phenotype, with more pronounced
STATS5 activation resulting in erythrocytosis, including (i) the observation
that JAK2 V617F homozygous clones (with stronger STAT5 activation)
are over-represented in PV compared with ET,!82224 (ii) the occurrence
of JAK2 exon 12 mutations (which are associated with stronger down-
stream signalling than JAK2 V617F) in patients with PV but not ET®
and (iii) in vitro studies indicating that strong, induced STAT5 activation
in human progenitor cells results in erythroid differentiation, whereas
weaker activation favours megakaryopoiesis.?> Other contributing fac-
tors include the magnitude of STATI activation and modulating effects
of patient gender.?#42¢

Mutations in MPL

Mutations in MPL, the thrombopoietin receptor, are present in around
5% of those with ET or PMFE.?728 Of the MPL alleles reported to date, the
majority lead to amino acid changes within or close to the intracellular
juxtamembrane region of the receptor. This five amino acid motif had
previously been identified as an important negative regulator of MPL
signalling, with deletion or amino substitution resulting in constitutive
MPL signalling due to loss of autoinhibition.?? The most common
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MPN mutations result in amino acid substitutions at position W515
and include changes to leucine, lysine, alanine or arginine. Other rare
mutations include amino acid insertions next to or within this motif.
Subclones that are homozygous for the MPL W515L or W515K allele may
arise in patients with ET or PMF. As with mutations in JAK2, homozygous
clones are generated by mitotic recombination®?3! (Fig. 2.3).

In vitro expression of MPL W515L in cell line models resulted in
ligand-independent receptor activation with consequent constitutive
activation of key downstream signalling molecules including JAK2,
STAT3, STAT5, AKT and ERK. Similar consequences were observed with
other alleles encoding mutations or deletions within the juxtamem-
brane region.?”?° In vivo expression of the MPL W515L allele in mouse
bone marrow cells recapitulated features of ET and PMF, producing
thrombocytosis and progressive bone marrow fibrosis.?’” Overall, the
downstream signalling consequences of MPL mutations appear similar
to mutant JAK2; however, the lineage-restricted expression of the MPL
receptor means that the phenotypic consequences of MPL mutations are
confined to the megakaryocyte lineage.

In patients with an MPL-mutant MPN, the mutation may be present
in platelets, erythroid cells, granulocytes, B-cells and NK-cells.?? Progen-
itors from patients with ET or PMF harbouring an MPL W515 mutation
produce thrombopoietin-independent megakaryocyte colonies, but not
erythropoietin-independent erythroid colonies.?®32 Progenitors from
MPL-mutant PMF patients are able to engraft immunocompromised
mice.>? Together, these findings indicate that MPL mutations arise in a
multipotent stem cell and reinforce the clinical observation that the phe-
notypic consequences of mutant MPL are limited to the megakaryocyte
lineage.

A second, rarer type of alteration targets the transmembrane
region of MPL, with a single missense mutation reported to date (MPL
S505N).28 In vitro expression of this allele in a cell line model resulted
in ligand-independent dimerization and consequent activation of the
receptor.’> Substitution of other amino acids at position S505 (such
as glutamine, glutamic acid or aspartic acid) also cause constitutive
receptor activation in vitro,>> although these mutations have not been
reported in MPN patients. Of interest, the same MPL S505N allele also
occurs as an inherited mutation in kindreds with autosomal dominant
familial thrombocytosis (see below).>* This is an unusual occurrence,
as inherited and acquired mutations are generally mutually exclusive,
for example, RAS pathway mutations in sporadic and syndromic
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juvenile myelomonocytic leukaemia®> and KIT mutations in sporadic
and familial mastocytosis (see Fig. 2.9 and the systemic mastocytosis
section below).

Mutations in SH2B3 (LNK)

Mutations in SH2B3 have been detected in rare patients with thrombo-
cytosis, erythrocytosis or myelofibrosis.>*8 SH2B3 encodes an adaptor
protein, LNK, which binds to and inhibits phosphorylated JAK2, thus
exerting a negative effect on signalling through the JAK2-receptor com-
plex. Several different SH2B3 alleles have been reported, including mis-
sense and nonsense mutations, which often coexist with mutations in
JAK2 or MPL.

Knock-out of LNK in a mouse model resulted in accumulation of
mature myeloid and lymphoid cells. This appears to be driven by hyper-
sensitivity to a number of different myeloid and lymphoid cytokines.>®
In a mouse MPN model driven by activated JAK2 (ETV6-JAK2 fusion),
loss of LNK reduced the latency and increased the severity of the
disease.?? In cell-line studies, over-expression of wild-type LNK resulted
in marked suppression of signalling through the MPL receptor, in
keeping with a role for LNK as a negative regulator of cytokine
signalling.’® In similar experiments, mutant LNK protein showed a
partial loss of ability to inhibit both wild-type and mutant (V617F)
JAK?2 signalling.>¢4142 Together, these findings imply a role for mutant
SH2B3 alleles in augmenting the signalling effects of mutant JAK2
and MPL.

Mutations in CALR

Somatic mutations in the gene encoding calreticulin (CALR) have been
reported in 15-35% of patients with ET or PMF and occasionally in other
myeloid malignancies, but not in PV.#>#* Of interest, CALR mutations are
largely mutually exclusive with mutations in JAK2 and MPL, suggesting
a role for mutant CALR in signalling pathway activation. Calreticulin is
a key endoplasmic reticulum (ER) protein with calcium buffering and
protein chaperone activity. It has been implicated in the homeostasis of
calcium-dependent signalling and in the ER stress response.*> A number
of different insertion—deletion mutations have been reported, encoding
proteins of different sizes.#>#* Notably, all mutants reported to date har-
bour an identical and novel C-terminus. The mutant C-terminus is basic
(whereas the wild-type is acidic), is lacking the ER retention motif and is
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predicted to reduce calcium binding activity.#>#44¢ At the time of writing,
the cellular consequences of these mutations and their precise impact on
patient phenotype were unknown.

Patients with multiple signalling pathway mutations

Mutations in JAK2 and MPL rarely coexist in the same patient. This is con-
sistent with biochemical and cellular studies indicating that these muta-
tions lead to activation of a shared set of downstream pathways and are
likely, therefore, to show functional redundancy. Consistent with this
redundancy is the observation that in rare patients harbouring two sig-
nalling pathway alterations, the mutations are generally present in differ-
ent clonal proliferations. Two distinct patterns of disease can be observed
in such patients: (i) those in whom two clones harbouring different sig-
nalling pathway mutations have arisen from a shared ancestral clone
and (ii) those harbouring two independent and genetically unrelated
MPN clones (Fig. 2.4).%2° A related phenomenon is the independent
acquisition of the JAK2 V617F mutation on both parental alleles, a phe-
nomenon that is observed in 5-10% of ET patients and may also indicate
the presence of biclonal disease.*”™°

Acquired mutations in pathways controlling
transcriptional regulation (Table 2.4)

Mutations in molecules implicated in the control of transcriptional
regulation are present in a proportion of patients with ET, PV or PMF.
Mutations in these genes, which affect proteins implicated in histone
modification, DNA methylation or RNA splicing, often coexist with a
cytokine signalling pathway mutation. In contrast to signalling pathway
mutations, patients not uncommonly harbour more than one transcrip-
tional regulation mutation and these mutations do not show strong
correlations with specific disease phenotypes.

Mutations in genes implicated in histone modification
Mutations in PRC2

The Polycomb Repressive Complex-2 (PRC2) is a protein complex with
histone H3K27 methyltransferase activity involved in the repression of
gene expression. Mutations have been reported in components of the
core PRC2 complex (EZH2, EED and SUZI2) and in important PRC2
cofactors (ASXLI and JARID2). Mutations are usually homozygous or
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Figure 2.4 Different pathways account for the evolution of oligoclonal disease in
patients with a myeloproliferative neoplasm. Two distinct patterns have been
observed in patients with biclonal disease. In some cases, two clones are the related
progeny of a shared ancestral (founder) clone, for example where a TET2-mutant
clone gives rise to TET2/MPL-mutant and TET2/JAK2-mutant daughter clones. In
other cases, biclonal disease represents the coexistence of two unrelated MPN clones
in the same patient.

|

hemizygous and result in a loss or decrease in protein function.*>1->°
The consequent reduction in PRC2 H3K27 methyltransferase activ-
ity is predicted to result in increased expression of PRC2-controlled
genes. Reduction of ASXL1 expression in human neonatal cells by
shRNA resulted in increased expression of HOX family genes, which
are known to be involved in HSC maintenance and self-renewal.
Similar results were obtained in a mouse model, where reduction of
ASXL1 was also associated with global reductions in histone H3K27
methylation.”® Consistent with this, mice with reduced activity of
different components of the PRC2 complex show enhanced HSC
activity.’”>® Together, these results imply a role for the PRC2 complex
in the negative regulation of HSC activity and suggest that clones with
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reduced PRC2 activity due to somatic mutation may acquire a selective
advantage.

A dual role for mutant JAK2

JAK?2 plays a key role in cytokine receptor signalling, as outlined above.
In addition, JAK2 acts as a regulator of gene transcription, mediated
by its nuclear translocation and direct modification of histone proteins
(Fig. 2.5). JAK2 phosphorylates a specific histone tyrosine residue
(H3Y41), resulting in displacement of the heterochromatin protein
HPla and consequent de-repression of gene expression.’® In normal
haematopoietic cells, nuclear localization of JAK2 appears contingent
upon activation of JAK2 by cytokine signalling, whereas in the presence
of a JAK2 V617F mutation, nuclear localization occurs in the absence of
receptor activation.’®%® JAK2 therefore plays a dual role as a key medi-
ator of cytokine signalling and as a modulator of histone structure and
gene expression. At present, the precise transcriptional consequences
of JAK2 mutations, and the relative contribution of cytoplasmic versus
nuclear JAK2 to cellular transformation, remain to be determined.

CJ’fOp/a sm

Figure 2.5 Dual roles for JAK2: cytokine signalling and histone modification. JAK2
plays a key role in cytokine receptor signalling, mediated by activation and nuclear
translocation of the transcription factor STAT5. In addition, JAK2 acts as a direct
regulator of gene transcription, mediated by nuclear translocation of JAK2 and
phosphorylation of histone H3Y41, resulting in displacement of the
heterochromatin protein HP1la and consequent de-repression of gene expression.
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Mutations in genes implicated in DNA methylation
Mutations in TET2

Mutations in TET2 are found in 10-20% of patients with ET, PV or
PMF, and also a similar proportion of patients with de novo AML,
myelodysplasia and chronic myelomonocytic leukaemia (CMML), mak-
ing TET2 one of the most frequently mutated genes in myeloid neoplasia
(Table 2.2).°! The TET family of proteins convert 5-methylcytosine to
5-hydroxymethylcytosine, the latter representing a key intermediary
in the demethylation of cytosine.! It is currently thought that TET
proteins are involved in the demethylation of DNA cytosine residues.
According to this model, TET proteins play a role in the control of
gene transcription by altering the methylation status of promoter
CpG islands. Mutations affecting the TET2 locus, which are generally
heterozygous, comprise deletions and missense or nonsense mutations
that result in loss of normal TET2 function.®? In murine cells, reduction
of TET2 leads to reduced levels of genomic 5-hydroxymethylcytosine.
Human cells from patients harbouring a TET2 mutation also show
reduced levels of 5-hydroxymethylcytosine along with genome-wide
changes in CpG island methylation.®>%* At the cellular level, studies of
TET2-mutant MPN patients suggest that loss of TET2 activity results in
the clonal expansion of early haematopoietic progenitors.®! These data
are corroborated by mice where the Tef2 gene has been deleted, which
display a gradual increase in the size of the stem cell compartment over
time, associated with a competitive advantage of TET2-null stem cells
over their wild-type counterparts following transplantation. Of note,
these phenotypes are also observed following deletion of only one Tet2
allele in the mouse, albeit to a lesser degree. This is in keeping with the
observation that the majority of TET2 deletions and mutations in MPN
patients are heterozygous and implies that haploinsufficiency for TET2
may be sufficient to impart a selective advantage to stem and progenitor
cells.®5-¢7

In addition to effects at the stem cell level, loss of TET2 activity also
has consequences for differentiating blood cells. Reduction of TET2
activity in human progenitor cells resulted in skewing towards the
monocytic lineage at the expense of lymphoid, erythroid and granu-
locytic differentiation.®* Consistent with this, loss of TET2 activity in
mouse models is associated with the development a myeloproliferative

phenotype comprising monocytosis, splenomegaly and anaemia.®®¢”
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These data suggest that loss of TET2 activity exerts effects at multiple lev-
els of the haematopoietic hierarchy, by expanding stem and progenitor
cells and by skewing the lineage output of mature cells.

Mutations in IDHI1 and IDH2
Mutations in isocitrate dehydrogenase 1 and 2 (IDHI1/2) are found in
a wide variety of myeloid malignancies. The metabolic enzymes IDH1
and IDH2 (cytoplasmic and mitochondrial isoforms, respectively) form
part of the citric acid cycle and catalyse the conversion of isocitrate
to a-ketoglutarate (a-KG, also known as 2-oxoglutarate). Missense
mutations in IDHI/2, which are invariably heterozygous, have a dual
effect on enzymatic function, resulting in loss of normal function and
gain of a novel enzymatic activity. This novel (neomorphic) activity
results in the conversion of a-KG to 2-hydroxyglutarate (2-HG),%®
leading to a marked accumulation of 2-HG in IDH-mutant cells. 2-HG
is a competitive inhibitor of a-KG and neomorphic IDH mutants
inhibit a-KG-dependent enzymes, including TET-family enzymes and
Jumonji-family histone demethylases.®>%° Inhibition of normal TET2
activity results in changes in DNA methylation similar to those seen
with mutant TET2 and mutations in TET2 and IDHI/2 are mutually
exclusive in AML patients. Inhibition of histone demethylase enzymes
results in increased methylation at several different histone residues
with pleotropic effects on gene expression. These include increased
expression of HOX family genes, which have been linked to self-renewal
of both normal and leukaemic progenitors.®® Consistent with this, mice
harbouring a mutant IDHI allele showed expansion of the progenitor
compartment, in addition to extramedullary haematopoiesis.”®

In MPN patients, mutations in IDHI/2 are most prevalent in
blastic-phase disease, although they have also been reported occasion-
ally in patients with ET, PV or PME7!72 As with mutations in TET2,
it appears that IDHI/2 mutations can arise as early clonal events, as
evidenced by their detection in differentiated haematopoietic colonies
in MPN patients and their persistence with normal haematopoiesis in
patients successfully treated for AML.7273

Mutations in DNMT3A

DNA methyltransferase 3A (DNMT3A) is a de novo cytosine methylase
implicated in the repression of gene expression via methylation of
DNA at CpG islands. Genetic alterations in DNMT3A are generally
heterozygous and include frameshift and nonsense mutations implying
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loss of DNMT3A activity;’#7° in addition, dominant negative effects have
been reported for the most common missense mutation.”® Knock-out
of DNMT3A in a mouse model resulted in progressive accumulation
of haematopoietic stem cells with impaired ability to differentiate.””
Of note, mutations in DNMT3A may coexist with mutations in other
DNA methylation pathway genes, including IDHI1/2 and TET2, implying
non-overlapping functions for these proteins. One possible explanation
for this is the potential contribution of DNMT3A to protein com-
plexes with histone-modifying activity.”® DNMT3A mutations appear
as early events in de novo AML, where they do not appear to impair
haematopoietic differentiation.””

Mutations in the RNA spliceosome
Mutations affecting the RNA splicing apparatus are found in 5-10%
of patients with ET or PMES8%8! Alterations in several different genes
have been reported to date (SF3BI, SRSF2, U2AF35, PRPF40B, ZRSR2),
composed almost entirely of heterozygous missense mutations. Muta-
tions in this pathway are also found in other myeloid malignancies,
lymphoid neoplasms including chronic lymphocytic leukaemia and
multiple myeloma and several different epithelial tumours. Of note,
mutations in SF3BI show a particularly strong association with the
presence of ring sideroblasts (erythroid precursors containing abnormal
iron-laden mitochondria). Ring sideroblasts are a morphological feature
of a subtype of myelodysplasia (RARS: refractory anaemia with ring
sideroblasts) and are also found in a subset of patients with ET or
PME. Mutations in the spliceosome are mutually exclusive in a given
patient, implying that different mutations have shared consequences for
spliceosome function. In patients with a myeloid neoplasm, spliceosome
mutations may coexist with a signalling pathway mutation and/or
mutations affecting histone modification or DNA methylation.31-8

In model systems, expression of a splicecosome mutant resulted in
widespread RNA mis-splicing, including the inclusion of introns in
mature RNA species.8! Analysis of sliccosome mutation-bearing samples
from patients with myeloid or lymphoid neoplasms suggests more subtle
effects that recurrently target specific genes.3*8¢ Although a consensus
is emerging of alterations in RNA splicing as a result of these mutations,
their cellular consequences are currently obscure.®”
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Acquired mutations associated with progression

to advanced and blastic-phase disease

The clinical features of advanced-phase disease, which include uncon-
trolled cellular proliferation, increasing splenomegaly, bone marrow
failure and bone marrow fibrosis, arise in a proportion of ET and PV
patients during the course of their disease. Of note, these features
are also characteristic of PMF at initial diagnosis. PMF is clinically
indistinguishable from myelofibrotic transformation of ET or PV and
is associated with several other features of advanced-phase disease,
including a high prevalence of karyotypic abnormalities, evidence of
ineffective and dysplastic haematopoiesis, high rates of progression to
AML and shortened overall survival. Hence PMF may be best considered
as presentation with an advanced-phase MPN.

Advanced-phase disease likely arises through a process of clonal evo-
lution characterized by the acquisition of additional genetic events. Con-
stitutive activation of JAK2 has been implicated as a driver of this process,
as expression of mutant JAK2 leads to the accumulation of reactive oxy-
gen species, increased DNA damage and aberrant DNA repair.!?#-° The
degree to which other MPN-associated signalling mutations phenocopy
these effects is currently unclear.

Overall, mutations in pathways controlling transcriptional regulation
(including ASXL1, IDH1/2 and EZH2) appear more common in patients
with myelofibrosis (either secondary or PMF) compared with ET or PV,
although a causative role for these mutations in disease progression
has not been established. Mutations leading to increased signalling via
the RAS pathway (affecting KRAS, NRAS or CBL) also appear more
common in myelofibrosis compared with ET or PV.?1=%* Cellular studies
have suggested that RAS signalling downstream of the erythropoietin
receptor exerts a negative effect on erythroid differentiation, whereas
RAS signalling downstream of MPL (the thrombopoietin receptor)
enhances megakaryocyte differentiation.”>=7 Thus activation of the RAS
pathway mimics several phenotypic features of myelofibrosis, including
suppression of erythropoiesis and enhanced megakaryopoiesis; how-
ever, RAS pathway mutations have only been identified in a minority
of patients with primary or post-ET/PV myelofibrosis. At the time of
writing, no mutations have been identified that distinguish PMF or
post-ET/PV myelofibrosis from early-stage ET and PV.

Transformation to acute myeloid leukaemia (AML) affects 10-30%
of those with PMF and a small minority of patients with ET or PV. The
mutational profile of post-MPN AML shares some similarities with de novo
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AML, including mutations in transcriptional control pathways (e.g. TET2,
ASXLI, EZH2 and IDHI), which may also be present in earlier stages of
disease, and alterations in DNA repair and cellular differentiation path-
ways (e.g. TP53, RUNXI and IKZF1), which are rare in early-stage disease.
In contrast to de novo AML, balanced chromosomal translocations are rare
in post-MPN AML4>1,98-100

Surprisingly, leukaemic transformation of a JAK2 V617F-positive MPN
is negative for the JAK2 mutation in around half of all cases.*1°192 Three
potential mechanisms may explain this occurrence. One potential mech-
anism involves leukaemic transformation arising in a wild-type daughter
cell resulting from mitotic recombination in a JAK2 V617F-heterozygous
cell (Fig. 2.3). This mechanism has been excluded in all cases examined to
date, leaving two possible alternatives. In the first model, the two phases
of disease arise from a shared founder clone. In the second model, the
MPN and AML are clonally unrelated and reflect transformation of inde-
pendent stem cells. As noted above, direct evidence exists for both of
these models in patients with an early-stage MPN (Fig. 2.4).%2% It seems
likely, therefore, that either mechanism can account for JAK2 wild-type
AML following a JAK2 mutant MPN.

Synthesis: genetic complexity, clonal progression and functional
overlap of mutations in ET, PV and PMF

The expanding lexicon of genetic mutations has uncovered a hitherto
unappreciated complexity in the clonal architecture of the MPNs. Indi-
vidual patients, including those with early-stage disease, often harbour
mutations in several different genes implicated in divergent cellular path-
ways (Table 2.2). Mutations in signalling pathways are usually mutu-
ally exclusive, implying similar functional consequences for mutations
in genes such as JAK2, MPL and possibly CALR (Table 2.3). Mutations in
TET2 and IDHI/2 are also mutually exclusive, as are spliceosome muta-
tions. The same is not true, however, for other pathways and patients
with MPNs or other myeloid neoplasm often harbour more than one
mutated gene in the histone modification and/or DNA methylation path-
ways (Table 2.4), with some mutations showing a positive correlation.**

Biochemical studies and mouse models imply a central role for
signalling pathway mutations in driving the overproduction of specific
mature blood lineages. Although the consequences of mutations affect-
ing histone- or DNA-modifying enzymes are less well characterized,
mutations in several enzymes appear to act by imparting haematopoietic
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stem cells with a competitive advantage (EZH2/SUZ12, TET2, DNMT3A)
(Table 2.4).

The presence of multiple different mutations in a single patient
has allowed studies to track the clonal development of individual
MPNs. TET2 mutations are often acquired as early events during clonal
evolution and in some patients precede acquisition of a mutation in
JAK2 or MPL.®! This has led to the suggestion that reduced TET2 activity
may be a disease-initiating event, at least in a proportion of patients. In
some patients, however, mutations in JAK2 or MPL are acquired before
a mutation in TET2, implying that several different genetic changes
have the ability to initiate a clonal haematopoietic proliferation.!03104
Overall, many MPN-associated mutations (other than those specifi-
cally associated with leukaemic transformation such as alterations of
RUNXI) may be seen in early-stage (ET/PV) and also advanced-phase
disease (PMF or post-ET/PV myelofibrosis), and it appears that the
order in which an MPN clone acquires these different mutations is not
fixed.

The complex genetic landscape of these disorders suggests that even
in the early stages of disease, individual MPN are composed of a collage of
mutations with overlapping cellular effects acting at multiple levels of the
haematopoietic hierarchy. Signalling pathway mutations appear to play a
central role in driving the overproduction of mature blood cells; however,
the contributions and interactions of mutations in other pathways are not
fully understood.

Inherited predisposition to clonal MPNs

Several families have been reported that contain multiple members
affected by an MPN, with inheritance patterns suggestive of an auto-
somal dominant trait with incomplete penetrance.'®>-1%° Kindreds
with different phenotypes including ET, PV and PMF may be found
within the same family and X-chromosome inactivation studies have
demonstrated clonal haematopoiesis indicative of a true MPN. Of note,
in one study a proportion of apparently unaffected relatives showed
erythropoietin-independent erythroid colony growth, suggesting an
early-phase or forme fruste MPN.'%> Clinical phenotypes and complication
rates are reportedly similar in familial and sporadic cases, although in
some kindreds the MPN manifests progressively earlier in subsequent
generations (genetic anticipation).!'®® In addition, the spectrum of
somatic mutations reported in these families is similar to those with a
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sporadic MPN.!1% At the time of writing, the alleles underlying these
familial MPNs have yet to be identified.

An increased risk of developing an MPN in first-degree relatives of
those with ET or PV (outside families such as those described above)
was first identified from cancer registry data.!'! This was subsequently
shown to be attributable in part to a constitutional haplotype contain-
ing the JAK2 locus (the 46/1 haplotype). Inheritance of this haplotype is
associated with a 3—4-fold increased risk of developing ET or PV.47-48112
The presence of the JAK2 locus within the 46/1 haplotype block sug-
gests that genetic variant(s) affecting JAK2 protein expression or func-
tion may account for this effect. This hypothesis is corroborated by the
observation that carriers of the 46/1 haplotype are at increased risk of
developing a JAK2-positive, MPL-positive or JAK2/MPL-wild-type MPN,
implying cooperation between the 46/1 variant and different acquired
mutations resulting in activation of the JAK2-receptor complex. To date,
the 46/1 haplotype has not been shown to exert any consistent etfect on
disease phenotype or clinical complications. At present, the mechanisms
underlying the increased risk in 46/1 carriers is unknown and further
studies are under way to determine whether the 46/1 haplotype con-
tains an element imparting a small risk to all those who carry the allele
or conceals a less prevalent but more potent allele imparting a greater
risk to a minority of carriers.

Inherited non-clonal disorders that phenocopy distinct
MPNs

Familial thrombocytosis

Familial thrombocytosis is a rare disorder caused by mutations in throm-
bopoietin, the thrombopoietin receptor complex or other unknown
genes (Fig. 2.6, Table 2.5). Mutations in the 5’-untranslated region or
targeting splice sites in the thrombopoietin gene are associated with
increased mRNA stability, increased translation of thrombopoietin and
consequent thrombocytosis.!!*> These mutations are dominantly inher-
ited and have not been reported in acquired, clonal MPN.!!* A mutation
in the thrombopoietin receptor (MPL S505N) has been reported in
Japanese and Italian kindreds.**!!> This mutation is also dominantly
inherited and results in ligand-independent activation of the receptor.>?
Of interest, the same mutation may be acquired in patients with spo-
radic ET or PMF.?® Mutations in JAK2 have been reported in families
with autosomal dominant thrombocytosis. These germline mutations
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Figure 2.6 Germline mutations associated with hereditary thrombocytosis.
Inherited mutations in several genes (marked with red stars) result in
thrombocytosis, due to increased translation of thrombopoietin or increased MPL
signalling in megakaryocytes.

result in constitutive JAK2 activation, but to a lesser degree than the
somatic JAK2 V617F allele.!1¢"119 Qverall, the clinical course of familial
thrombocytosis is generally mild: although complicated by occasional
thrombotic or bleeding episodes, development of myelofibrosis or acute
leukaemia is not a prominent feature.

Familial polycythaemia
Familial polycythaemia is a rare and genetically heterogeneous disorder,
associated with mutations in the haemoglobin molecule, the erythropoi-
etin receptor or elements of the intracellular oxygen-sensing pathway
(Fig. 2.7, Table 2.5; http://www.erythrocytosis.org/).!2%121' A number
of different mutations in the haemoglobin beta or, rarely, alpha chain
are associated with the production of a haemoglobin molecule with
increased oxygen affinity. The consequent reduction in tissue oxygen
delivery triggers increased erythropoietin production, resulting in a
compensatory erythrocytosis. A similar mechanism is responsible for
the erythrocytosis seen in a subset of those with hereditary persistence
of foetal haemoglobin (foetal haemoglobin has a naturally higher
oxygen affinity that adult haemoglobin) and also in those with inherited
deficiency of 2,3-biphosphoglycerate mutase, an enzyme that facilitates
unloading of oxygen from haemoglobin in the peripheral circulation.
High-affinity haemoglobins are usually discovered by chance and are
generally of no clinical consequence.

Mutations in the erythropoietin receptor (EpoR) are seen in rare cases
of autosomal dominant erythrocytosis. Most reported mutations encode a
truncated EpoR that displays hypersensitivity to erythropoietin, with pos-
sible mechanisms including loss of docking sites for negative regulators
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Figure 2.7 Germline mutations associated with hereditary erythrocytosis. Inherited
mutations in several genes (marked with stars) result in erythrocytosis, due to
production of a haemoglobin molecule with increased oxygen affinity, increased
intracellular erythropoietin signalling or inappropriate activation of the hypoxia
sensing pathway.

of receptor activation and/or failure to internalize and deactivate the
receptor—cytokine complex following ligand binding. Clinical symptoms
are variable and an excess mortality from vascular complications has been
reported.

Inherited mutations in several genes result in alterations in the
intracellular oxygen sensing pathway. Mutations in VHL (autosomal
recessive), EGLNI (PHD2, autosomal dominant) or EPASI (HIF-2«a, auto-
somal dominant) result in increased transcription of hypoxia-inducible
genes, including erythropoietin, with consequent erythrocytosis.!22-124
In contrast to other inherited mutations causing erythrocytosis,
mutations in this pathway may lead to more profound physiological
consequences, including pulmonary hypertension, altered responses
to exercise and metabolic changes. The extent of these physiological
changes has not been fully characterized but appears to vary according

to the specific genetic mutation.!'?’

Familial myelofibrosis

Grey platelet syndrome is characterized by variable thrombocytopaenia,
abnormal bleeding, large platelets that stain poorly on standard blood
films and development of myelofibrosis. The clinical features of this
rare autosomal recessive disorder, which is associated with mutations
in NBEAL2, are due to failure of platelet alpha-granule production. It is
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thought the associated myelofibrosis is the result of leakage or hyper-
secretion of pro-fibrotic factors from bone marrow megakaryocytes.
Patients usually present with bleeding or easy bruising, whereas others
are discovered incidentally; however, presentation with established

myelofibrosis may occur.!'2¢

Principles and clinical utility of laboratory testing
Molecular testing for genetic mutations has become the first-line investi-
gation for patients with an unexplained increase in platelet count and/or
haemoglobin level. A reasonable approach is to screen all such referrals
for the JAK2 V617F mutation. Further testing in V617F-negative cases
may comprise screening for CALR exon 9 and MPL exon 10 mutations in
those with thrombocytosis or mutations in JAK2 exon 12 in those with
a raised haemoglobin. The techniques used to detect these mutations
should take into account the low mutant allele burden found in some
patients (especially those with ET) and the presence of multiple different
CALR exon 9, JAK2 exon 12 and MPL exon 10 alleles. Suitable techniques
include allele-specific or real-time polymerase chain reaction (PCR) for
JAK2 V617F, pyrosequencing or high-resolution melt curve analysis for
mutations in JAK2 exon 12 and MPL exon 10 and fragment length anal-
ysis for mutations in CALR exon 9.4>127.128 peripheral blood is a suitable
source of material for testing and either DNA or cDNA can be used.

The clinical impact of the identification of mutations in JAK2,
MPL and CALR has been significant, resulting in streamlining of the
diagnostic process, revisions to diagnostic criteria, reduced cost of
diagnosis and reduced need for invasive investigations such as bone
marrow aspiration.!??13% Regarding prognostic value, an increased risk
of both venous and arterial thrombosis in JAK2-mutant compared to
JAK2-wild-type ET has been identified in a number of primary studies
and confirmed by meta-analysis.'*’!3? In addition, a higher mutant
allele burden in patients with JAK2 V617F-positive ET and PV may
correlate with an increased risk of thrombotic complications.!?*134
The predictive value of other mutations is currently less clear and
different mutations in JAK2, CALR and MPL do not appear to predict for
ditferences in myelofibrotic transformation, acute leukaemia or overall
survival.

The clinical utility of testing for mutations in transcriptional regulation
pathways is currently not well defined. The widespread occurrence of
these mutations limits their diagnostic utility. In addition, mutations



108 Chapter 2

in these genes have been detected in patients with apparently nor-
mal haematopoiesis.!*> Early data suggest a potential role in patient
stratification, with specific mutations (e.g. ASXLI) and a higher total
mutational load predicting for poor patient outcomes.!04136-138 At
present, however, it is not clear how these data should be used in
routine clinical practice.

The identification of the specific molecular events driving MPNs has
led to the rapid development of targeted therapies. JAK1/2 inhibitors are
effective at reducing spleen size and improving symptoms in patients with
myelofibrosis and may increase overall survival, effects which are not
limited to patients harbouring a JAK2 mutation.!**14% Also of potential
interest are small-molecule inhibitors with specificity for mutant forms
of IHD1/2.141-142

Key points are summarized in Box 2.1.

Box 2.1 Summary of ET, PV and PMF.

Essential thrombocythaemia (ET):
e ETis characterized by overproduction of platelets; clinical complications
include thrombosis and haemorrhage.

e Signalling pathway activation is due to mutations in JAK2 (50%), the
thrombopoietin receptor, MPL (5%) or rarely SH2B3 (also known as LNK).

e Mutations in CALR (15-35%) are largely mutually exclusive with mutations in
JAK2 and MPL, although their functional consequences are currently
unknown.

e Inherited thrombocytosis is associated with autosomal dominant mutations in
MPL, THPO or JAK2 and generally follows a benign clinical course.

Polycythaemia vera (PV):

e PV is characterized by overproduction of erythrocytes with variable excess of
platelets and granulocytes; clinical complications include thrombosis and
haemorrhage.

e Signalling pathway activation is due to mutations in JAK2 in most cases
(V617F mutation in 97%, exon 12 mutations in 3%).

e Inherited erythrocytosis is associated with mutations in the haemoglobin
molecule, the erythropoietin receptor or the intracellular oxygen-sensing
pathway (VHL, EGLNT or EPAST),

¢ Most inherited erythrocytosis syndromes follow a benign course; however,
mutations in the oxygen-sensing pathway may result in more generalized
physiological perturbations with consequent morbidity and mortality.
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Primary myelofibrosis (PMF):

e PMF is characterized by megakaryocyte proliferation and bone marrow
fibrosis, with variable splenomegaly and overproduction of platelets and
granulocytes.

e Clinical complications of PMF include thrombosis, haemorrhage, bone
marrow failure and a general wasting syndrome, and PMF is associated with a
significantly worse prognosis than other MPN.

e PMF patients harbour similar patterns of signalling pathway mutations to
those with ET.

e PMF may be best considered as advanced or accelerated-phase disease,
although the specific underlying genetic events are currently unknown.

e Inherited myelofibrosis seen in rare kindreds harbouring NBEAL2 mutations as
part of a platelet dysfunction syndrome.

Chronic eosinophilic leukaemia

Chronic eosinophilic leukaemia (CEL) is characterized by an excess of
mature eosinophils in the peripheral blood that may be mild to marked
in its degree. Eosinophilia is also a feature of other MPNs, including CML,
systemic mastocytosis and occasionally PV or PMFE In addition, reac-
tive, polyclonal eosinophilia is seen with haematological malignancies
including Hodgkin lymphoma, T-cell lymphoma and B-ALL [especially
in association with t(5;14)], along with a number of different epithelial
tumours and a broad collection of non-malignant disorders. A diagnosis
of CEL is restricted to clonal proliferations where eosinophilia is the
predominant or only blood abnormality and other MPNs such as CML
have been excluded. Clinical complications of CEL are largely due to
eosinophil degranulation, resulting in damage to skin (urticaria, rashes),
heart (endomyocardial fibrosis and thrombosis), nervous system (various
manifestations: peripheral or central, focal or generalized) and lung (pul-
monary fibrosis, infiltrates or pleural effusion). Of note, the presence of
end-organ damage is not specific for CEL and may occur as a consequence
of any cause of persistent eosinophilia, be it clonal or reactive.

Acquired mutations in cytokine signalling pathways

CEL is characterized by rearrangements leading to constitutive activa-
tion of tyrosine kinase molecules, including PDGFRA, PDGFRB and
FGFR1 (Fig. 2.1, Table 2.3).!%* In addition, a number of rare fusion
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genes involving signalling molecules arise in patients with an MPN
characterized by eosinophilia, some of which have only been reported
in single cases; examples include PCMI-JAK2 and ETV6-FLT3.'** Of
note, a significant number of those diagnosed with CEL do not harbour
a rearrangement in one of these genes. The exact proportion of CEL
cases lacking a recognized molecular event is uncertain, but may
be in excess of 50%. This uncertainty is due to the lack of specific
clinical, morphological or laboratory tests for CEL in the absence of a
clonal genetic marker and is compounded by myriad causes of reactive
eosinophilia.

The platelet-derived growth factor receptors, PDGFRA and PDGFRB,
are related transmembrane tyrosine kinase receptors with 46% iden-
tity and 73 % similarity at the amino acid level. These molecules, which
form homodimeric receptors or a heterodimeric complex with each other,
are important for the transduction of mitogenic signals in various mes-
enchymal tissues and are not normally highly expressed in blood cells.
Deregulation of PDGFRA/B activity usually arises through genetic rear-
rangement resulting in the generation of a fusion gene in the orientation
5" partner—3' PRDGFRA/B. The consequences of these fusions include (i)
deregulated expression of the PDGFRA/B-containing fusion gene under
the control of the fusion partner’s promoter, (ii) generation of a chimeric
oncoprotein with constitutive signalling activity and (iii) expression of
a cytoplasmic (rather than transmembrane) protein that escapes normal
activation-induced degradation.!#

Rearrangement of PDGFRA occurs in 20-50% of patients diag-
nosed with CEL. By far the most common PDGFRA rearrangement
is the FIP1LI-PDGFRA fusion, which is due to an intrachromosomal
deletion.'#*147  Rare interchromosomal translocations resulting in
PDGFRA rearrangement have also been reported, all in the orientation 5’
partner-3' PRDGFRA, with partners including ETV6, STRN and BCR. The
FIPIL1-PDGFRA fusion gene encodes a chimeric protein that lacks the
transmembrane and extracellular regions of PDGFRA and is therefore
entirely intracellular (Fig. 2.8). The fusion is also missing an important
PDGFRA autoinhibitory region (the WW-like domain located in the
intracellular juxtamembrane region). Loss of this region results in consti-
tutive kinase activity of the chimeric oncoprotein. Other rarer PDGFRA
tusion proteins are also intracellular and fusion of PDGFRA to BCR
or STRN also disrupts the autoinhibitory WW-like domain. Although
the ETV6-PDGFRA fusion retains the WW-like autoinhibitory region,
the ETV6 portion contains a strong dimerization motif and biochemical
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Figure 2.8 Genetic alterations of the platelet-derived growth factor receptors A and
B (PDGFRA/B) are associated with chronic eosinophilic leukaemia. The PDGFRA/B
receptors can be altered by point mutation (depicted by stars) or chromosomal
translocation (depicted by fusion to a hatched partner). Some, but not all, fusion
partners contain a dimerization motif (depicted by A).

studies indicate that this motif is able to overcome autoinhibition,
resulting in constitutive tyrosine kinase activity.!4814?

A minority of CEL patients harbour missense mutations in PDGFRA.
Several different alleles have been reported, resulting in alterations
within or between the kinase domains (Fig. 2.8). Cell-line studies
indicate that point mutations in PDGFRA result in ligand-independent
activation of kinase activity. In contrast to FIP1L1-PDGFRA, which is
insensitive to its natural ligands by virtue of being entirely cytoplasmic,
PDGFRA point mutants are able to increase further the activation of
downstream pathways in response to ligand binding.!>°

Expression of FIP1L1-PDGFRA in human progenitor cells resulted in
cytokine-independent differentiation of eosinophil, neutrophil and ery-
throid lineages.!>!"12 This effect was inhibited partially by expression of
a dominant negative STAT5 and to a greater extent by co-inhibition of
ERK and PI3K,!”! implicating these molecules as downstream media-
tors of FIP1L1-PDGFRA-induced transformation. Constitutive activation
of STAT5 and AKT is also a consequence of missense mutations in the
PDGFRA receptor.!>°
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In vivo, expression of FIP1L1-PDGFRA in mouse bone marrow cells
(by retroviral gene transfer) induced a myeloproliferative disorder similar
to CML, associated with a mild eosinophilia and predominant neutrophil
proliferation.!®® In mice engineered to express both FIP1L1-PDGFRA
and increased levels of IL-5 (a major driver of eosinophil proliferation),
the resulting MPN was characterized by predominant eosinophilia,
whereas eosinophilia was not as striking in mice expressing BCR-ABLI
and increased levels of IL-5.1>* Although the relevance of these findings
for human CEL is not entirely clear, it is interesting that an inher-
ited polymorphism in the gene encoding the IL-5 receptor has been
associated with the degree of eosinophilia and tissue infiltration in
FIPIL1-PDGFRA-positive CEL patients.!>® Taken together, these findings
suggest that other features in addition to the specific oncogene may
modulate the CEL disease phenotype, including the genetic background
of the individual patient.

In patients with CEL, rearrangements and mutations of PDGFRA are
associated with an isolated eosinophilia which may be mild or marked.
An increase in bone marrow mast cells is also a common feature and
occasional cases meet diagnostic criteria for systemic mastocytosis.

Rearrangements of PDGFRB arise following interchromosomal
translocation, with over 20 different fusion partners reported, all
in the 5 partner-3' PDGFRB orientation (Fig. 2.8).!%* The translated
chimeric proteins are cytosolic rather than transmembrane, contain a
protein—protein dimerization domain contributed by the fusion partner
and show constitutive activation of tyrosine kinase activity.

Expression of a PDGFRB fusion in human progenitor cells resulted
in cytokine-independent differentiation of eosinophil, neutrophil and
erythroid lineages.'>? In vivo, expression of ETV6-PDGFRB in mouse cells
produced an MPN-like phenotype, although as with FIPILI-PDGFRA,
eosinophilia was not a prominent feature.!>® ETV6-PDGFRB expression
in different engineered mouse strains suggested that whereas STAT5
is essential for ETV6-PDGFRB-induced disease, STAT1 and SRC are
dispensable.!>?

In human CEL, PDGFRB rearrangement is associated with phenotypi-
cally heterogeneous disease, although eosinophilia is a constant feature.
Different MPNs show variable involvement and/or dysplastic maturation
of the neutrophil and/or monocyte lineages, with the precise phenotype
showing some correlation with the PDGFRB fusion partner.

FGFRI-rearranged disease is extremely rare and is associated with a
wide range of haematological phenotypes, including CEL, acute myeloid
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leukaemia and lymphoblastic lymphoma, which often arise sequentially
within an individual patient.!”® Rearrangements are in the orientation 5’
partner—3' FGFRI. At least 12 different translocation partners have been
reported to date, all of which contribute a dimerization domain leading
to constitutive activation of FGFR1 signalling.!44

Acquired mutations in pathways controlling
transcriptional regulation

At the time of writing, mutations in genes involved in transcriptional
regulation have been reported only rarely in patients with CEL; however,
the number of patients studied thus far is small and the occurrence of
such mutations remains a possibility.

Acquired mutations associated with progression

to advanced and blastic-phase disease

Progression to acute leukaemia is a rare complication of PDGFRA- and
PDGFRB-rearranged disease. Of note, blastic-phase disease may be
characterized by a myeloid or lymphoid phenotype and may present
with leukaemia or lymphoma. Occasional patients harbour a PDGFRA
or PDGFRB rearrangement at the time of diagnosis with AML, T-cell
lymphoma/leukaemia or very rarely B-cell leukaemia. Eosinophilia
has been an invariant characteristic of such cases, suggesting they may
represent presentation with blastic-phase disease following a previously
undiagnosed MPN.!5%160 Blastic-phase disease of myeloid or lymphoid
lineage is also a feature of FGFRI-rearranged disease, where it is an
almost invariable part of the natural history.

Progressive disease in patients with PDGFRA or PDGFRB rearrange-
ments is likely associated with additional genetic alterations, although
the nature of these events is currently unknown. The natural history
of FGFRI-rearranged disease, with rapid and invariable development of
high-grade neoplasia, raises the possibility that disease progression may
be driven by the FGFR1 oncoprotein alone. This has not been formally
proven, however, and other mechanisms remain possible, such as the
induction of marked genetic instability by chimeric FGFR1 oncoproteins.

Inherited predisposition to clonal MPNs
To date, no inherited predisposition to develop CEL has been reported,
although studies in this area have been limited.
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Inherited non-clonal disorders that phenocopy distinct
MPNs

Inherited isolated eosinophilia is a very rare entity. In one large pedi-
gree, inheritance was autosomal dominant and linked to a region on
chromosome 5q that is home to a number of cytokines involved in
the regulation of eosinophil proliferation and differentiation, including
IL-3, IL-5 and GM-CSF. Causative genetic changes, however, have
not been identified.'®! Eosinophilia is a feature of a number of rare
inherited immunodeficiency syndromes (including Wiskott—Aldrich,
IgA deficiency, hyper-IgM and hyper-Ig syndromes); however,
other clinical features are generally sufficient to suggest the correct
diagnosis.

Principles and clinical utility of laboratory testing

Genetic testing is a key part of the diagnostic process for patients
with suspected CEL, both in distinguishing clonal from reactive causes
of eosinophilia (which may be difficult on clinical and morphological
grounds alone) and in determining response to therapy. FIPILI-PDGFRA,
the most common genetic lesion in CEL, is due to a small intrachro-
mosomal deletion that is not visualized by conventional cytogenetic
analysis. Approaches to detection include analysis of metaphase or
interphase bone marrow cells by fluorescent in situ hybridization (FISH)
using FIPILI1-PDGFRA-specific probes or molecular analysis of peripheral
blood or bone marrow cDNA for FIP1L1-PDGFRA transcripts. Rearrange-
ments of PDGFRB are usually apparent by conventional cytogenetic
analysis of metaphase spreads. Alternatively, FISH may be used to detect
rearrangement of the PDGFRB locus, an approach that is less labour
intensive than conventional G-banding analysis and can be performed
on interphase cells. In patients with suspected CEL who are negative for
rearrangements of PDGFRA/B, further testing may include full karyotype
analysis and sequencing of PDGFRA for point mutations. Alternatively,
physicians may opt for an empirical trial of imatinib therapy.

PDGFRA and PDGFRB are highly sensitive to inhibition by tyrosine
kinase inhibitors (e.g. imatinib), and patients harbouring fusions or point
mutations affecting these proteins can expect to achieve a complete
haematological remission with imatinib or similar agents. Molecular
response to therapy can be monitored by FISH, although this requires
serial bone marrow aspiration. In patients with a FILILI-PDGFRA
tusion, molecular response can be monitored by quantifying the level
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of FILILI-PDGFRA transcripts in the peripheral blood by real-time
PCR. Occasional patients with FILILI-PDGFRA-positive disease achieve
an initial haematological and molecular response followed by disease
relapse associated with increasing FILILI-PDGFRA transcript levels.
These patients often harbour acquired FILILI-PDGFRA mutations
that render the oncoprotein resistant to inhibition by imatinib,!#¢ a
situation analogous to acquired tyrosine kinase resistance secondary
to BCR-ABLI mutations in patients with chronic myeloid leukaemia.
Patients with PDGFRA/B-rearranged blastic-phase disease may retain
sensitivity to tyrosine kinase inhibitors, although subsequent acquisition
of resistance-inducing mutations has been reported. A proportion of
patients diagnosed with CEL in the absence of a recognized molecular
lesion also show a clinical response to imatinib therapy and an empirical
therapeutic trial may be considered.

Patients with FGFRI rearrangements are resistant to therapy with
first- and second-line tyrosine kinase inhibitors, although agents with
potential activity are under development.

Key points are summarized in Box 2.2.

Box 2.2 Summary of CEL.

Chronic eosinophilic leukaemia (CEL):

e CEL is characterized by overproduction of eosinophils; clinical complications
result from eosinophil degranulation and include cardiac fibrosis/thrombosis,
neuropathy and lung damage.

e In the absence of a clonal genetic alteration, it can be difficult to distinguish
CEL from the myriad causes of reactive eosinophilia.

¢ Signalling pathway activation is commonly due to rearrangements of PDGFRA
or PDGFRB, with rare cases harbouring other constitutive kinases, including
FGFR1, JAK2 or FLT3.

e Cases with alterations affecting PDGFRA/B are highly responsive to therapy
with tyrosine kinase inhibitors (e.g. imatinib), as are a subgroup of cases
without an identifiable mutation.

e Familial eosinophilia is very rare and the underlying alleles are currently
unknown.

Neoplastic mast cell disease

Systemic mastocytosis (SM) is a rare disorder characterized by prolif-
eration of mast cells in the bone marrow and other tissues, with or
without expansion of other myeloid lineages. Clinical manifestations
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are heterogeneous and include skin rashes, symptoms related to the
release from mast cells of vaso-active mediators (hypotension/syncope,
diarrhoea, flushing and anaphylaxis) and end-organ damage due to
tissue infiltration (bone marrow failure, bone destruction, liver failure,
splenomegaly with hypersplenism and gastrointestinal malabsorption).
Organ failure is the main source of morbidity and mortality, although a
minority of patients develop acute leukaemia.

Acquired mutations in cytokine signalling pathways

SM is characterized by mutations in KIT, which encodes the cytokine
receptor for stem cell factor (SCF; also known as steel factor or Kit lig-
and). KIT mutations, which are almost invariably heterozygous, result in
amino acid changes within the second kinase domain of the receptor. The
most common mutation, KITD816V, is present in approximately 90-95%
of SM patients, with other variants in adjacent amino acids present in a
turther 5%. In addition, rare cases harbour mutations in the juxtamem-
brane domain (Fig. 2.9).162

KIT is a transmembrane receptor tyrosine kinase that is expressed
on haematopoietic progenitors, mast cells and their progenitors,
melanocytes, germ cells and specialist pacemaker cells in the intestine
(interstitial cells of Cajal). In the blood system, KIT mutations are
also prevalent in acute myeloid leukaemia, where they show a strong
correlation with rearrangements affecting the RUNX1 core binding
factor complex [including inv(16), t(8;21) and mutations in RUNXI].
AML-associated KIT mutations overlap with SM-associated alleles and
additionally affect the extracellular and transmembrane regions of
the receptor (Fig. 2.9). Oncogenic KIT mutations are also a feature of
solid tumours arising in KIT-expressing tissues, including seminoma,
melanoma and gastrointestinal stromal tumour (GIST; thought to arise
from the interstitial cells of Cajal). KIT mutations are a particular feature
of GIST, mainly comprising amino acid changes and small deletions
affecting the juxtamembrane domain of the receptor.

Mutations in KIT result in phosphorylation of the receptor and acti-
vation of downstream mediators in the absence of cognate ligand
binding.'®> Important downstream targets of KIT include STAT5 and
PI3K/AKT. Inhibition of STAT5 impaired the growth of a KIT mutant
mast cell leukaemia line and neoplastic mast cells from SM patients
show high levels of phosphorylated (activated) STATS5.19+165 In addition,
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Figure 2.9 An overview of KIT mutations in acquired and inherited disease.
Schematic representation of the KIT receptor depicting the location of different
mutations found in acquired and inherited disorders shown on the right and left
hand-side of the diagram respectively, demonstrating that acquired and inherited
mutations are almost entirely mutually exclusive, such that with rare exceptions
(underlined), inherited mutations are absent from clonal disorders and acquired
mutations are not inherited. TM, transmembrane region; JM, intracellular
juxtamembrane region.

studies using induced expression of mutant KIT in mouse cells identified
an essential role for activation of the PI3K/AKT pathway. 66167

In a transgenic mouse model, expression of the human KIT D816V
allele resulted in mast cell proliferation and infiltration into various
tissues, including skin, bone marrow and lymph nodes, along with
cytokine-independent expansion of bone marrow cells.!® In patients
with SM, the KIT mutation is usually present in peripheral blood B-cells
and monocytes in addition to mast cells,'®® consistent with a stem cell
disorder.
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Approximately 30% of patients with SM have an associated non-mast
cell myeloproliferative or myelodysplastic disorder (WHO classification:
systemic mastocytosis with associated clonal, haematological non-mast
cell lineage disease: SM-AHNMD). The accompanying myeloid prolifer-
ation, most CMML or atypical chronic myeloid leukaemia, may be asso-
ciated with additional genetic mutations, for example JAK2 V617F with
coexisting CMML. Of note, in a patient with coexisting SM and ET, muta-
tions in KIT and JAK2 were found in separate clonal proliferations.?°
Hence in some cases, SM-AHNMD represents morphologically apparent
biclonal disease.

Acquired mutations in pathways controlling
transcriptional regulation

Mutations in several genes involved in transcriptional control have been
reported in SM, including TET2, ASXLI, DNMT3A and components of the
RNA splicing complex.!7-172 Owing to the rarity of SM and the rela-
tively small numbers of patients enrolled in these studies, it is currently
unclear if this mutation pattern differs from other MPNs such as PV or
ET. Given that patients with SM-AHNMD may harbour biclonal disease,
it is possible that additional mutations are present in a separate neo-
plastic expansion, rather than representing a cooperating event in the
KIT-mutant clone.

Acquired mutations associated with progression
to advanced and blastic-phase disease
SM is clinically heterogeneous, ranging from a stable benign disorder to
a rapidly progressive condition with an extremely poor prognosis. In any
given patient, however, the disease phenotype is usually consistent over
time. The presence of mutations affecting transcriptional control path-
ways has been reported to predict increased disease severity and reduced
overall survival;!71'172 however, all studies to date have included small
numbers of patients and the clinical utility of these findings remains
uncertain. Of interest, constitutional features may also play a role in mod-
ulating the SM phenotype, as a specific germline polymorphism in the
IL-4 receptor is associated with less aggressive disease.!”>

A small minority of patients progress to acute leukaemia, which may
be manifest morphologically by a proliferation of poorly differentiated
mast cells (acute mast cell leukaemia) or primitive myeloid blasts (acute
myeloid leukaemia). Leukaemic transformation is likely driven by the
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acquisition of additional genetic events, although the details of these
events are currently unknown. For patients with SM-AHNMD, the risk
of disease progression is higher, due to transformation of the non-mast
cell component of the neoplasm.

Inherited predisposition to clonal MPNs
To date, no inherited predisposition to develop SM has been reported,
although studies in this disease have been limited.

Inherited non-clonal disorders that phenocopy distinct
MPNs

Inherited KIT mutations are associated with an autosomal dominant
syndrome characterized by mast cell proliferation, skin hyperpigmen-
tation, mesenteric plexus hypertrophy, dysphagia and GIST tumours.
The genetic mutations result in increased KIT signalling and the diverse
clinical phenotype reflects hyperproliferation of tissues in which the KIT
receptor is normally expressed. The penetrance of the different clinical
features is variable, with some kindreds showing mast cell disease or
GIST tumours in isolation whereas others manifest the full clinical
syndrome. These differences in disease phenotype do not correlate well
with specific mutations or mutational hotspots, suggesting that other
factors such as the genetic background of the different families may play
a role in modulating the clinical phenotype.

The mutations underlying this inherited syndrome are mainly clus-
tered in juxtamembrane region of KIT, although mutations are also seen
in the extracellular, transmembrane and kinase domain of the receptor
(Fig. 2.9). The same domains of the receptor are also targeted by acquired
mutations associated with SM or AML and sometimes affect the same
amino acid residues. It is noteworthy, however, that with few exceptions
the inherited and acquired alleles are mutually exclusive, such that inher-
ited mutations are unusual in acquired, clonal disorders and acquired
mutations are rarely seen as inherited alleles (Fig. 2.9).

The mast cell proliferation associated with familial KIT mutations may
result in typical skin lesions (e.g. urticaria pigmentosa), symptoms related
to mediator release and bone marrow mast cell infiltration. The pattern
of infiltrating mast cells in the skin, bone marrow and other tissues may
be difficult to distinguish morphologically from acquired neoplastic mast
cell disease. Organ failure and other serious manifestations of acquired
SM, however, are rarely seen in kindreds with familial mastocytosis.
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Principles and clinical utility of laboratory testing
Molecular testing plays a central role in the diagnosis of SM, with the
presence of an appropriate KIT mutation showing high sensitivity and
specificity for this disorder. Testing for KIT mutations can be performed
on any tissue where an abnormal mast cell infiltrate has been identified.
The diagnostic technique used should be of suitable sensitivity as the bur-
den of clonal disease is often low, particularly in the bone marrow, which
is the usual source of DNA for molecular testing. For this reason, testing
of peripheral blood samples for KIT mutations is not usually appropri-
ate. Testing for the common KIT D816V mutation is recommended in all
cases, with suitable techniques including allele-specific PCR, real-time
PCR or melting curve analysis (but not direct sequencing, which lacks
sensitivity). Melting curve analysis has the advantage of potential sensi-
tivity to rarer mutations affecting D816 or adjacent amino acids. Addi-
tional genetic testing may be considered in SM patients with a second
myeloid neoplasm, with the choice of tests based on the clinical diag-
nosis (for example, testing for a JAK2 V617F mutation in patients with
accompanying ET or CMML).

In patients with clinical features of SM but testing negative for a KIT
D816V mutation, several further avenues may be explored. Screening for
rarer KIT alleles may be considered. A family history of mast cell disease
and/or gastrointestinal malignancy (suggestive of GIST) should be sought
and, if present, testing for inherited KIT mutations in the juxtamembrane
and other receptor domains may be useful. Bone marrow morphologi-
cal features of SM may overlap with FIPILI-PDGFRA-positive CEL and
testing for the FIP1LI-PDGFRA tusion is advised in cases of KIT-negative
SM (given that FIPILI1-PDGFRA-positive disease responds well to therapy
with tyrosine kinase inhibitors).

The presence and type of KIT mutation play an important role in
predicting response to therapy. Although KIT is inhibited by tyrosine
kinase inhibitors such as imatinib, mutations at D816 engender resis-
tance to this agent. Second-generation tyrosine kinase inhibitors such
as dasatinib show activity against mutant KIT in vitro. Results from clin-
ical trials, however, have been disappointing and newer molecules with
improved activity are under development. In rare cases where SM is diag-
nosed in the absence of a KIT mutation or in those with familial disease,
clinical responses to imatinib or similar agents have been reported, as
both wild-type KIT and KIT harbouring mutations in the juxtamembrane
domain are sensitive to imatinib and related compounds. The introduc-
tion of small-molecule inhibitors with activity against KIT D816 mutants
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would encourage the development of assays to allow molecular response
to therapy to be monitored and quantified.
Key points are summarized in Box 2.3.

Box 2.3 Summary of SM.

Systemic mastocytosis (SM):
e SM is characterized by overproduction of mast cells, occasionally in
conjunction with a second myeloid neoplasm.

e Clinical complications result from either mast cell degranulation
(hypotension/syncope, diarrhoea, flushing and anaphylaxis) or tissue
infiltration (bone marrow failure, bone destruction, liver failure, splenomegaly
with hypersplenism and gastrointestinal malabsorption).

e Signalling pathway activation is due to KIT mutations in most cases.

e Familial mast cell proliferations are associated with inherited KIT mutations
and are seen as part of a clinical syndrome which includes gastrointestinal
tumours and skin hyperpigmentation.
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CHAPTER 3
Acute myeloid leukaemia

Matthew L. Smith and Thomas McKerrell

Introduction

Acute myeloid leukaemia (AML) is a clonal haematopoietic malignancy
of haematopoietic stem cells (HSCs) characterized by a block in myeloid
differentiation together with uncontrolled proliferation of abnormal
myeloid precursors that accumulate in the blood and bone marrow.
AML can affect children, but this malignancy is most prevalent in adults,
with an incidence that increases with age such that the median age of
onset is 69 years.! Most cases arise de novo with no known aetiological
factors; other cases develop from a variety of myeloid malignancies, such
as myelodysplastic syndrome (MDS), classical myeloproliferative disor-
ders (MPDs) or other types of MPDs such as chronic myelomonocytic
leukaemia (CMML).

AML is conventionally classified according to karyotype as 50% have
non-random chromosomal aberrations (i.e. balanced translocations,
deletions, inversions, monosomies and trisomies), many of which have
prognostic relevance.? The remaining 50% is comprised of cytogeneti-
cally normal AML (CN-AML), a highly heterogeneous subgroup with
varied patient outcomes (Fig. 3.1). Stratification of disease risk based
on karyotype and a few molecular markers are currently used to guide
treatment decisions. Induction chemotherapy leads to good rates of
remission; however, the majority of patients relapse and this is the main
vehicle for patient mortality. Chemotherapy regimens have not changed
in decades, but advances in supportive care and better risk stratification
have led improvements in patient prognosis. Despite this, 5-year survival
rates remain disappointingly low at 40-45% in young patients and less
than 10% in the elderly.>*

In recent years, next-generation sequencing (NGS) technology has
revolutionized our understanding of the molecular pathogenesis of
cancer, especially in AML, which was the first cancer genome to be
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Figure 3.1 Illustration of the distribution frequency of karyotype and molecular
aberrations for patients aged under 60 years entered into recent MRC/NCRI clinical
studies. From Smith et al.?’® Reproduced with permission from Elsevier.

sequenced.” Genomic technology has not only helped us to identify a
number of unknown somatic mutations that drive disease, especially
in CN-AML, it has also illuminated processes involved in the clonal
evolution of this aggressive malignancy. In this chapter, we discuss
recent findings in AML and emerging concepts in the genomic era
alongside more established principles.

AML classification

The main classification system for AML used for many years was that of
the French-American—-British (FAB) group, devised in 1976° and revised
in 1985.7 The main categories in this classification system are listed in
Table 3.1. The older morphology-based FAB classification is nowadays
replaced by the World Health Organization (WHO) classification, which
also takes genetic abnormalities into account (Table 3.2).% Since 2001,
AML has been classified using the WHO classification (see Table 3.2). In
2008, the WHO updated this classification, including molecular markers
(NPM1 and CEBPA) as subcategories for the first time. It is anticipated
that further molecular markers will be incorporated into future updated
WHO classifications of AML.

The study of genetic alterations, such as chromosomal abnormalities
and gene mutations, has improved our understanding of the mechanisms
at the basis of leukaemia initiation and progression. This has enabled
clinicians to achieve more precise diagnosis and to provide appropriate
therapies. A better understanding of the genetic and epi-genetic events in
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Table 3.1 FAB dlassification system for AML.?8!

Category Morphology Incidence (%)3
MO AML with no differentiation 3
M1 AML without maturation 15-20
M2 AML with granulocytic maturation 25-30
M3 Hypergranular APML 5-10
M3 variant Hypogranular variant APML

M4 Acute myelomonocytic leukaemia 25-30
Mb5a Acute monoblastic leukaemia 2-10
M5b Acute monocytic leukaemia

M6 Erythroleukaemia 3-5
M7 Megakaryoblastic leukaemia 3-12

recent years has revealed a number of targets that could have therapeutic
potential.

Cytogenetic aberrations

Karyotypic changes, either numerical or structural (or a combination of
the two), occur in ~55% of adult AML patients (see Fig. 3.1 for a pie
chart of major cytogenetic subgroups). Metaphase G-banding can detect
the majority of these chromosomal abnormalities but should be supple-
mented by fluorescence in situ hybridization (FISH) analysis if G-banding
is negative, incomplete or not possible owing to a lack of dividing cells.

Fusion genes arising from structural rearrangements

Over 100 balanced, non-random, recurrent, structural chromosomal
translocations have been identified and cloned from AML patients,
and many of these have been associated with characteristic morpho-
logical features and also particular outcomes to standard therapies.
The most common translocations in AML fall into three major types:
core-binding factor translocations [t(8;21) and inv(16)], t(15;17) and
MLL rearrangements. These are discussed in detail below:

Core-binding factor fusion genes

Translocations affecting components of the core-binding factor complex
(CBF) are seen to occur in ~10% of cases of AML? (Fig. 3.2). RUNXI (runt
transcription factor 1; AMLI1; CBFA2; PEBPA2B) forms the DNA-binding o
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Table 3.2 Previous and Current World Health Organization classification of

AML.37'I 16,282,

WHO 2001 WHO 2008
Category Morphology Category Morphology
AML with AML with features of AML with recurrent  AML with
recurrent 1(8;21)(922;922) genetic 1(8;21)(922;922)
cytogenetic translocations RUNXT-RUNX1TT
translocations
AML with features of AML with

t(15;17)(q24;912)

AML with features of
inv(16)(p13922)

AML with 11923
abnormalities

AML with AML arising in previous
multi-lineage MDS/MPD Without
dysplasia antecedent MDS

AML, therapy Alkylating agent related
related Epipodophyllotoxin
related Other types
Acute myeloid  AML minimally
leukaemia, not  differentiated
otherwise
specified
AML without
maturation
AML with maturation

t(15;17)(q24,912);
PML-RARA or variants
AML with inv(16)(p13g22)
or t(16;16)(p13.1;922);
CBFB-MYH11

AML with
19;11)(p22;923);
MLLT3-MLL or variants
AML with 1(6;9)(p23;034);
DEK-NUP214

AML with
inv(3)(q21926.2) or
(3;3)(q21,926.2);
RPNT-EVIT

AMKL with
1(1,22)(p13;913);
RBM15-MKL1

AML with mutated NPM1
AML with mutated CEBPA

AML with Prior history of MDS/MPN

MDS-related Multilineage dysplasia

changes MDS related cytogenetic
abnormality

Therapy-related Alkylating agents lonizing

myeloid neoplasms  radiation Topoisomerase ||
inhibitors Others

Acute myeloid AML with minimal

leukaemia, not differentiation

otherwise specified

AML without maturation

AML with maturation
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Table 3.2 (continued)

WHO 2001 WHO 2008
Category Morphology Category Morphology

Acute myelomonocytic Acute myelomonocytic

leukaemia leukaemia

Acute monocytic Acute

leukaemia monoblastic/monocytic
leukaemia

Acute erythroid Acute erythroid leukaemia

leukaemia

Pure erythroid leukaemia
Erythroleukaemia,

erythroid/myeloid
Acute megakaryocytic Acute megakaryoblastic
leukaemia leukaemia
Acute basophilic Acute basophilic
leukaemia leukaemia
Acute panmyelosis with Acute panmyelosis with
myelofibrosis myelofibrosis
Myeloid sarcoma Myeloid sarcoma

subunit of the heterodimeric transcription factor complex CBE The runt
homology domain of RUNX! is named after its sequence homology with
the Drosophila pair rule gene involved in segmentation, runt, and consists
of a protein motif of 128 highly conserved amino acids spread over exons
3, 4 and 5 responsible for binding to the consensus sequence TGTGGT
and also dimerizing with the B subunit of CBE!® RUNXI regulates the
expression of a variety of genes involved in haematopoiesis such as those
for the granulocyte—-macrophage colony-stimulating factor (GM-CSF),
interleukin 3 (IL-3) or macrophage colony-stimulating factor (M-CSF)
receptors via its C-terminal transactivating domain.!! CBFB forms the
DNA-binding f subunit that allosterically binds to Runx1 and stabilizes
its conformation, in addition to preventing it from being ubiquitinated
and hence degraded (Fig. 3.3a). RUNXI is indispensable for definitive
haematopoiesis and RUNX! null mice die of CNS haemorrhage in
utero with no evidence of fetal haematopoiesis.'*>!*> The phenotype
for CBFB null mice® is the same as for RUNXI null mice, suggest-
ing that both elements of the CBF complex are essential for normal
haematopoiesis.
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Figure 3.2 Diagram illustrating the structure of the RUNX1 and CBFB components
of the heterodimeric core-binding factor (CBF) transcription factor, the
chromosomal breakpoint locations and the resultant configurations in the three
CBF translocations referred to in the text. Adapted from Speck and Gilliland.’

The t(8;21)(g22;q22) translocation results in a fusion between the
first five exons of the RUNXI gene on chromosome 21 and the second
exon of RUNXITI (ETO ‘eight twenty-one’; MTGS8 ‘myeloid translocation
gene on chromosome 8’) on chromosome 8 (Fig. 3.2).'* RUNXITI is a
transcription factor with four nervy homology regions in its C-terminus
that recruit co-repressors to RUNXI target genes. These include nCor,
Sin3 and histone deacetylase enzymes (HDAC) (Fig. 3.3b). Transgenic
mice models have shown that this translocation is critical for the devel-
opment of AML, although additional mutations are also required.”!®
Knock-in experiments of the t(8;21)(q22;q22) fusion gene show inhi-
bition of normal definitive haematopoiesis and generation of dysplastic
progenitors.!® Retroviral transduction of RUNXI-RUNXITI results in
increased self-renewal capacity.!” The RUNXI-RUNXITI fusion gene is
a feature of 5-10% of cases of AML, occurring in 10% of those with
FAB type M2.%7 This entity is associated with characteristic Auer rods,
pseudo-Pelger-Huet nuclei, marrow eosinophilia and salmon-coloured
cytoplasmic granules in early myeloid cells with perinuclear clearing.
Additional chromosomal abnormalities are seen in 70% of cases which
are typically =X, =Y or del(9q).?”
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Figure 3.3 (a) Normal RUNX1 and CBFB function. CBFB stabilizes the CBF complex
allosterically and prevents RUNXI ubiquitination and degradation. (b)
RUNXI1-RUNXITI1 fusion protein recruits various repressor proteins to the
RUNXITI tail that result in RUNX1 target gene silencing. (¢) CBFB-MYHI11 fusion
protein possesses a high-affinity RUNX1 binding domain in MYH11 while also
recruiting various repressor proteins to the MYH]11 tail that similarly result in gene
silencing.

The p subunit of CBF is disrupted by either the inv(16)(pl13q22)
inversion or the t(16;16)(q24;q22) translocation (Fig 3.4), where
fusion occurs with the myosin heavy-chain gene MYHII producing a
CBFB-MYHI1 fusion gene'8 (Fig. 3.2). MYHII possess a high-affinity
RUNXI binding domain that increases affinity for RUNXI,'” and also
a C-terminal co-repressor that recruits a repressor complex to RUNXI
target genes?® (Fig. 3.3¢). Such abnormalities occur in 5-8% of cases
of AML and 90% of such cases are classified as acute myelomonocytic
leukaemia with eosinophilia (AML M4Eo). Clinically, these leukaemias
may be associated with myeloid sarcomas (‘chloromas’) including
CNS tumours, and morphologically demonstrate abnormal marrow
eosinophil precursors with large, dense, purple-violet granules and
nuclear hyposegmentation. Secondary cytogenetic changes are noted in
40% and typically include +22, +8, del(7q) or +21.21:22
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Figure 3.4 Rearrangement inv(16) in AML. Fluorescence in situ hybridization
performed on the bone marrow metaphase spread of a patient with inv(16) using a
dual colour probe set (Metasystems, Altlussheim, Germany). Green and red signals
correspond to the MYHII and the CBFB regions, respectively. A schematic
representation of the distribution of FISH signals is shown in the upper row, on both
normal and rearranged chromosomes (a), on a normal interphase nucleus (b) and
on an interphase nucleus carrying the inv(16) (c). Arrows indicate the fusion
signals in (c) and (C). The corresponding photomicrographs are shown in the
bottom row (A, B and C). Image courtesy of S. Tosi and A. Naiel, Leukaemia and
Chromosome Research Laboratory, Brunel University, London, UK; the patient
sample was provided by Professor Jochen Harbott, Department of Paediatric
Haematology and Oncology, Justus Liebig University, Giessen, Germany. (See plate
section for color representation of this figure.)

Multiple additional partner genes have been reported for RUNXI that
remain to be cloned and identified.?*?* For example, this complex may
be dysregulated by the t(3;21)(q26;q22) RUNXI-EVII fusion gene seen
in blastic transformation of CML (Fig. 3.2).

RARA and partner translocations

The t(15;17)(q24;q12) results in fusion of PML on 15q24 with RARA
(retinoic acid receptor alpha) on 17ql2 to create a PML-RARA fusion
on the derivative chromosome 15 and RARA-PML on the derivative
chromosome 17.2%2¢ It is seen in ~12% of cases of AML and is pathog-
nomonic for acute promyelocytic leukaemia (APL), where it is present
in >95% of cases. There are three molecular variants of the PML/RARA
transcript (bcrl, ber2, ber3) depending on the breakpoint within the PML
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gene.?” PML has growth suppressor and pro-apoptotic functions and is
typically localized in nuclear bodies.?%?° RARA mediates the transcrip-
tional effects of retinoic acid via the heterodimerization of RARA with
RXR (retinoid X receptors) (reviewed in Chambon et al.?° in 1996). The
PML-RARA fusion disrupts the localization and probable function of PML
and represses retinoic acid target genes by recruiting co-repressors and
HDAC (reviewed in Grimwade et al.>! in 1999). ATRA (all-trans-retinoic
acid), used to treat this condition alongside chemotherapy, results in the
release of this co-repressor complex and hence triggers differentiation
(Fig. 3.5a). If this fusion gene is expressed in haematopoietic stem cells
in mice, a myeloproliferation results in many models with the initiation
of APL in a proportion after a latent period. In another mouse model,
where PML-RARA expression is driven from the PML locus in the context

PML-RARA ZBTB16-RARA

HMTase complex

(SUZ12, EED, EZH2)
RARE . RARE .

Repression Repression

@ = o & o

RARE RARE
Repression

+ATRA

Derepression
(@) (b)

Figure 3.5 Binding of ATRA to repressors in different RARA fusions. (a) The
PML-RARA fusion protein binds to retinoic acid repressor elements (RARE) via the
RARA moiety. This part of the fusion protein recruits components of a repressor
complex containing CoR, Sin3 and histone deacetylases (HDAC). PML similarly
recruits components of the repressive hydroxymethyltransferase complex
containing SUZ12, EED and EZH2. The addition of ATRA results in loss of these
repressor components, gain of histone acetyltransferases (HAT) and gene
derepression and transcription. (b) The ZBTB16-RARA fusion protein recruits
repressor complexes to RARA and to the ZBTB16 components. Whereas the former
are lost on the addition of ATRA, the repressors associated with ZBTB16 remain and
lead to ongoing genetic silencing.
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of PML haploinsufficiency, increased haematopoietic self-renewal with
expansion of cell numbers is noted.>? This expanded stem cell pool is
then vulnerable to further mutation-triggering leukaemic change such
as JAK2?® or FLT3.>*

In three out of every four cases, these blast cells are typically
hypergranular promyelocytes with large numbers of dense azurophilic
granules clustered into multiple ‘faggots’ of Auer rods. One-quarter of
cases of APL appear as a microgranular variant where the white count is
typically raised and granulation is minimally evident by light microscopy
(Fig 3.6).>>3¢ The microgranular variant is more frequently associated
with a ber3 breakpoint.>” APL was formerly associated with a high
induction death rate due to the presence of a fulminant coagulopathy at
presentation.>® This has been reduced significantly by the introduction
of ATRA. Additional karyotypic abnormalities are seen in 40% of cases,
with the most common being +8.%7

A rapidly available anti-PML fluorescent antibody test can be used to
complement metaphase cytogenetics and interphase FISH, confirming a
diagnosis of APL and identifying those rare 1-2% of cases with cryptic or
interstitial rearrangements beyond resolution of commercially available
FISH probes.?® This reveals a change from the wild-type pattern of PML
nuclear bodies (<20/nucleus) to a microspeckled pattern (>30/nucleus)
(Fig 3.6). Such a test has been shown to have sensitivity and specificity in
excess of 98%, with the additional advantage of providing a rapid result
to treating clinicians. Reverse transcriptase polymerase chain reaction
(RT-PCR) analysis is the gold standard test for diagnosis as it defines the
breakpoint and allows quantitative MRD monitoring. Guidelines have
been published on the diagnostic work-up of these cases.>®

There are also exceptions where RARA may fuse with other part-
ner genes, as in t(11;17)(q23;q21) ZBTBI6 (formerly PLZF)-RARA,
t(11;17)(q13;q21) NuMA-RARA, 1(5;17)(q32;q12) NPM-RARA, t(X;17)
(p11;q21) BCOR-RARA or t(4;17)(q12;q21) FIPI1LI-RARA translocations,>’
in addition to fusion with STAT5B at 17q11.2 via rearrangement within
17q.>¢ Those cases with ZBTB16-RARA fusions are the most common of

39 and

these variant APL translocations, occurring in 0.8% of all cases,
typically have characteristic variant morphology and CD56 positivity*°
with a normal PML fluorescence test. They are additionally ATRA
resistant owing to the binding of additional co-repressors to ZBTBI16

(Fig. 3.3b).
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MLL translocations

Translocations affecting MLL (mixed lineage leukaemia) on 1123 may
involve over 60 different partner genes*' and occur in 5-10% of cases
of acute leukaemia. In AML the t(9;11)(p22;q23) with the resultant
MLLT3(AF9)-MLL fusion gene is the most common 11g23 translocation

(a) O € < & (b)

Figure 3.6 A composite of the methodologies for diagnostic evaluation of APL.

(a) Bone marrow aspirate smear shows many promyelocytes. Compared with the
adjacent normal small lymphocytes, promyelocytes are of medium to large size with
irregularly shaped to convoluted to bilobed nuclei, open chromatin, visible to
prominent nucleoli and a moderate amount of basophilic cytoplasm with abundant
granularity. (b) Cytochemical stain for myeloperoxidase. Compared with the
negative small lymphocyte, the promyelocytes are strongly positive, with numerous
granules covering the outlines of the nuclei. (c) Negative (macrogranular)
immunofluorescent stain for promyelocytic leukaemia (PML). The PML oncogenic
domains are observed as several distinct particles in each nucleus. (d) Positive
(microgranular) immunofluorescent stain for PML. Numerous (too many to count)
fine, dusty granules are present in each nucleus. Panels (a)—(d) reproduced with
permission-from Dimov et al.?® (e, f) Examples of the application of FISH probes
specific for and spanning, the PML gene on chromosome 15 (in green) and the
RARA gene on chromosome 17 (in red; Kreatech Diagnostics, The Netherlands) to
metaphase (e) and interphase (f) cells from a patient with APL. Fusion signals are
present on both the der(15) and the der(17), in addition to single green and red
signals marking the normal chromosomes 15 and 17, respectively (e). The same
hybridization signal pattern is visible in interphase nuclei (f) and is readily
distinguishable from normal cells which show two single green and two single red
signals (not shown). Panels (e) and (f) courtesy of A Reid and I. Ortiz de Mendibil,
Imperial Molecular Pathology, Imperial College Healthcare Trust, London, UK. (g)
Example of G-banded karyotype from a bone marrow metaphase of an APL patient.
Note that in this case additional abnormalities are present in addition to the typical
t(15;17) rearrangement. The full karyotype reads 47,XX,+8,i(8)(q10),
t(15;17)(q24;q21). Panel (g) courtesy of John Swansbury, Clinical Cytogenetics;
McElwain Laboratories, The Royal Marsden Hospital and the Institute of Cancer
Research, Sutton, Surrey, UK. (See plate section for color representation of this figure.)
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Figure 3.6 (continued)

observed, occurring in 2% of all cases of adult AML. Other less common
translocations seen in AML include
e t(11;19)(q23;p13.3): MLL-MLLTI (ENL)
e 1(11;19)(q23;p13.1): MLL-ELL
o 1(6;11)(q27;q23): MLLT4(AF6)-MLL
e 1(10;11)(p12;q23): MLLT10(AF10)-MLL
e (4;11)(q21;q23): MLLT2 (AF4)-MLL.

While the majority of such translocations can be seen with leukaemias
of either myeloid or lymphoid lineage, MLLT2-MLL is predominantly
seen in ALL and MLL-ENL is mainly seen in AML. They can occur at
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any age but are more frequent in infant and congenital leukaemias or
in podophyllotoxin-related leukaemias.*>*3 Clinically, these leukaemias
typically may be associated with disseminated intravascular coagu-
lation (DIC), monoblastic chloromas or gum or skin infiltration and
have monoblastic or myelomonocytic morphology. However, not all
such translocations have recognizable morphology. One-third are not
detected by G-banding, so require FISH analysis if an MLL rearrange-
ment is suspected.** They do, however, appear to have a recognizable
gene expression signature that comprises high levels of HoxA and Meisl
expression.*

Chromsome 3q abnormalities affecting MECOM
‘MDS1 and EVI1 complex locus” (MECOM) at 3q26 primarily comprises
the 16-exon gene EVII (ecotropic viral integration site-1 locus) situated
at 3q26.2, which is a DNA-binding zinc finger transcription factor with
a possible role in directing aberrant promoter DNA methylation.464”
Within MECOM there is also a larger gene, MDSI-EVII, which produces
the Evil protein with an additional 188xa at the N-terminus due
to in-frame splicing. EVII has a role in stem cell self-renewal and
maintenance,*®*® where it has a nuclear localization and interacts
with GATAI and GATA2 in addition to HDAC and HMT. EVII-deficient
embryos develop reduced numbers of stem cells and progenitor cells in
the para-aortic region with impaired long-term repopulating capacity.*’
Over-expression of EVII in long-term haematopoietic stem cells increases
self-renewal and blocks differentiation.>® It has been proposed that Evil
acts physically in complex with Dnmt3°! and results in modulation of
miR-1-2 leading to abnormal proliferation.>? Gene expression profiling
experiments demonstrate that EVII over-expressing AML cases have the
‘stemness’ phenotype similar to that of CD34 stem cells that is associated
with a poor prognosis.®*>4

Chromosome 3q abnormalities dysregulating EVII are seen in 2-4%
of cases of AML,’>°% including cases of myeloid blast crisis of CML
and secondary AML in addition to de novo AML. The most common
3q abnormalities are inv(3)(q21q26) and t(3;3)(q21;q26) RPNI-EVII,
which occur in 1-2% of cases and are seen to increase EVII mRNA
expression due to the effect of the relocation of the ribophorin 1 (RPN1I)
enhancer but with no fusion gene formation. However, they can also
be seen with translocation partners on 1p36, 5931 5q35 5q21 and
12p13.57 The t(3;21)(q26;q22) MDSI-EVII-RUNXI and t(3;12)(q26;p13)
EVII-MDS1-ETV6 translocations are the most common of these and
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are primarily confined to therapy-related AML or AML arising from
other haematological neoplasms, e.g. CML blast crisis. Abnormalities of
chromosome 3q26 usually manifest myeloblastic or myelomonocytic
morphology with trilineage dysplasia and abnormal thrombopoiesis
such as peripheral thrombocytosis or marrow micromegakaryocytes.
Additional cytogenetic changes, such as del(5q), -7 or a complex
karyotype, are seen in 50-60% of cases; monosomy 7 accounts for half
of these cases.

Uncommon translocations

t(6;9)(p23;q34)

This recurrent translocation, seen in 1% of cases of adult AML, fuses
nucleoporin NUP214 (CAN) at 9934 to the transcription factor DEK
on 6p23. These rare cases have myeloblastic or myelomonocytic mor-
phology with multilineage marrow dysplasia and marrow and blood
basophilia.’®¢% Such cases are often secondary to pre-existing marrow
disorders such as MDS or CML.%!

t(9;22)(q34;q11)

True Philadelphia-positive AML, as opposed to myeloid blast crisis of
CML, is rare, accounting for about 0.6% of patients.®? They usually have
heterogeneous morphology with variable evidence of differentiation.®*¢4
The translocation may also be found in subclones where it cooperates
with other genetic aberrations, e.g. t(8;21).°> Both the major and minor
BCR breakpoints, resulting in both BCR-ABL p210 and p190, have been
reported. Interestingly, the variant BCR-JAK2 fusion has also been
observed.®¢

t(1;22)(p13;q13)

This very rare translocation results in the RBMI5 (RNA-binding motif
protein 15; OTT)-MKLI (megakaryocyte leukaemia 1; MAL) fusion. It
has been reported in around 40 cases to date, with a propensity for a
megakaryoblastic phenotype and a propensity to occur in a paediatric
setting.®”

8pl1 translocations

These rare translocations include t(8;16)(p11;q13), t(8;22)(p11;q13) and
inv(8)(pl1ql3) and result in the fusion genes MOZ-CBP, MOZ-p300 and
MOZ-TIF2, respectively. MOZ is a zinc finger protein with histone acety-
lase function.® These cases present with monoblastic features associated
with prominent erythrophagocytosis.®®
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t(16;21)(p11;q22)
This translocation results in the TLS-FUS-ERG fusion gene and is rare,
accounting for less than 1% of all cases of AML.”% Such cases classi-
cally demonstrate CD56 expression, hemophagocytosis and vacuolation
of blasts and are associated with a low complete remission (CR) rate and
high relapse risk (RR), leading to a poor prognosis overall.”®

12p13 translocations

These rare cases have myeloblastic or myelomonocytic morphology with
marrow basophilia. They are often seen in the setting of therapy-related
AML"!, Although the molecular breakpoints in 12p13 can be hetero-
geneous, the majority of these translocations involve the ETV6 gene.
More than 40 chromosomal partners for this gene have been described
to date.”?

t(7;12)(q36;p13)

This very rare translocation occurs in approximately one-third of infants
with AML, with no particular association with a specific subtype (Fig 3.7).
The rearrangement results in the ectopic expression of HLXB9, although a
fusion transcript HLXB9-ETV6 has been described in approximately 50%
of cases.”>74
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Figure 3.7 Translocation t(7;12) in infant AML. Fluorescence in situ hybridization
performed on the bone marrow metaphase spread of a patient with
t(7;12)(q36;p13) using a three-colour probe set (Metasystems, Altlussheim,
Germany). Note localization of FISH signals on chromosome 7 (blue signals), der(7)
(green signals), chromosome 12 (green and orange signals) and der(12) (blue and
orange signals). The DAPI counterstain used to visualize the chromosomes has been
converted into greyscale to simulate a G-like banding pattern (a). The schematic
representation of the hybridization pattern is also shown on the ideograms
(b). From Naiel et al.?8> (See plate section for color representation of this figure.)
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1p36 translocations

Translocations affecting PRDM16 (MEL) are seen with MECOM in the
t(1;3)(p36;q21). Other translocation partners include RPNI and also
ETV6 and IKZF1.”> They are often therapy related and are associated
with an extremely poor prognosis.

Monosomies

Loss of all or part of a chromosome may be seen, most commonly affect-
ing chromosomes 5, 7 or the Y chromosome. Loss of the Y chromosome
is seen in ~3% of cases of AML, but it is also a normal age-related finding
in men. Monosomy 7 is the most common sole numerical change affect-
ing an autosome identified in AML, although it more commonly occurs
in conjunction with other karyotypic abnormalities.”® Loss of all or part
of chromosomes 5 or 7 is a characteristic finding in MDS (see Chapter 2)
and therefore their presence in AML often suggests an MDS prodrome
evolved into acute phase disease.

Complex and monosomal karyotypes

Complexity refers to the co-occurrence of multiple karyotypic abnormal-
ities within the same leukaemic cell population (Fig. 3.8). A complex
karyotype occurs in 15% of de novo MDS/AML and in a larger propor-
tion of treatment-related disease. The frequency of multiple karyotypic
abnormalities is shown in Table 3.3, where an association between chro-
mosomal complexity and secondary disease is also shown.

There has been significant debate on the definition of a complex kary-
otype, with the presence of at least three, four or five unrelated cytoge-
netic abnormalities proposed by different cooperative groups at different
times.>>”7 TP53 deletion at 17p is also a common event, occurring in 40%
of complex karyotype patients, and is seen to be mutated in 60%.”® Fur-
ther to this, another group has proposed the term ‘monosomal karyotype’
defined as an autosomal monosomy in conjunction with at least one
other autosomal monosomy, e.g. =5 with -7 or structural abnormality,
e.g. inv(3)(q21q26) with -7.7°

Trisomies

Trisomy 8

Trisomy 8 is the most common numerical cytogenetic aneuploidy seen,’
present in 12-20% of patients overall, the sole abnormality in 5-8%
and interphase FISH identifying a further occult 7%8%° (Fig 3.9). It has
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Figure 3.8 A G-banded metaphase spread illustrating a complex karyotype.

According to the Medical Research Council Acute Myeloid Leukemia 10 (MRC
AML10), the definition of complex karyotype involves the presence of at least five

independent chromosomal abnormalities.!? This is an example of complex
karyotype reported in an AML adult patient with. According to the international

system of cytogenetics nomenclature (ISCN), the above karyotype reads
47,XX,del(1)(q21),+1,del(5)(q14),i(11)(ql1),add(16)(q22),~17. Image courtesy of
Giovanni Giudici, Cytogenetics Laboratory, Fondazione Tettamanti, Ospedale San

Gerardo,

Monza, Italy.

Table 3.3 Frequency of karyotypic complexity and association
between karyotypic complexity and secondary disease.>®

Total number of
karyotypic
abnormalities

% of patients

Proportion of these
that were secondary
disease (%)

u b W N -

31
13

7
9
6
"
16
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Figure 3.9 Visualization of trisomy 8 in AML. Example of interphase FISH using a
probe specific for the centromeric alphoid sequences of chromosome 8. The
interphase nuclei were obtained from the bone marrow of a patient with AML.
Three hybridization signals (in red) are visible in each of the two nuclei represented
here. DAPI was used to counterstain the nuclei in blue. Image capture and analysis
were performed using a Zeiss microscope (Axioplan2 Imaging) equipped with a
Sensys cooled CCD camera and Smart Capture v2 imaging software (Digital
Scientific UK). Image courtesy of S. Tosi, A. Naiel and H. Al-Badri, Leukaemia and
Chromosome Research Laboratory, Brunel University, London, UK. (See plate section
for color representation of this figure.)

been shown to be associated with older patient age, a lower white blood
cell (WBC) count and a lower percentage of BM blasts, with an adverse
impact on survival also reported.>® Trisomy 8 demonstrates no specific
gene expression profile, suggesting that it may be a disease-modifying
secondary event rather than a primary transforming event.8!

Constitutional trisomy 8 (cT8) is typically seen in a mosaic state (in
either blood, skin or both)3? and is reported to occur in 0.1% of preg-
nancies and one in 25,000-50,000 live births.8> Constitutional trisomy
8 mosaicism is termed Warkany syndrome and is typified by abnormal
palmar and plantar creases, characteristic facies, mental retardation
and other skeletal and ocular abnormalities. CT8 is also associated with
myeloid malignancies.3?
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Trisomy 21

Acquired trisomy 21 is one of most common numerical abnormalities,
seen in approximately 5% of cases of AML, and also in myeloprolif-
erative neoplasms (MPNs), myelodysplastic syndrome (MDSs), chronic
myeloid leukaemia (CML), acute lymphoblastic leukaemia (ALL) and
lymphoma.®* It can occur either as the sole abnormality (in only ~0.4%
of cases) or more typically with additional abnormalities, and demon-
strates a high variability in phenotype and behaviour.®

Trisomy 13

Trisomy 13 or tetrasomy 13 is rare and occurs in a range of subtypes of
AML, especially MO. All cases of tetrasomy 13 occur in cases of MO with
small blast morphology and lymphoblast features and a poor prognosis.&¢
Nearly all have subsequently been shown to have RUNXI mutation and
FLT3 over-expression.®”

Double minute chromosomes

Double minute chromosomes (dmin) are multiple, small, paired chro-
matin bodies that do not possess a centromere. There potentially can be
more than 80 such dmin within each affected cell and these can act as a
method for extrachromosomal amplification of genes, such as MYC. They
are a rare finding in AML and are associated with a poor prognosis.5®
Associations have been reported with del(9p) and APL morphology®’
and also trisomy 4 in elderly females with AML M2 or M4 and MYC
amplification.”®

Normal karyotype - is it really normal?

In many cases, the presentation karyotype will be uninformative.
G-banding will fail in some patients owing to the unavailability of
sufficient mitotic divisions. Metaphase cytogenetics may also miss
translocations owing to poor-quality material, cryptic translocations or
small interstitial insertions. Reciprocal translocations can be detected
by PCR-based techniques and occasionally molecular techniques high-
light discordance between standard cytogenetic analysis, FISH and
PCR-based methods. This may reflect a need to screen samples by
molecular analysis when morphology is suggestive of a translocation
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despite normal cytogenetics and FISH.’! Only approximately 80% of
patients with molecular evidence of the PML-RARA fusion will have
a detectable t(15;17)(q24;q12) by G-banding, therefore FISH should
be used to supplement G-banded metaphase analysis and standard
probes are available.”? CBFB-MYH]11 can often be a subtle rearrangement
on G-banding and may be missed. Therefore, if the morphology is of
AML MA4Eo, one should consider FISH or PCR analysis for exclusion
of a CBFB-MYH]I1 rearrangement. FISH has been used to reveal many
cryptic chromosomal abnormalities, and for this reason its use has been
routinely implemented in the diagnosis of AML.”3

Despite intensive evaluation, 40-45% of patients will still be seen to
have a normal karyotype, since G-banded metaphase cytogenetics sup-
plemented by FISH has a limit of resolution of approximately 5 Mbp. An
increased rate of detection of gross genomic imbalance is obtained using
comparative genomic hybridization (CGH) or single nucleotide polymor-
phism (SNP) array technology (Fig 3.10). Such techniques in one study
found acquired copy number aberrations in 24% of normal karyotype
AML.** 1t is therefore becoming clearer that ‘normal karyotype’ AML
may be far from normal on a structural genomic level, aside from any
mutational changes identified within the DNA sequence itself.

Altered gene expression

Molecular perturbations may occur through mutation; however,
up-regulation of gene transcription is increasingly recognized as being
of prognostic importance. The molecular basis of such up-regulation
remains unclear,”® but it is possible that the relative expression of these
markers reflects mutations yet unidentified, alterations in upstream
pathways or epigenetic phenomena.

EVI1

Ecotropic Virus Integration 1 (EVII) translocations have already been
discussed with reference to 3q26 abnormalities. EVII is up-regulated as
a result of inv(3)(q21q26) and t(3;3)(q21;q26), such that evaluation of
AML cases by quantitative real-time PCR allows the identification of
cryptic 3q rearrangements.’”*® EVII is also increased in 5-10% of cases
of de novo AML without obvious 3q abnormalities.®”® Such cases are
often associated with coexisting monosomy 7 or MLL translocation. EVII
over-expression reflects histone hypomethylation of the EVII promoter
and a characteristic H3 and H4 acetylation pattern.®® Elevated EVII
expression has been shown to be an independent adverse prognostic
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Figure 3.10 Early example of genome-wide array-CGH test data obtained using test
DNA from a patient with AML. The earliest genome-wide arrays used for detecting
genome imbalance were made up of ~3000 probes spaced at 1 Mb intervals along
the genome. Data were obtained by comparing patient versus reference DNAs, each
detected with different fluorescent dyes. In this example, dye-swap experiments are
shown in blue and pink, respectively, and the mean fluorescent ratios (patient
versus reference) reveal genomic gains involving chromosomes 7 and 8 indicated by
the red double-ended arrow. Reproduced with permission from Ballabio et al.”. (See
plate section for color representation of this figure.)

factor, being particularly valuable in distinguishing a subgroup of
patients who fare poorly with conventional therapy.®”°

BAALC

Over-expression of Brain and Acute Leukaemia Cytoplasmic gene
(BAALC) has been shown to predict an adverse prognosis in nor-
mal karyotype patients,'°%10! in addition to predicting refractoriness
to treatment.'®! High BAALC expression correlates with other adverse
molecular signals such as FLT3-ITD, NPM1 wild type and MLL-PTD.'%! It is
also associated with a specific gene expression profile with expression of
stem cell markers, MDRI expression and HOX gene down-regulation.!??

MN1

Over-expression of the meningioma-1 gene (MNI) is associated with
higher BAALC expression and wild-type NPM1.19> Over-expression has
also been shown to be of independent adverse prognostic significance in
normal karyotype AML,100-104
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ERG

ETS-related gene (ERG) over-expression is another reported indepen-
dent adverse factor in normal karyotype AML.21-100-102.105 patients with
high ERG expression and FLT3-ITD had a 5-year overall survival (OS) of
5% compared with 44% for those patients with low ERG expression and
wild-type FLT3.10%

SET

SET inhibits protein phosphatase 2A and is up-regulated in 28% of
unselected cases of de novo AML. SET over-expression occurs with
EVII over-expression and is associated with a worse OS and event-free
survival (EFS).!0¢

BRE

BRE, a ubiquitination-related gene, is over-expressed in 3% of cases of
adult AML. It is seen to be a favourable prognostic marker whose cases
typically demonstrate monoblastic morphology and are associated with
the MLL-MLLT3 fusion gene. Indeed, BRE expression can stratify this het-
erogeneous MLL-MLLT3 group into those with a 5-year OS of 80% for
over-expressors compared with 0% for those with normal expression
levels.107

wr1

WTI has been shown to be highly expressed in several haematopoietic
tumours, including AML.!°® Mechanisms leading to over-expression of
WTI in AML are poorly understood, but over-expression in AML has
been exploited to establish persistence and reappearance of leukaemia.
Failure to reduce WTI1 transcripts (RT-PCR) below threshold limits
defined in normal controls by the end of consolidation has been shown
to predict increased relapse risk.!%”

miRNA genes

MicroRNAs are small regulatory RNAs approximately 20 nucleotides
in length. They fulfil key roles in post-transcriptional regulation of
cellular activities'!® and miRNA patterns reflect the normal regulation
of haematopoiesis.!'! In AML there are characteristic miRNA pat-
terns seen with lineage, FAB type, karyotype and mutation status.!!?
Unique miRNA signatures are seen with CBF leukaemias, APL, 11923



Acute myeloid leukaemia 155

translocations and trisomy 8.!'> NPMI mutant blasts are seen to
over-express miR-10a, miR-10b and miR-196a and down-regulate
miR-204 and miR-128a.!'! CEBPA mutation is shown to increase
miR-181a and miR-335 and down-regulate miR-34a and miR-194.1!2
EVII up-regulation results in the increased expression of miR-1-2
via direct binding to its promoter.’?> FLT3-ITD is associated with the
over-expression of miR-155 and under-expression of miR-144 and
miR-451.11>114 miRNA expression patterns may represent additional
markers for adverse outcome- One study has shown that high expression
of miR-191 and miR-199a is associated with a worse OS and EFS
compared with those cases with low expression.!!> MiR-181a is seen
to be over-expressed in normal karyotype AML and those cases with a
higher level are seen to have a better CR and a longer 0S.!1°

Diagnosis and classification of AML

AML is conventionally classified according to karyotype, as this enables
the treating clinician to identify biologically distinct subgroups. In 2001,
the World Health Organization (WHO) modified the FAB classification,
with the aim of identifying discrete clinical entities within AML as
a whole.!'® This work was revised again in 2008 to incorporate an
increasing amount of knowledge about the molecular genetics of AML?’
and for the first time incorporated molecular abnormalities, ‘AML with
mutated NPMI’ and ‘AML with mutated CEBPA’ as their own distinct
sub-categories. The 2001 and 2008 WHO classification systems are
summarized above in Table 3.2.

The 2008 WHO classification also provides details of structural and
numerical cytogenetic abnormalities that are defined as ‘myelodys-
plasia syndrome (MDS)-related changes’. The diagnosis of AML
with MDS-related changes requires >20% blasts without prior
cytotoxic therapy and any of the following: (i) a prior history of
MDS or MPN/MDS; (ii) multi-lineage dysplasia evident in >50% of
cells in >2 lineages or (iii) a, MDS-related cytogenetic abnormal-
ity with no prior cytotoxic chemotherapy or diagnostic recurrent
balanced translocation. MDS-related cytogenetic changes include a
complex karyotype (>3 abnormalities), unbalanced changes com-
prising —-7/del(7q), -5/del(5q), i(17q)/t(17p), —13/del(13q), del(11q),
del(12p)/t(12p), del(9q), idic(X)(ql3) and balanced changes compris-
ing t(11;16)(q23;p13.3), 1(3;21)(q26.2;q22.1), (1;3)(p36.3;q21.1),
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1(2;11)(p21;q23), t(5;12)(q33;p12), t(5;7)(q33;q11.2), 1(5;17)(q33;p13),
1(5;10)(q33;921) and t(3;5)(q25;q34). Most patients within this category
have frequently observed cytogenetic abnormalities where establishing
prognosis is straightforward (e.g. -5, =7, complex karyotype). However,
some of the cytogenetic abnormalities that are highlighted in this
group are extremely rare, so their significance remains to be firmly
established.>

Therapy-related AML (t-AML) accounts for 10-20% of cases of AML
and often demonstrates multi-lineage dysplasia with an abnormal kary-
otype in 90%.3” Therapy-related AML has traditionally been classified
according to the agent to which the patient was exposed, which has an
important bearing upon disease phenotype, time to onset and outcome.
Prior topoisomerase-II inhibitor therapy, such as with etoposide and teni-
poside, predisposes to leukaemias characterized by balanced reciprocal
translocations, particularly involving MLL at 11q23, NUP98 at 11pl5,
RUNXI at 2122 and RARA at 17q21. These typically present following
a short latency period of between 1.5 and 3 years from time of first drug
exposure with no prior myelodysplastic phase. In contrast, t-AML aris-
ing following anti-metabolites, alkylating agents or radiotherapy tends to
have a longer latency period of 5-7 years, may have a prior myelodys-
plastic phase and is characterized by a complex karyotype often featuring
loss or deletion of chromosome 5q and/or 7 and a high prevalence of
TP53 mutation.!!” Comparisons of the karyotype of de novo AML versus
t-MDS/AML show that these therapy-related diseases are more kary-
otypically complex with more variation in ploidy levels. More classical
reciprocal translocations do occur, however, and indeed therapy-related
acute promyelocytic leukaemia (t-APL) with the PML-RARA fusion gene
is the most common second malignancy arising following breast can-
cer therapy involving epirubicin, mitoxantrone and/or radiotherapy.!!®
A major problem in distinguishing between subtypes of t-AML is that the
majority of patients who develop this complication have been exposed to
combination therapies and it is therefore difficult to identify the causative
agent in any particular case. As a result, in the most recent WHO classi-
fication of AML this limitation is taken into account and no distinction is
made between cases arising following alkylating agents, radiotherapy or
drugs targeting topoisomerase-11.37

Current risk stratification of AML patients: European
LeukemiaNet (ELN) guidelines

Buropean LeukemiaNet (ELN) guidelines, published in 2010,''? risk
stratified AML patients into four groups (see Table 3.4) based upon
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Table 3.4 European LeukemiaNet (ELN) molecular risk stratification.!!”

Genetic group Subsets

Favourable 1(8;21)(022;922); RUNXT-RUNX1T1
inv(16)(p13q22) or 1(16;16)(p13;922); CBFB-MYH11
Mutated NPM1 without FLT3-ITD (normal karyotype)
Mutated CEBPA (normal karyotype)

Intermediate 1* Mutated NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 without FLT3-ITD (normal karyotype)

Intermediate 2 1(9;11)(p22;923); MLLT3-MLL
Cytogenetic abnormalities not classified as favourable or adverse
Adverse inv(3)(q21q26.2) or 1(3;3)(q21;926.2); RPNT-EVI1

1(6;9)(p23;034); DEK-NUP214
t(v;11)(v;q23); MLL rearranged
-5 or del(5q); -7; abn(17p); complex karyotype

*Includes all AMLs with normal karyotype except for those included in the favourable
subgroup.

karyotype and the presence or absence of three molecular mark-
ers — mutations in NPMI, FLT3-ITD and CEBPA. This stratification is
based upon survival data (Fig 3.11) and allows the large group of normal
karyotype, intermediate-risk AML, to be divided into a molecularly more
favourable and unfavourable groups. These guidelines exclude acute
promyelocytic leukaemia, for which recommendations were published
separately.>®

Favourable risk

The ‘favourable risk’ group based on karyotypic analysis includes those
cases of AML with mutant NPMI and those with biallelic CEBPA muta-
tions in the absence of FLT3-ITD.!1°7122 Data suggest that only the double
and not single mutant CEBPA confers a favourable prognosis.!2!123.124
Patients with single CEBPA mutations generally have a favourable out-
come, depending on other concurrent markers such as NPM1/FLT3-1TD
status'?’.

Intermediate risk

Clinical outcomes vary greatly in the 45-55% of patients with
intermediate-risk cytogenetics. This phenotypic heterogeneity is
likely to be reflective of the molecular heterogeneity identified in this
group via studies using NGS, which is covered in detail later in the
section The Genomics of AML.
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Figure 3.11 Kaplan—-Meier plot of overall survival for patients aged under 60 years
entered into recent MRC/NCRI clinical studies divided according to karyotype and
molecular data. From Smith et al.?’® Reproduced with permission from Elsevier. (See
plate section for color representation of this figure.)

Adverse risk

About 10-20% of AML patients present with adverse cytogenetics,
typically including monosomy 5 or 7, deletions of 5q, abnormalities of
3q or a complex karyotype. Many of these patients tend to be older, often
with a prior history of MDS or exposure to chemotherapy. The outcome
of patients in this group tends to be very poor with conventional
chemotherapy regimens, hence the treatment of choice is allogeneic
HSCT (allo-HSCT) in first remission if the patient is fit enough for this
aggressive procedure, 126127

Therapeutic regimens in AML

AML treatment has remained largely unchanged over the last few
decades despite huge advances in our understanding of the molecular
basis of this aggressive malignancy. In daily practice, there are two major
assessments to be made when deciding patient treatment in non-APL
AML: (i) is the patient eligible for intensive standard daunorubicin-
and cytarabine-based (‘3 + 7’) induction therapy?; and (ii) which
type of post-remission therapy should be applied? In the context of
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young, intermediate-risk patients this relates to whether an allo-HSCT is
appropriate.'28

Management of younger adults aged 18-60 years
Induction therapy

Three days of an anthracycline (e.g. daunorubicin at least 60 mg/m?,
idarubicin 10-12 mg/m? or mitoxantrone 10-12mg/m?) and 7 days of
cytarabine (100-200 mg/m? continuous i.v.) (‘3 + 7’) still remains the
standard of care in AML. These regimens achieve a CR in 60-80% of

younger adults.!"”

Post-remission therapy according to cytogenetic and molecular risk
Favourable risk AML

Repetitive cycles of high-dose cytarabine (HiDAC) (3 g/m? per q12h on
days 1, 3 and 5) is considered a reasonable choice for younger adults
with CBF AML and also for CN-AML with mutated NPM1 without
FLT3-ITD and CN-AML with mutated CEBPA.'?° In general, patients
with favourable-risk AML are not considered candidates for allo-HSCT
as the risk of this procedure has been shown to outweigh the benefit in
this patient group.!2°

Intermediate-risk AML

For the remaining patients with CN-AML (intermediate I) and those with
intermediate II karyotype, repetitive cycles of HIDAC are widely used
but the outcome for this subset remains unsatisfactory using just this
approach.''? Allo-HSCT has been shown to be beneficial for patients with
intermediate-risk cytogenetics in general,'2¢!27 and in particular should
be considered in patients with higher risk of relapse, including those with
FLT3-ITD mutations.!2°

Adverse-risk AML

For most patients with adverse-risk cytogenetics, the outcome is
extremely poor with conventional consolidation therapies.'?*-13! An
allo-HSCT from a matched related donor in CR1 is currently considered
the treatment of choice for patients with adverse-risk AML!?.

Older AML patients (aged >60 years)
In older patients with AML, the OS remains very poor, hence it is impor-
tant to select the appropriate up-front therapy for these patients, be it
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intensive induction chemotherapy, low-dose cytarabine or hypomethy-
lating therapy (decitabine or azacitidine). The best therapeutic option
for older patients with AML after achievement of CR remains uncertain.
Treatment approaches proposed include the consideration of fit individ-
uals under the age of 75 years for allo-HSCT with reduced-intensity con-
ditioning if deemed appropriate.!>?

Novel agents

The addition of the immunoconjugate gemtuzumab ozogamicin (GO)
to standard induction has been shown to be the only novel agent so
far to improve outcome in younger'*?> and older!**!3° patients with
favourable- and intermediate-risk cytogenetics. Currently, GO is only
available in the context of clinical trials but it is hoped that it will be
approved soon.

A plethora of novel compounds are in development or have just begun
clinical trials in AML. Some of these compounds target specific driver
mutations, hence eligibility for these compounds should be restricted
to patients with the specific genetic lesion. Other compounds in devel-
opment include monoclonal antibodies, epigenetic modifiers, tyrosine
kinase inhibitors and cell-cycle inhibitors.

Monitoring response to therapy (MRD)

The disappearance of a characteristic genetic lesion present at diag-
nosis indicates a response to therapy. Reappearance of that lesion
suggests disease relapse. In some cases, we can exploit this to monitor
response to therapy and to detect relapse of leukaemia. The iden-
tification of the molecular basis of chromosomal translocations, the
development of patient-specific primers and quantitative real-time
PCR methodologies have allowed the detection of low levels of a
leukaemia using a disease-specific RT-qPCR within a morphologically
and cytologically normal marrow. Such technology can be used to
follow leukaemia-specific targets such as fusion genes (PML-RARA,
RUNXI-RUNXIT!, CBFB-MYHII), mutations (mutant NPMI) or genes
that are commonly over-expressed in AML (WTI).!?¢ The sensitivity
limit is dependent on both technique and target.

RT-qPCR assays for WT1 transcripts typically afford the lowest level of
sensitivity because of background amplification due to WTI expression
in normal progenitors. Flow cytometry might detect one AML blast
cell in 10* marrow progenitors depending upon the nature of the
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leukaemia-specific phenotype!®”. For leukaemia-specific targets, such as
RUNXI-RUNXITI or canonical NPMI mutations, sensitivities of in excess
of 1 in 10° can be achieved using RT-qPCR!°.

Several studies have shown that NPMI is a stable MRD marker which
reliably indicates relapse in patients with CN-AML,!*¥13% even though
recently it has been shown that a small minority of patients lose NPMI
mutations at relapse.

There is good evidence for the importance of MRD analysis in
the setting of APL!*® and in other types of AML that have a molec-
ular marker, e.g. those with a CBFB-MYHII or RUNXI-RUNXITI
rearrangement.!>¢141:142 Quantification of fusion transcripts at diagnosis
and early in therapy is able to predict prognosis and the early detection
of relapse by the presence of a persistently high level of fusion transcripts
following first-line therapy or by a rising transcript number following
an initial molecular response.'*® Flow cytometry can also be used for
MRD detection in AML if a leukaemia-specific aberrant phenotype was
detected at diagnosis.'*?

The genomics of AML

Clonal evolution of AML
Cancer develops through the serial acquisition of somatic mutations over
time in cells that undergo selection at a clonal and sub-clonal level.!#4
Mutant clones evolve in a process closely resembling Darwinian natural
selection whereby mutant stem cells are the unit of selection and somatic
mutations accrued over time can either impart a selective advantage to
the cell (‘driver’ lesions) or selective neutrality (‘passenger lesions’).!4°
In recent years, most, if not all, driver mutations in AML have been
identified through the use of next-generation sequencing platforms.
AML was the first cancer genome to be subjected to whole genome
sequencing.’ Sequencing of AML genomes and exomes since that time
has led to the discovery of many previously unknown driver mutations
in AML, which has illuminated our understanding of the molecular
pathogenesis of AML, especially in normal karyotype disease.!4¢-150
Many of these newly discovered driver mutations affect epigenetic
regulation of HSCs and since that time the genomic and epigenomic
landscape of de novo AML has been further defined in a landmark
study'®? performed by the AML Cancer Genome Atlas Project, whereby

200 patients with de novo AML were either whole genome sequenced (50
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Table 3.5 Functional categories of leukaemia mutations as
delineated by the Cancer Genome Atlas Research Network.!>°

Functional category of Examples
leukaemia mutation

Transcription factor fusions PML-RARA, MYH11-CBFB
NPM1 NPM1

Tumour suppressor genes TP53, WTT1, PHF6

DNA methylation DNMT3A, TET2, IDHT, IDH1
Activated signalling FLT3, KIT, NRAS/KRAS

Myeloid transcription factors RUNXT, CEBPA

Chromatin modifiers MLL-X fusions, MLL-PTD, ASXL1
Cohesin STAGZ2, RAD21, SMCI1A, SMC3
Spliceosome SF3B1, SRSF2

patients) or whole exome sequenced (150 patients). This study classified
mutations into nine distinct functional groups (Table 3.5), which served
to highlight functional collaborations between mutations and molecular
heterogeneity, especially within cytogenetically normal AML. Many of
these novel mutations, which are described below, have been shown to
confer prognostic relevance and therefore many are calling for a shift in
classification for CN-AML based mainly on mutational profiling.'®!

The Cancer Genome Atlas Project also found that AML genomes have
far fewer mutations than other cancer genomes. Only an average of 13
mutations per individual were identified, of which five were found to
be recurrent in AML. The concept that driver mutations belie leukaemic
transformation of HSCs is supported by this study as all AML cases were
found to have at least one potential driver mutation. Now that the major
driver mutations have been discovered, the major challenge is to under-
stand the order of acquisition of mutations AML and the process that
belies the clonal evolution of normal HSCs into frank leukaemia.

The essential first step in myeloid leukaemogenesis is the foundation
of a pre-leukaemic clone of cells. Leukaemic progression is thought to
rely on cells from this pre-leukaemic clone acquiring further cooperating
mutations, thus giving rise to sub-clones that in turn acquire further
mutations en route to the development of frank leukaemia.!>?> Recently,
pre-leukaemic HSCs have been shown to survive induction chemother-
apy and thus be a reservoir for evolution of relapsed disease.!>>1>
These findings are supported by whole genome sequencing studies in
paired diagnostic and relapsed samples that have shown that disease
relapse originates from the primary clone or a sub-clone thereof.!>> It is
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therefore important to understand which mutations are ‘early’ events
in clonal evolution and which mutations occur at a ‘late’ time point.
Models of such a paradigm have attributed mutations in ‘landscaping
genes’, involved in global chromatin changes such as DNA methylation,
histone modification and chromatin looping, occurring early in the
evolution of AML, whereas mutations in ‘proliferative’ genes such as
FLT3 or RAS are seen to occur late.!>?

Established recurrent mutations in AML

Nucleophosmin (NPM1)

NPM1 is a 12-exon, 25 kbp gene situated at chromosome 5q35. Muta-
tions in NPMI are the most common mutation in AML, with an over-
all incidence of 25-35% (CN-AML 45-60%).12%-15¢ NPM1 mutations are
enriched in normal karyotype AML, such that 85% of AML with NPMI
mutation display a cytogenetically normal karyotype. NPM1 has roles
in many cellular processes, including ribosome biogenesis, centrosome
duplication and regulation of apoptosis. Subcellular localization signals
on the NPM1 protein allow it to shuttle between the nucleus, nucleo-
lus and the cytoplasm to carry out its roles. Mutations of NPM1 in AML
(NPM1c) result in disruption of the localization signals replacing it with
a nuclear export signal,!*®1>7 resulting in an aberrant localization of the
NPMI1 mutant protein in the cytoplasm.

Some 70-80% of NPMI mutations in adults are termed ‘type A’
where a 4 bp TCTG insertion occurs at position 956-959 leading to a
frameshift and the replacement of the last 7aa by 11 different ones at
the C-terminus.!®® Additional mutations have similar effects on this
region due to a CATG insertion (type B) or CCTG insertion (type D) at
the same site, resulting in the loss of one or both of the W288 and W290
tryptophan residues in the mutant NPM C-terminal NLS with abrogation
of function and gain of an additional NES'>? (Fig. 3.12b).

A conditional knock-in mouse model of the most common form
of Npmlc mutation, type A, has shown that Npmlc mutations
are AML-initiating lesions that cause Hox gene over-expression,
impart increased self-renewal to and prime haematopoietic stem
and progenitor cells to leukaemic transformation by activation of
pro-proliferative pathways.'®® This mouse model also explained other
important features of human NPMlct AML, including a failure to
observe NPM1c mutations in the human germline (embryonic lethal-
ity) and a consistent negativity for CD34, a primitive marker, as the
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Figure 3.12 Structure of NPM1 and its mutated forms. (a) Schematic representation
of the protein structure of NPM illustrating its component parts and functions
including its bipartite nuclear localization signals (NLS) and C-terminus nucleolar
localization signal that consists of two critical tryptophan residues in a WQW
sequence. (b) Type A NPMI mutation results in a TCTG insertion where indicated,
with the loss of normal C-terminal protein structure and therefore loss of the
nucleolar localization signal and gain of a new nuclear export signal (NES).

effects of Npmlc are more noticeable on later progenitors. The long
latency observed for these knock-in mice to develop AML reflects the
need for additional mutations to be present and cooperate to drive
leukaemogenesis.!¢°

NPMI mutations have been found to co-occur with other known
AML-associated mutations such as FLT3, DNMT3A, IDHI, IDH2 and
NRAS.120,146,156,161,162

A high proportion of NPMI-mutant AML patients achieve CR with
intensive chemotherapy protocols; however, approximately 50% of
these patients will relapse within 3 years, especially those with con-
current FLT3-ITD mutations.!>%163:164 Relapsed leukaemia is generally
much less chemo-sensitive and relapse is therefore the main vehicle for
much of the mortality associated with AML.

In relapse of NPMI-mutant AML, approximately 10% of patients had
been noted to lose the NPMI1 mutation.!?8165:166 A recent study inves-
tigating the clonal evolution of relapsed NPM1-mutated AML found a
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persistence of DNMT3A mutations in patients who had lost NPMI muta-
tions at relapse.'” This suggested that DNMT3A mutations may precede
NPM]I1 mutations in AML pathogenesis and that disease relapse in these
patients actually originates from an earlier, ancestral DNMT3A clone.!¢’
Indeed, when highly purified HSCs, progenitors and mature cell frac-
tions from the blood of AML patients were examined in a study by Shlush
etal.,'>* DNMT3A mutations were found to arise earlier than NPM1I, in the
clonal evolution of AML. Furthermore, HSCs with DNMT3A mutations
were found to survive chemotherapy, providing a potential reservoir for
disease relapse. Therefore, the status of NPM1 as a founder mutation in
AML has recently been cast into doubt, although their role in leukaemo-
genesis remains a critical one.

FLT3 mutations

FLT3 (Fms-like tyrosine kinase 3), fetal liver kinase 2 (flk-2) or stem cell
tyrosine kinase 1 (STK-1) is a 24-exon gene situated on chromosome
13q12.2.1%8 FLT3 is a member of the class III receptor tyrosine kinase
(RTK) family that includes KIT, C-FMS and PDGFRp.'%° All members of
this family share amino acid sequence homology consisting of an extra-
cellular component comprised of five immunoglobulin-like domains
and a cytoplasmic component with a split tyrosine kinase domain
(Fig. 3.13a). Ligand binding by Flt3 ligand (FL) results in receptor
dimerization, autophosphorylation and kinase activation with resultant
activation of downstream pathways such as STAT5a, RAS and PI3K!7°
(Fig. 3.13b).

Mutations in FLT3 are among the commonest in AML and are classi-
fied into the following two types: internal tandem duplications (ITDs) and
base substitution mutations in the activation loop of the tyrosine kinase
domain (TKDs).

Internal tandem duplications of FLT3 (FLT3-ITDs)

ITDs of FLT3 (Fig. 3.13¢) are common in AML (~20% of all cases),
especially in normal karyotype disease (28-34%), where they are found
commonly to co-occur with NPM1 mutations and are associated with
an inferior outcome.!?%!>® ITD mutations are located in exons 14 and
15 of the FLT3 gene and show a large variation in the number and sizes
of duplicated fragments. These mutations result in amino acid sequence
changes with intact coding frames, resulting in constitutive activation
of the receptor tyrosine kinase and downstream activation of RAS,
MAPK and STAT5 signalling pathways leading to dysregulated cellular
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Figure 3.13 Structure of FLT3 and its mutated forms. (a) Diagrammatic
representation of the protein structure of FLT3 with five extracellular
immunoglobulin-like domains and two intracellular tyrosine kinase domains. (b)
Binding of FLT3 ligand leads to FLT3 dimerization and activation of downstream
pathways. (c) Acquisition of a FLT3 internal tandem duplication in the
juxtamembrane region leads to ligand independent dimerization and activation. (d)
Point mutations within the tyrosine kinase domain lead to FLT3 activation and
ligand independent activation.

proliferation.!”® In cytogenetically normal AML, FLT3-ITDs confer an
unfavourable prognosis and inferior overall survival due to a high relapse
rate.!20171:172 Recently published data suggest that in intermediate-risk
AML, the negative prognostic association with FLT3-ITD is maintained
even in the context of other genetic abnormalities such as DNMT3A and
TET2.151.173

The mutant to wild-type allelic ratio (AR) and the ITD insertion site
(ISS) are the two major prognostic factors associated with FLT3-ITDs in
CN-AML.!74175 There is a consistent association between high allelic bur-
den (AR >0.50) and unfavourable outcome.!”®!77 An ITD insertion site in
the B1 sheet of the tyrosine kinase domain 1 (TKD-1) in approximately
one-quarter of cases confers an especially poor prognosis.!”> Evidence
is emerging that AML patients with FLT3-ITDs benefit from allo-HSCT in
first remission, which is recommended for this group.''® However, recent
research has shown differential benefits to allo-HSCT in this group based
on AR and ISS. A major benefit of allo-HSCT performed in the first CR
was present in patients with an AR of >0.51 with respect to relapse-free
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survival (RFS) and OS; however, there was no improvement seen in RES
or OS in patients with a low AR.178 Allo-HSCT also does not seem to alter
the dismal prognosis associated with FLT3-ITD located in TKD1.178

FLT3-ITDs can also occur in AML with abnormal karyotype. In APL,
the presence of an FLT3-ITD has been shown to have no effect on prog-
nosis, except those with an ITD allele load of <0.5 trended to a better EFS
and 0S.!'7 FLT3 ITD has been shown to be an adverse factor for OS in
core binding factor AML but only in high allelic ratios.'3°

FLT3-TKD mutations
Approximately 11-14% of patients with CN-normal AML show muta-
tions in the activation loop of the tyrosine kinase domain of FLT3, with
a mutation hotspot in the aspartic acid codon, D835.'3! Mutations have
additionally been observed at codon 836 with I836del being the most
common, and also I836M, I836T, I836MA and I836ins LK have been
reported.!”? Both classes of mutation result in constitutive activation of
the receptor. Such mutation within the activation loop results in confor-
mational change, exposing the active site and resulting in up-regulation
of kinase function and ligand-independent activation (Fig. 3.13d). How-
ever, the proliferative effects of TKD mutations in FLT3 are not as potent
as ITDs and their influence on prognosis remains controversial.!32183
Examples of genes that have been identified as targets for dysregula-
tion either by mutation or up-regulation are listed in Table 3.6.

CCAAT/enhancer-binding protein a (CEBPA) mutations

CEBPA is a single-exon gene 1077 bp in length sited on 19q13.1 and is
a member of the basic leucine zipper transcription factor family, which
regulates cell-cycle exit and differentiation in various tissues.!®* In the
haematopoietic system, this transcription factor is involved in lineage
specification and is crucial for the development of myeloid progenitors
to differentiated neutrophils.!®> This protein comprises N-terminus
trans-activating domains, a basic region necessary for specific DNA
sequence binding, and a C-terminus leucine zipper region necessary for
dimerization. They are able to form hetero- and homodimers and can
function both as activators and repressors.

Two different isoforms of CEBPA, 42 kDa (p45) and 30 kDa (p30),
are produced which differ in transcriptional activity (Fig. 3.14a). The
30 kDa protein is generated from an alternative start codon situated
351 nucleotides downstream of the main ATG start codon and lacks
the first trans-activating domain and the antimitotic activity of the
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Table 3.6 Examples of genes that have been identified as targets for dysregulation
by either mutation or up-regulation.

Gene symbol Gene name Chromosomal

(aliases and previous location

gene symbols)

Mutation FLT3 (STK1, FLK2, CD135) Fms-related tyrosine 13912

kinase 3

NPM1 (B23, NPM, Nucleophosmin 5g35.1

numatrin)

CEBPA (CEBP) CCAAT/enhancer binding 19913.1
protein (CEBP), alpha

KIT (c-kit, CD117, SCFR) v-kit Hardy Zuckerman 4 4911-912
feline sarcoma viral
oncogenes homologue

MLL (ALL-1, HRX, HTRX1, Myeloid/lymphoid or 11923

CXXC7, TRX1, MLL1A, mixed-lineage leukaemia

KMT2A) (trithorax homologue,
Drosophila)

TP53 Tumour protein p53 17p13.1

RUNXT (AML1, CBF2A, Runt-related transcription 21922.3

AMLCR1, PEBP2A2) factor 1

WT1 (GUD, AWTI, Wilms' tumour 1 11p13

WAGR, WIT-2)

NRAS Neuroblastoma RAS viral 1p13.2
(v-ras) oncogene
homologue

KRAS v-Ki-ras2 Kirsten rat 12p12.1
sarcoma viral oncogene
homologue

GATAT GATA binding protein 1 Xp11.23

GATAZ GATA binding protein 2 3921

IDH1 Isocitrate dehydrogenase 2qg32-qgter
(NADP™*) soluble

IDH2 Isocitrate dehydrogenase 1592 1-qter
(NADP*) mitochondrial

TET2 Tet methylcytosine 4924
dioxygenase 2

ASXL1 Additional sex comb like 1 20q11
(Drosophila)

DNMT3A DNA (cytosine 5) 2p23
methyltransferase 3 alpha

CBL Cbl proto-oncogene E3 11923.3-gter

ubiquitin ligase
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Table 3.6 (continued)

Gene symbol Gene name Chromosomal

(aliases and previous location

gene symbols)

EZH2 (ENX-1, EZH1, Enhancer of zeste 7935-936

KMT6, KMT6A) homologue 2 (Drosophila)

PHF6 PHD finger protein 6 Xq26

Upregulation ~ MECOM (EVI1, MDST, MDS1 and EVI1 complex 3026

MDS1-EVIT, PRDM?3) locus

BAALC Brain and acute leukaemia  8g22.3
gene, cytoplasmic

MN1 (MGCR) Meningioma (disrupted in 22q912.1
balanced translocation) 1

ERG (erg-3, p55) v-ets erythroblastosis virus 21922.3
E26 oncogene-like (avian)

SET (ZPP2A, PHAPII) SET nuclear oncogene 9934

BRE (BRCC4, BRCC5) Brain and reproductive 2p23

organ expressed

wild-type protein. CEBPA interacts with a variety of transcription
factors during haematopoiesis, including PU.1'8 and RUNXI,'87 and
also cellular oncogenes such as C-MYC ¥8and RAS.'®° The role of CEBPA
in adult haematopoiesis and in leukaemia has been further elucidated
by a conditional knock-out mouse model,'*° which demonstrated
that the loss of CEBPA in adult HSCs confers fetal HSC characteristics,
including enhanced proliferation, an increased number of functional
long-term HSCs (LT-HSCS) and advanced repopulating ability. In this
study, transcriptional repression of N-myc by CEBPA was identified as
an important effector pathway that is at least partially required for the
maintenance of adult HSC quiescence.

Mutations in CEBPA occur in AML in 5-14% of normal kary-
otype cases and lead either to nonsense mutations in the N-terminus
or in-frame mutations in the C-terminal basic leucine zipper (bZip
region).!?%1°! N-terminal nonsense mutations prevent the expression of
tull-length CEBPA protein, thereby up-regulating the formation of the
30 kDa truncated isoform that has been shown to possess a dominant
negative effect on DNA binding to and transactivation of CEBPA target
genes such as CSF3R (GCSF-R)'°! (Fig. 3.14b). BZip domain mutants
are not seen to have a dominant negative function and instead in-frame
mutations result in the loss of function of one allele!®? (Fig. 3.14c).



170 Chapter 3

N

C .
42kDa  [NTADIN WTADZN BZip ‘ }’;’gg
30kDa | Immmm allele
(@) f

N-terminal nonsense mutation

[ Premature truncation of 42 kDa
30 kDa = [

(b)

|| L
C-terminal in-frame insertion
|

X

42 kDa™mut

30 kDa™" | [

(©)
Figure 3.14 Structure of CEBPA and its mutated forms. (a) Normal CEBPA structure
illustrated for both the 42 and 30 kDa forms with the transactivating domains (TAD)
and basic region and leucine zipper region (bZip) responsible for dimerization
highlighted. The shorter form is seen to lack the first TAD. (b) N-terminal CEBPA
mutation leads to transcriptional frameshift and premature truncation of the 42 kDa
form and therefore predominance of the shorter 30 kDa form and altered activation
of downstream pathways. (¢) C-terminal in-frame insertions within the BZip
domain lead to loss of dimerization ability.

Biallelic mutations of CEBPA can occur in AML and typically affect a
combination of N- and C-terminal mutations on different alleles — this
allows division into single mutated cases (CEBPAg),) and double mutated
cases (CEBPApy;).12>1?% Studies suggest that in CN-AML a single muta-
tion in CEBPA is prognostically neutral and therefore other molecular
markers such as NPMI and FLT3-ITD genotype must be taken into
account in these patients, whereas biallelic mutations are associated
with a favourable prognosis.!?*> Accordingly, in current guidelines an
allo-HSCT is not recommended in CN-AML patients with biallelic CEBPA
mutations.!?

Germline N-terminal frameshift mutations of CEBPA have addition-
ally been identified as a predisposing factor in cases of familial AML with
acquisition of a second C-terminal mutant allele involved in progres-
sion to leukaemogenesis.!?*~1?¢ Such cases appear to have a favourable
prognosis, although a more aggressive phenotype may be associated with
chromosomal deletions of FLT3 on 13q and ATM on 11q.'*”



Acute myeloid leukaemia 171

KIT

KIT (CD117) is a type III tyrosine kinase receptor that binds to stem cell
factor (SCF) (KIT ligand). Following ligand binding to the Ig domains,
dimerization occurs, thus activating intrinsic kinase activity by the
transphosphorylation of specific residues in the JM and TK domains.
Mutations in KIT are predominantly associated with the core binding
factor leukaemias (CBF-AMLs), t(8;21) or inv(16). In adults, KIT
mutations in t(8;21) and inv (16) have generally been associated with a
higher incidence of relapse, although whether overall survival is affected
is study dependent.'*®29> The most frequent mutations are missense
mutations affecting exon 17 encoding the tyrosine kinase 2 domain
(KIT™P), the most common observed mutation being a D816V substi-
tution. This residue stabilizes the kinase loop in its active configuration.
Such a mutation induces activation of STAT3/STAT5 and PI3K/Akt
signalling. Mutations targeting exon 8 are usually in-frame insertions or
deletions that affect an extracellular domain of the receptor implicated
in receptor dimerization (KITEP) and affect MAPK and PI3K/AKT
signalling pathways.?%* KIT mutations have been found frequently to be
lost at relapse, relevant for clinical uses of KIT inhibitors and measuring
minimal residual disease (MRD).!80

MLL partial tandem duplication (MLL PTD)

The mixed lineage leukaemia (MLL) gene is located on chromosome
(11g23), which encodes a transcription factor with histone H3 lysine
4 (H3K4) methyltransferase activity. To date, MLL has been found to
participate in >60 different translocations with distinct fusion partners
as described earlier. In addition to these translocations, MLL can be
mutated via a gain of function, intragenic, partial tandem duplication
(PTD) of exons 3-9 or exons 3-12.2° MLL-PTD cannot be detected
by classic karyotypic analysis and is found in ~5% of patients with
CN-AML, associated with a poor prognosis and high relapse rates.206-208
Early allo-HSCT seems prognostically beneficial in patients with a PTD
in MLL.M?

TP53

TP53, situated at 17p13.1, has a crucial role in the cell cycle, acting as
a tumour suppressor gene. In AML, TP53 abnormalities are most com-
monly missense or frameshift mutations in the DNA-binding domain in
exons 4-8,2%% or via loss of one allele via 17p monosomy and/or loss of
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heterozygosity.?!° TP53 mutations in AML are relatively rare, more com-
mon in older than younger patients and closely associated with complex
karyotype involving deletions of chromosomes 3, 5, 12 or 17. They
confer an extremely poor prognosis even within complex karyotype
cohorts.?%?

RUNX1
RUNXI is a 12-exon gene located at 21q22.12' In addition to the CBF
translocations previously outlined as a modality for RUNXI deregula-
tion, intragenic mutations of RUNX1 have been found in 5-15% of AML
cases.?11-214 There is a predilection for those cases with acquired trisomy
21, trisomy 13 or MO morphology, where the frequency may be as high
as 38, 90 and 65 %, respectively.?!? RUNXI mutations are associated with
secondary AML evolving from myelodysplastic syndrome (MDS), and
this is paralleled by an increase in frequency of mutations in AML in
older age groups.'?® RUNX1 mutation predicted a lower CR rate, a shorter
DFS and OS rate and in a multivariable analysis was seen to be of inde-
pendent prognostic significance for 0S.212213 A frequent co-occurrence
in AML with mutations in genes encoding epigenetic modifiers such as
ASXLI1, MLL-PTD, IDH2 and BCOR has recently been discovered through
genomic sequencing studies.!>°

RUNXI mutation has additionally been implicated in the syndrome
‘familial platelet disorder with predisposition to AML’, which is an
autosomal dominant condition with a variable severity and age of onset.
RUNXI has been identified as the candidate gene for this syndrome
in at least 11 families.?'>2!8 All of these mutations occur in the runt
homology domain of RUNXI. A second RUNXI mutation has been
described in several cases that progressed to develop AML, the mecha-
nism being either an acquired somatic point mutation or duplication of
the abnormal allele via acquired trisomy 21.21°

wr1
The WTI gene encodes a zinc-finger transcription factor involved in
cell differentiation and tumour suppression in haematopoiesis and
nephrogenesis.?20-221

WTI1 mutation is observed in 5-10% of normal karyotype AML asso-
ciated with a younger age, M6 phenotype, FLT3-ITD mutation and a
reduced OS, in addition to primary chemotherapy resistance, although
prognosis appears to study dependent. 22222
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The mechanism by which WTI exerts a leukaemogenic effect had been
elusive until recent research revealed that WT1 mutations in AML result
in a loss of TET2 function.??® Further research into understanding this
association should reveal important insights into AML pathogenesis.

RAS mutations

Somatic gain of function mutations in NRAS and KRAS is a common
finding in cancer and in AML, occurring in 25 and 15% of AML patients,
respectively.?%* RAS proteins are small GTPases that act downstream
of tyrosine kinase receptors involved in haematopoiesis. In AML,
constitutive activation of RAS occurs when missense mutations (in
codons 12, 13 and 61 in NRAS and in KRAS) impair intrinsic GTPase
activity. RAS activation leads to oncogenic deregulation and hyperactive
signalling of the downstream effector pathways of RAS that include
the PI3K/Akt/mTOR pathway implicated in cellular survival and the
pro-proliferative BRAF/MEK/ERK pathway.??’ These pathways down-
stream of RAS are under investigation as therapeutic targets as, so far,
direct targeting of RAS using farnesyltransferase inhibitors have not
shown additional clinical benefit in clinical trials when used in older
patients with AML.2?3

Novel recurrent mutations in AML
DNA methyltransfersase 3A (DNMT3A)

DNMT3A is a 130kDa protein encoded by 23 exons on chromosome
2p23. It mediates de novo DNA methylation of cytosine residues and
thus is seen as an epigenetic regulator. Methylation of DNA refers to an
addition of a methyl group (CH;) to the C5 position of cytosine to form
5-methylcytosine (5mcC).??° The predominant target of DNA methy-
lation is ‘CpG’ sites — dinucleotide pairs, on the same strand of DNA,
consisting of a cytosine (C) and a guanine (G) joined by a phosphodiester
bond (p).2>° DNA methylation is associated with the silencing of gene
expression??! and hence is an important epigenetic modification that
mediates a range of processes, including X-chromosome inactivation,
stem cell regulation and genomic imprinting.?>?

Recurring mutations in DNMT3A were first found in AML samples
using next-generation sequencing (NGS) technology in 2010, when they
were found to exist in up to 22% of AML patients,'4’~14° making this
the most common mutation in AML after mutations in NPMI and FLT3.
There is a mutational hotspot in DNMT3A at arginine 882 (R882) where



174 Chapter 3

heterozygous missense mutations account for half of all DNMT3A muta-
tions in AML. Additional mutations (nonsense, frameshift and splice site)
have been found to occur throughout the DNMT3A coding sequence.'>°

Research investigating the leukaemogenic effect of mutations in
DNMT3A suggests that there are two classes of mutations: (i) R882
mutations and (ii) non-R882 mutations.

DNMT3A R882 mutations have been shown to lead to a striking reduc-
tion of de novo DNA methyltransferase activity via a dominant-negative
effect of co-expression of the mutant protein with its wild-type
counterpart.?*> This dominant negative effect leads to focal hypomethy-
lation throughout the genome that is not seen in AML patients with
non-R882 mutations.?*> Murine models have elucidated that when
Dnmt3a is conditionally deleted from HSCs, self-renewal is markedly
favoured over differentiation, giving these cells a clonal advantage over
their wild-type counterparts; however, no leukaemias were observed in
these mice.?**

What has become apparent in human AML through further sequenc-
ing studies, including the 200 AML genomes analysed by the Cancer
Genome Atlas,'®° is that there is a strong co-occurrence of DNMT3A
mutations with mutations in NPM1 and FLT3-ITDs. Indeed leukaemias
with this trio of mutations have been found to cluster together with
distinct mRNA, miRNA and DNA methylation signatures, suggesting
that DNMT3Amut-NPM1mut-FLT3-ITD leukaemia is a distinct entity.!>?
DNMT3A mutations have also been found to be associated with
older patients, a higher WBC and platelet count, M4/M5 morphol-
ogy, intermediate-risk cytogenetics and IDH2 mutations.!47151:235.236
DNMT3A mutations are also found in patients with other haematological
malignancies, including MDS, where they are positively correlated with
mutations in SF3B1 and U2AFI, but negatively correlated with mutations
in another spliceosome gene, SRSF2.230

A recent important study investigating the clonal evolution of AML
demonstrated that DNMT3A mutations arise very early in leukaemia evo-
lution, leading to a clonally expanded pool of pre-leukaemic HSCs from
which AML evolves.!>* This study went on to demonstrate that in AML
patients, HSCs with DNMT3A mutations are able to survive induction
chemotherapy, persist in the bone marrow at remission and provide a
reservoir for disease relapse.!>*

The poorer outcome of AML patients with DNMT3A mtuations!47-23>
may be a reflection of these findings. However, one study has suggested
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that the unfavourable effect of DNMT3A mutations could be overcome
by increasing the dose of daunorubicin during induction therapy.!>!

Isocitrate dehydrogenase (IDH7 and IDH2)

Following whole genome sequencing of a patient with AML MI, a
mutation affecting codon 132 of the cytosolic isocitrate dehydrogenase
gene, IDHI, was noted and subsequently found to occur preferentially in
normal karyotype AML at a frequency of 16%.!%¢ A similar frequency
has been reported by other groups, with the IDHI R132 mutation
occurring typically in those patients with normal cytogenetics and NPM1
mutation.!>1-162:237-239 Mutations have since been identified in the gene
IDH2 at two hotspots, R172 and R140, the latter being more common.
IDH2 mutations similarly affect normal karyotype AML at a frequency of
10-15%.1°1:23% Therefore, approximately 15-30% of AML patients have
mutations in either IDHI or IDH2; however, their prognostic relevance
is unclear. Some studies have suggested an association with a poorer

146,240,241 wwhereas others have found no evidence of an adverse

outcome,
impact.??”?42 The IDH2 mutation has been found in some studies to be
favourable prognostically, but only for the R140Q form.!>1:243

The protein products of isocitrate dehydrogenase genes convert isoc-
itrate to a-ketoglutarate either in the cytosol (IDH1) or in mitochondria
(IDH2) (Fig. 3.15).

Leukaemia-associated mutations in IDH1 and IDH2 result in a
neomorphic enzyme activity whereby a-ketoglutarate is converted into
an oncometabolite 2-hydroxyglutarate (2HG),?**
of histone demethylases and the TET family of 5mC hydroxylases.?*
This results in a hypermethylation phenotype and impaired Tet2
function leading to a block in haematopoietic differentiation.'®! This

a competitive inhibitor

shared pathway of leukaemogenesis is felt to underlie the mutual
exclusivity seen between IDHI/2 mutations and TET2 mutations in AML
patients.!6!

2HG may become an easily accessible biomarker for this form of AML
as it can be measured in the serum of peripheral blood. Clinical trials of
selective inhibitors of the mutant metabolic enzyme 2HG are in progress.

TET2

The ‘ten—eleven-translocation” gene encodes for a protein (Tet2) that
exerts epigenetic effects by converting 5mC to 5-hydroxymethylcytosine
(5hmC) in DNA.24¢ RNAi inhibition of TET2 in cell lines and CD34*
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Figure 3.15 Schematic representation of the IDH1, IDH2 and TET2 pathways.
Mitochondrial IDH2 and cytosolic IDHI1 convert isocitrate to a-ketoglutarate
(a-KG), which is a substrate for TET2 hydroxylation of 5-methylcytosine (5mC)
DNA residues to produce 5hMC. Mutated IDH1/2 converts a-KG further to
2-hydroxyglutarate (2HG), which acts as an inhibitor of TET function as well as
histone demethylases leading to a hypermethylation phenotype and a block in TET2
function. Adapted from Prensner and Chinnaiyan.?”’

stem cells decreases the level of 5ShmC and skews differentiation to the
granulomonocytic lineages.?*”

A conditional knock-out mouse model revealed that conditional loss
of TET2 in the haematopoietic compartment leads to increased stem cell
self-renewal and progressive enlargement of the HSC compartment with
eventual resultant myeloproliferation.?48

Loss of function TET2 mutations were first reported to occur in a
large proportion of myeloid malignancies**® — MDS (19%), myelopro-
liferative disorders (MPN) (12%), secondary AML (24%) and chronic
myelomonocytic leukaemia (CMML) (22%). Since that time, other
studies have shown that TET2 mutations occur in 10-20% of AML, with
some groups reporting them as unfavourable in terms of survival in
CN-AML 151:250.251 ywhereas other studies found no such prognostic effect
in either CN-AML patients or within the ELN subsets.?>? Mutations are
often homozygous and associated with intermediate-risk cytogenetics,
+8 or a normal karyotype and a range of other mutations, especially
ASXLI and NPMI but mutually exclusive of IDHI or IDH2.1>1/161.250
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ASXL1

The additional sex comb-like 1 (ASXLI) gene at 20qll is mutated in a
range of myeloid malignancies including MDS and MPN in addition
to AML. It is a member of the enhancer trithorax and polycomb gene
family (ETP) transcriptional regulators that can either repress or activate
transcription.

ASXLI mutations promote myeloid transformation by interference
with PRC2-mediated histone H3 lysine 27 (K27) trimethylation at
specific sites of transcriptional repression, such as the HOXA cluster.?>?
The majority of the mutations in AML are an exon 12 truncating
mutation, ¢.1934dupG, but other point mutations also are found within
this exon.?>* ASXLI mutations occur more commonly in secondary AML
and in older patients, with an incidence of 10-16% reported in those
over 60 years of age.?>> ASXLI mutations are adverse prognostically in
terms of both CR and OS in all studies to date and are rarely seen to
coexist with NPM1 or FLT3-ITD.!51.254.255

CBL

Investigation of a site of recurrent UPD at 11q led to the discovery of
homozygous mutation in the Casitas B-cell lymphoma gene (CBL). This is an
E3 ubiquitin ligase responsible for terminating tyrosine kinase signalling.
Gain of function CBL mutations constitutively activate FLT3 and KIT
proliferative signalling pathways.?*® Reindl et al. reported exon 8 or 9
CBL mutations in three of 279 cases of AML, restricted to CBF leukaemias
or those with del(11q).?>” Most of these mutations were homozygous.
Such cases had a monoblastic phenotype and a poor outcome. Mak-
ishima et al. found a frequency of CBL mutation of 9% in secondary
AML, suggesting perhaps a role in the malignant evolution of MPD
and MDS.?>8

Splicecosome mutations

Introns in protein-coding genes are removed by spliceosomes in the
nucleus; these are complexes composed of small nuclear RNA (snRNA)
and many protein subunits. Somatic mutations in RNA splicing machin-
ery have been found in the myeloid malignancies and are most prevalent
within the myelodysplastic syndromes,?°*2°° where they are found to
be key early drivers of disease.?®! Mutations in SF3BI are strongly
associated with MDS with ringed sideroblasts (MDS-RS), whereas
mutations in SRSF2 are strongly associated with CMML.?*® Recent
research has identified certain patterns of early mutations which include
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those in the spliceosome factors SF3BI, SRSF2, U2AFI and ZRSR2 as
being highly specific for the diagnosis of secondary AML.?%? This same
study also identified these splicecosome mutations in distinct genetic
subsets within therapy-related AML and elderly de novo AML which had
worse clinical outcome, lower complete remission rates and decreased
BFS.2¢2 Further studies will be needed to understand the functional
effects of spliccosome mutations in leukaemogenesis. A recent study
has suggested that spliccosome mutations only confer a survival advan-
tage to wild-type HSCs in the context of an elderly haematopoietic
compartment.?®> It will be important to address whether age-related
change in the HSC microenvironment or within the HSC itself con-
tributes towards growth advantage in spliccosome mutant cells in aged
individuals.?®

Cohesin complex mutations

Cohesin is a multiprotein complex involved in the regulation of sister
chromatid separation during mitosis. Loss of function somatic muta-
tions have been reported in several of the cohesin factors in ~5%
of AML, including STAG2, RAD21, SMCIA and SMC3.2°* The effect
on leukaemogenesis is unclear, but these mutations are felt to rep-
resent secondary events in clonal hierarchy and contribute to clonal

transformation.2¢’

Other mutations
BCOR

Whole exome sequencing of one normal karyotype AML patient identi-
fied a mutation in BCOR (BCL6 co-repressor) on Xpl1.4. Such a mutation
had a frequency of 3.8% in unselected normal karyotype AML patients,
was associated with DNMT3A mutation and showed a trend to inferior

outcome.2%¢

PHF6
The gene for plant homeodomain finger 6 (PHF6) on Xq26 is seen to be
mutated in ~3% of cases of adult AML, are more common in males and

are of adverse prognostic significance.!”!

PTPNI11
PTPNI11 mutations have been closely associated with normal karyotype
AML occuring with a case prevalence of 5% in adult AML however these
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mutations have not been shown to effect overall survival or relapse-free

survival of patients.?¢”

Emerging concepts and future directions

Age-related clonal haematopoiesis (ARCH)

Significant insights into the clonal evolution of myeloid malignancies
have recently been gained by four studies showing that clones founded
by myeloid leukaemia-associated mutations are relatively common in
the blood of healthy individuals and become much commoner with
age, a phenomenon referred to as age-related clonal haematopoiesis
(ARCH).263:268-270 Indeed, one study estimated that ARCH is an almost
inevitable consequence of ageing.?®> It is likely that ARCH is the pre-
cursor of the great majority of myeloid malignancies, although only a
small minority of cases will ever culminate in malignancy. Mutations
in DNMT3A, TET2, JAK2 and ASXLI mutations were seen to be the
most common drivers of ARCH in each study and were observed in
individuals as young as 25 years old.

Distinct patterns of ARCH have been observed to occur during ageing
whereby mutations in the spliceosome genes SRSF2 and SF3BI emerged
only after the age of 70 years, but thereafter their prevalence increased
exponentially in subsequent decades.?®®> These findings indicate that
spliceosome gene mutations only drive clonal expansion under selection
pressures particular to the ageing haematopoietic system and explains
the high incidence of MDS and AML associated with these mutations in
advanced old age.?®> Convergent evolution, whereby evolution occurs
to overcome a shared selective pressure, has been proposed in models
of ageing and cancer'#>2’! and has been proposed as an explanation of
the distinct age-related occurrence of spliceosome mutations found in
healthy ageing individuals in this study.

Application of genomic technologies to the diagnosis
of AML
NGS in the diagnostic laboratory

Next-generation sequencing can rapidly identify point mutations, SNPs,
translocations and chromosomal insertions and deletions at a clonal and
subclonal level down to allele frequencies of 1-2%. It is clear that NGS
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technology will play an important role in the future diagnosis of malig-
nancy, not just in haematology, but throughout pathology services. It
is envisaged that NGS will work in parallel with established techniques
with the aim that they will work in concert with each other to drive for-
ward a personalized approach to the diagnosis of cancer. To streamline the
implementation of NGS in the diagnostic laboratory it will be important
to design bespoke assays targeted to the malignancy in question and
have validated bioinformatic pipelines tested prior to implementation.
It is anticipated that the WHO classification of myeloid malignancies will
soon be updated to incorporate more molecular markers. It is likely that
risk stratification protocols will follow suit such that molecular profil-
ing of many genes at diagnosis will become the norm in the molecular
era of AML. Targeted sequencing assays are also able to determine copy
number?7227% in an accurate quantitative way, which may have added
benefits above current cytogenetic techniques.

Figure 3.16 Representative colour karyotype after M-FISH. Chromosomes were
obtained from an AML-derived cell line, GF-D8. The structural abnormalities
identified (arrowheads) are t(5;15), der(7)t(7;15), der(8)ins(8;11);der(11)t(8;11)
and t(11;17). In this cell line, the der(Y)t(Y;12) was visible, but ditficult to identify
accurately. From Tosi et al.?8° Reproduced with permission from John Wiley & Sons.
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Advanced karyotyping

Early ‘molecular cytogenetic’ techniques such as M-FISH and spectral
karyotyping (SKY)?7* offered the potential of unravelling complex
karyotypes and identitying chromosomal translocations using a
24-colour karyotyping approach (Fig. 3.16). Comparative genomic
hybridization (CGH) compares the genomic composition of tumour
tissue with that of normal tissue.?”> The application of CGH made it
possible to identify regions of chromosomal loss and gain via global
genomic analysis at an improved resolution compared with conventional
G-banding. Subsequently, array-CGH and single-nucleotide polymor-
phism (SNP) arrays provided a means of identifying subcytogenetic areas
of genomic amplification and deletion, collectively termed copy number
aberrations (CNAs) (Fig. 3.17).

The application of this approach to AML was reviewed in Struski
et al. in 2002.27° One study using CGH in 127 cases of AML found
copy number alterations and unbalanced translocations with a concor-
dance compared with standard cytogenetics of 72.5%.277 Additional
information was obtained in 20%, butt CGH failed to detect low-level
unbalanced translocations in 7.5% of patients. Similarly, 201 acquired
copy number abnormalities (CNAs) were found in 86 adult AML
genomes when genome-wide copy number analysis was performed
with paired normal and tumour DNA using SNP arrays.”* Copy number
abnormalities ranged in size from 35kbp to 250 Mbp and affected all
chromosomes. Approximately 50% had no CNA and the average num-
ber of CNAs per genome was 2.34. Normal karyotype cases had a CNA
frequency of 24%, which increased to 40% in cases with an abnormal
karyotype. Thirty-four of 86 genomes were shown to contain alterations
not found by conventional cytogenetic analysis. SNP array analysis
additionally demonstrates acquired somatic uniparental disomy (UPD).
UPD is now recognized as a mechanism for loss of heterozygosity (LOH)
and one study found a UPD frequency of 12% in normal karyotype
AML patients, typically at 6p, 11p or 13q.%*

Conclusion

The rapid development of genomic technology has enabled us to enter a
new era of research and therapeutics in AML. Comprehensive molecular
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Figure 3.17 Example of high-resolution, genome-wide SNP array data obtained using test DNA from a patient with AML. SNP array
analyses differ from conventional aCGH analyses in that only the test DNA is used. The resulting fluorescent signals are then compared
with those provided from a standard reference group. In this example, AML patient DNA was tested using a high-resolution SNP array
comprising ~300,000 probes. The logR ratio plot (above) shows a region of reduced signal in the test DNA corresponding to a genomic loss
(indicated by the solid bar). The B-allele Freq (BAF) plot (below) was generated using SNP genotyping information. Across the region of
loss, the BAF plot reveals a deviation from the 0, 50 and 100% frequencies that would correspond to AA, AB and BB alleles, respectively,
in a diploid region. The plot indicates also that the loss affects only a proportion of cells; if 100% of cells carried the loss then the BAF
would be either 0% (corresponding to only A alleles on the non-deleted chromosome) or 100% (only B-alleles on the non-deleted
chromosome). In this example, the BAF gives a mixed pattern across the region, reflecting a level of mosaicism in which the majority, but
not all, cells carry the loss. No genomic imbalances were reported in the karyotype. Image courtesy of Dr Samantha J.L. Knight, NIHR
Biomedical Research Centre and Wellcome Trust Centre For Human Genetics, University of Oxford, Oxford, UK.
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profiling involving the use of gene panels and targeted NGS will allow
a more precise diagnosis and identification of patient subsets, especially
amongst the patients with intermediate-risk cytogenetics. It is hoped that
a better understanding of the molecular pathogenesis of AML will trans-
late into improvement of patient outcomes through the development of
novel therapeutic approaches.

Mini-glossary

Allele burden: The fraction of alleles with a specific sequence in
relation to the total number of alleles for the same region of the
genome. For example, a heterozygous mutation in a pure population
of leukaemia cells has an allele burden of 0.5. If 80% of cells are
leukaemic and 20% of cells are normal, the mutant allele burden of
the heterozygous mutation would be 0.8 X 0.5 = 0.4.

Branching evolution (of cancer): A form of clonal evolution of can-
cer that leads to the generation of more than one clone of cells char-
acterized by distinct somatic mutations, but which share at least one
mutation traceable back to a single ancestral cell.

Clonal evolution (of cancer): The stepwise acquisition of mutations
in a founder cell and its progeny leading towards the development of
a cancer.

Co-occurrence (of cancer mutations): The occurrence of two or
more mutations in the same cancer more often than would be
expected by chance.

Convergent evolution (of cancer): A pattern of cancer evolution
during which independent clones expand after acquiring the same
or a very similar mutation. This is unlikely to reflect an increased
likelihood of acquiring the mutation per se and more likely to reflect
the fact that such a mutation is particularly advantageous to the
specific cancer and gives a marked growth advantage when acquired
by chance.

Dominant negative mutation: A heterozygous mutation that leads
to marked or complete loss of function of the coded protein and of the
normal protein coded by the other (wild-type) copy of the gene.

Driver gene or driver mutation: A mutated gene that confers a
selective growth advantage to a cancer cell.

Exome sequencing: Sequencing of all exons in protein-coding genes
within the genome.
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Gain-of-function mutation: A mutation that gives the coded protein
a novel or markedly enhanced function.

Loss-of-function mutation: A mutation that leads to marked or com-
plete loss of function of the coded protein.

Loss-of-heterozygosity (LOH): A genetic modification leading to the
loss of the maternally or paternally derived copy of a genomic region.
This can happen as a result of deletion or uniparental disomy (uPD).

Missense mutation: A nucleotide substitution (e.g. G to T) that results
in an amino acid change (e.g. valine to phenylalanine).

Next-generation sequencing (NGS): DNA sequencing using one of
the methodologies developed since 2005 and which allow massively
parallel sequencing of thousands or millions of fragments of DNA
simultaneously.

Nonsense mutation: A nucleotide substitution that results in the pro-
duction of a stop codon (i.e. TAA, TGA or TAG).

Non-synonymous mutation: A mutation that alters the encoded
amino acid sequence of a protein. These include missense, nonsense,
splice site, gain of translation start, loss of translation stop and indel
mutations.
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CHAPTER 4

Molecular genetics of paediatric
acute myeloid leukaemia*

Marry van den Heuvel-Eibrink, Jasmijn D.E. de Rooij and Christian
Michel Zwaan

Clinical introduction

Epidemiology of AML

In children, the most frequently occurring haematological malignancies
are acute leukaemias, of which 80% are classified as acute lymphoblas-
tic leukaemia (ALL) and 15-20% as acute myeloid leukaemia (AML).
The incidence of AML in infants is 1.5 per 100,000 individuals per year;
thereafter the incidence decreases to 0.4 per 100,000 individuals aged
5-9 years, after which it gradually increases into adulthood, up to an inci-
dence of 16.2 per 100,000 individuals aged over 65 years (SEER Cancer
Statistics Registry USA, 2005-2009).!

The underlying cause of AML is unknown, and childhood AML
generally occurs de novo. Rare cases are preceded by clonal evolution
of preleukaemic myeloproliferative diseases such as myelodysplastic
syndrome (MDS) and juvenile myelomonocytic leukaemia (JMML). In
addition, AML may occur after previous radiotherapy or chemotherapy
(alkylating agents or epipodophyllotoxins) as secondary neoplasm.?>
In elderly AML patients, environmental factors have been suggested
in the pathogenesis of AML, which probably is less relevant in chil-
dren as exposure time is usually short, unless the carcinogenic impact
of an environmental exposure is truly significant.*> In rare cases,
AML occurs in children with underlying genetic diseases, such as
chromosomal-breakage syndromes (e.g. Fanconi anaemia, Bloom

*This chapter is adapted from de Rooij, J.D.E., Zwaan, C.M., van den
Heuvel-Eibrink, M. Pediatric AML: from biology to clinical management. Journal of
Clinical Medicine 2015; 4: 127-149.
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syndrome) or diseases with disturbed myelopoiesis (e.g. severe congeni-
tal neutropenia, Diamond-Blackfan anaemia, dyskeratosis congenita).®”
Excessive telomere erosion might also induce chromosomal instability,
which could predispose to malignant transformation.® Loss-of function
mutations in the telomerase complex genes TERT and TERC were found
in aplastic anaemia and AML (9%) in adults.”!° However, in paediatric
AML, the frequency of TERT and TERC gene variants was not increased
compared with a geographically matched control group.!! Children
with Down syndrome classically present with a unique subtype of AML,
following a transient myeloproliferative disorder in the neonatal period,
which is characterized by mutations in the GATAI gene, occurring as
a first hit.!? Recently, germline mutations in several genes, such as
TP53, RUNXI, GATA2 and CEBPA, have been found in families with an
unexplained high risk of AML, suggesting a familial predisposition to
develop AML.1>-17

Diagnostic approach
AML is a heterogeneous disease with respect to morphology, underlying
germline and somatic genetic abnormalities and clinical behaviour. The
standard diagnostic process of AML is based on a combination of mor-
phology in combination with cytochemistry, immunophenotyping and
cytogenetic and molecular—genetic characterization of the leukaemic
blasts derived from the bone marrow. Thereby, each AML patient
can be classified according to clinically relevant subgroups. The older
morphology-based French-American-British (FAB) classification is
nowadays replaced by the World Health Organization (WHO) classifica-
tion, which also takes genetic abnormalities into account (Table 4.1).181°
Immunophenotyping is generally used to distinguish AML from ALL
and subclassifies paediatric AML according to the cell lineage of origin
and differentiation stage at which the differentiation arrest occurs.
Especially for the diagnosis of FAB types MO and M7, immunopheno-
typing is indispensable.?%2! The majority of chromosomal abnormalities
are detected by conventional karyotyping and complemented with
fluorescence in situ hybridization (FISH) to detect, for instance, relevant
(cryptic) translocations, fusion genes or loss of chromosome material.??
In young children under 2 years of age, it is important to search for
paediatric AML-specific translocations that are not yet acknowledged in
the WHO classification as separate entities, such as t(7;12)(q36;p13) and
t(1;22)(p13;q13).2!
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Table 4.1 The WHO classification of AML and related neoplasms.'’

Category

Morphology

Acute myeloid leukaemia with recurrent
genetic abnormalities

Acute myeloid leukaemia with
myelodysplasia-related changes
Therapy-related myeloid neoplasms
Acute myeloid leukaemia, not otherwise
specified

Myeloid sarcoma
Myeloid proliferations related to Down
syndrome

Blastic plasmacytoid dendritic cell
neoplasm

AML with t(8;21)(q22;922);
RUNXT-RUNXITT1

AML with inv(16)(p13.1922) or
1(16;16)(p13.1;922); CBFB-MYH11

APL with t(15;17)(q22;q12); PML-RARA
AML with t(9;11)(p22;023); MLLT3-MLL
AML with t(6;9)(p23;934); DEK-NUP214
AML with inv(3)(g21926.2) or
1(3;3)(q21;926.2); RPNT-EVI1

AML (megakaryoblastic) with
1(1;22)(p13;913); RBM15-MKLT

Provisional entity: AML with mutated NPM1
Provisional entity: AML with mutated CEBPA

AML with minimal differentiation

AML without maturation
AML with maturation
Acute myelomonocytic leukaemia
Acute monoblastic/monocytic leukaemia
Acute erythroid leukaemia
Pure erythroid leukaemia
Erythroleukaemia, erythroid/myeloid
Acute megakaryoblastic leukaemia
Acyte basophilic leukaemia
Acute panmyelosis with myelofibrosis

Transient abnormal myelopoiesis

Myeloid leukaemia associated with Down
syndrome

Treatment and outcome

205

The clinical outcome of paediatric AML has improved significantly over
the past decades, with current long-term survival rates of ~70%.2>73°
This improvement is mainly due to intensification of chemotherapeutic
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regimens, enhanced risk-group stratification and improved supportive
care. Risk-group stratification is usually based on cytogenetic abnor-
malities present in the leukaemic blasts and on early response to
treatment, either measured as the complete remission (CR) rate after
one or two courses or applying minimal-residual disease measure-
ments. The backbone of most chemotherapeutic regimens consists of
four or five cycles of intensive chemotherapy consisting of cytarabine
plus an anthracycline, to which other drugs are added. The added
value of haematopoietic stem cell transplantation (SCT) in paediatric
AML is under discussion, as in general the reduction in relapse risk
is counterbalanced by procedure-related deaths and is also dependent
on the intensity or prior induction chemotherapy.>! SCT in first CR
is therefore currently only recommended for certain high-risk cases
in most European protocols, whereas SCT plays a more prominent
role in most North American treatment protocols.>? Despite intensive
treatment, 30-40% of patients relapse and their outcome is poor, with
38% of patients surviving in the largest and most recent series reported
to date.??

Because of the high frequency of treatment-related deaths (5-10%)
both in treatment protocols for newly diagnosed and for relapsed disease
and because of long-term side effects such as anthracycline-induced
cardiomyopathy, further intensification of chemotherapy seems
no longer feasible.>* Therefore, knowledge of the molecular and
genetic background is of utmost relevance in order to detect novel,
leukaemia-specific treatment targets.

Relevant molecular and genetic aberrations in
paediatric AML

Type l/ll aberrations and their non-random associations

AML is thought to arise from at least two classes of cooperating genetic
events (Fig. 4.1).%> Type I abnormalities result in increased, uncontrolled
proliferation and/or survival and are often activating mutations of genes
involved in signal transduction pathways, such as FLT3, C-KIT, N-RAS,
K-RAS and PTPNII. Type II abnormalities impair differentiation and
mainly result from genetic aberrations in haematopoietic transcription
factors, such as the AML-characteristic translocations t(15;17)(q22;q21)/
PML-RARA, 1(8;21)(q22;q22)/AMLI-ETO, inv(16)(p13;q22)/CBFB-MYHI 1
and 11g23/MLL rearrangements, or from mutations in genes such as
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Mutations in epigenetic modifiers
Hydroxymethylation pathway mutations
EZH2 mutations
DNMT3A mutations

Type | mutations 44
Survival advantage

Type Il mutations
Differentiation arrest

o ]

Figure 4.1 Model of cooperating (epi-)genetic events in AML. Different types of
genetic and epigenetic events collaborate in leukaemogenesis.

NPMI1 and CEBPA.>*8 Translocations involving haematopoietic tran-
scription factors often lead to dysregulated gene expression, as a
result of either the fusion partner itself or the recruitment of different
co-factors to the transcription complex. For example, the MLL gene
has histone methyltransferase activity and is part of a chromatin mod-
ifying complex. More than 60 fusion partners have been identified
in AML, but the breakpoint of the MLL gene is highly conserved.
Fusion proteins lead to a gain of function of the MLL complex, result-
ing in inappropriate histone modification and increased expression
of MEISI and specific HOX genes, maintain a stem cell phenotype.
In addition, the presence of DOTIL in the MLL complex has been
shown to be required for the leukaemogenic activity of several MLL
rearrangements and may be a target for treatment.’*~*! Mutations
in epigenetic regulators (e.g. EZH2, ASXLI, DNMT3A) have been
found that add another level of complexity and contribute to both
the maturation arrest and proliferative capacity which are needed to
develop AML.

In paediatric AML, several type I abnormalities are mutually exclusive,
although mutated N-RAS can be found in combination with mutations
of FLT3, C-KIT, K-RAS and PTPN11, and also the combination of WTI
and FLT3. The cytogenetic type II aberrations, including MLL rearrange-
ments, CBF-AML and t(15;17)(q22;q21), are mutually exclusive with
mutations of NPM1, CEBPA (biallelic) and MLL-PTD.*? Most type I abnor-
malities are non-randomly distributed over the different type II-defined
AML subtypes (Figure 4.2).

The most common cytogenetic abnormalities in children are
t(8;21)(q22;922), inv(16)(p13.1g22) [together referred to as core bind-
ing factor (CBF)-AML], t(15;17)(q22;921) and 11q23/MLL-rearranged
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abnormalities (up to 25%) (Table 4.2).4>74¢ Together these account for
approximately half of all paediatric AML cases, a much higher frequency
than in adults. Some translocations, for example t(1;22)(pl13;ql3),
t(7;12)(q36;p13) and t(5;11)(q35;p15.5), are specific to children and are
seldom or never found in adults.#”>4

Only 20-25% of paediatric AML cases are cytogenetically normal,
whereas in adults approximately 50% of cases do not have any cytoge-
netic abnormalities.>>>¢ Of interest, recent work identified single gene
mutations (such as NPMI mutations and biallelic CEBPA mutations),

Paediatric acute myeloid leukasemia
Type || mutations

MLL-rearranged . i
-

= Other/funknowr

WTI and NRAS
= WT1and KRAS

. x "'T' A
s MRAS and KRAS

l FLT3-ITD and NRAS |
Type | mutations

@)
Figure 4.2 Distribution type I/II abnormalities in paediatric AML. (a) The circos plot
depicts the frequency of the type I mutations and co-occurrence of type I
mutations in patients with de novo paediatric AML. The length of the arch
corresponds to the frequency of the type Il mutation and the width of the ribbon
with the percentage of patients with a specific type I mutation or combination of
type I mutations. FLT3-ITD denotes FLT3 internal tandem duplication. (b) The circos
plot depicts the frequency of the type II mutations and co-occurrence of type I
mutations in patients with de novo paediatric cytogenetically normal AML. The
length of the arch corresponds to the frequency of the type II mutation and the
width of the ribbon with the percentage of patients with a specific type I mutation
or combination of type I mutations. FLT3-ITD denotes FLT3 internal tandem
duplication. (See plate section for color representation of this figure.)
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Cytogenetically normal AML
Type Il mutations

[ NPMI
¢ & § %

NUPSE/NSDI

FLT34TD and NRAS™ + & & & FIT3TD

Type | mutations
(b)
Figure 4.2 (continued)

cryptic translocations (NUP98/NSDI) and deregulated gene expression
(e.g. of the BAALC and ERG genes) underlying cytogenetically normal
AML.37.53,57

The distribution of genetic abnormalities differed significantly
between children below and above the age of 2 years. Very young chil-
dren are characterized by a high incidence of MLL rearrangements and
a low incidence of t(8;21)(q22;922), t(15;17)(q22;q21) and CN-AML.
In addition, complex karyotypes are more frequently observed and
t(7;12)(q36;p13) and t(1;22)(p13;ql3) are almost exclusively found in
this age group.*?

Relevance of type l/ll aberrations for outcome and
stratification of paediatric AML treatment

Although the classification and prognosis of paediatric AML are roughly
similar to those of adult AML, some clear differences exist, especially
in the frequency of the underlying genetic changes.**4¢ In general,
good risk abnormalities are more frequent in children. Table 4.3 gives
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Table 4.3 Genetically defined prognostic groups in paediatric AML as proposed by
Creutzig et al.?!:

Prognosis Genetics

Favourable 1(8;21)(922;922)/RUNXT-RUNXTT1
inv(16)(p13.1922) or 1(16;16)(p13.1;922)/CBFB-MYH11
1(15;17)(q22;921)/PML-RARA*
Molecular (in CN-AML)
NPM1-mutated AML
CEBPA double mutation
t(1;11)(921;923)/MLL-MLLT11(AF1Q)

GATATs"
Intermediate* Cytogenetic abnormalities not classified as favourable or adverse$
Adverse -7,9-5 or del(5q)

inv(3)(q21926.2) or
1(3;3)(021;926.2)/RPN1-MECOMI(EVIT-MDS1-EAP)
1(6;9)(p23;034)/DEK-NUP2 14
(7;12)(q36;p13)ETV6(TEL)-HLXBI(MNX1)
(4;11)(q21;23)/MLL-MLLT2(AF4)
1(6;11)(927;923)/MLL-MLLT4(AF6)
1(5;11)(g35;p15.5)/NUP98-NSD1
1(10;11)(p12;023)/MLL-MLLT10(AF10)*
Complex karyotype**

WTTmut/FLT3-ITDT

1(9;22)(q34,911.2)%

=4 — Py — Pl

Frequencies, response rates and outcome measures should be reported by genetic group
and, if sufficient numbers are available, by specific subsets indicated.

*t(15;17)/PML-RARA is treated separately from other AMLs.

fIn particular in DS patients and infants with acute megakaryoblastic leukaemia, analysis of
GATA1s mutations should be included. Identification of GATA1s-associated leukaemia in
trisomy 21 mosaicism can prevent over-treatment.

#Includes all AMLs with normal karyotype, except for those included in the favourable
subgroup; most of these cases are associated with poor prognosis, but they should be
reported separately as they may respond differently to treatment.

8For most abnormalities, adequate numbers have not been studied to draw firm
conclusions on their prognostic significance.

TExcluding recurrent genetic aberrations, as defined in the WHO 2008 classification.
#Results in 1(10;11)(p12;023) are heterogeneous; therefore, intermediate prognosis may
also be adequate.

**Three or more chromosome abnormalities in the absence of one of the WHO-designated
recurring translocations or inversions.

" There are differences in the risk allocation of FLT3-ITD considering the allelic ratio.
#1(9;22) is rare, but it is included because its poor prognostic impact is known.
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an overview of genetically defined prognostic groups in paediatric AML
as proposed by Creutzig et al.,?! based on large studies in Europe and
North America.

Outcome in MLL-rearranged AML is variable and depends on
the translocation partner. For example, the MLL translocation
t(1;11)(q21;923) is associated with very favourable outcome in
paediatric AML. However, the translocations t(6;11)(q27;q23) and
t(10;11)(p12;q23) confer a poor prognosis.’®>® Complex karyotype
(more than three chromosomal abnormalities, excluding recurrent
changes) is associated with poor outcome in adults, but data in children
are inconsistent, due in part to differences in definition and because it
is rare in children.*>4¢ Monosomy 7 is a well-known poor prognostic
factor and confers worse outcome than del(7q) cases.®®© Abnormalities
such as the monosomal karyotype and monosomy 5 or del(5q) are rare
in paediatric AML.®!

The clinical outcome of CN-AML is highly dependent on the presence
of single-gene mutations or cryptic translocations. Of special interest are
NPM1 and biallelic CEBPA mutations, conferring favourable prognosis.
A high allelic ratio of FLT3-ITD versus wild type is considered an adverse
prognostic factor. Other mutations, i.e. of WT1 and NPM1I and the cryptic
translocation t(5;11)(q35;p15.5)/NUP98-NSD1, can modify the prognos-
tic relevance of FLT3-1TD.>362.63

Epigenetic modifiers and hydroxymethylation pathway
mutations
Several genetic abnormalities found in AML affect histone modification
or DNA methylation (e.g. IDHI/2, TET2, DNMT3A, MLL), which sug-
gests that epigenetic changes also contribute to leukemogenesis.®4¢7
Epigenetic profiling was able to distinguish cytogenetic subtypes of adult
AML.%® So far, the frequency of epigenetic regulator mutations in pae-
diatric AML has been remarkably low,°~74 but differences in promoter
hypermethylation of selected genes between paediatric and adult AML
warrant the profiling of DNA methylation in paediatric AML.”> Of note,
these studies may point out subsets of patients eligible for treatment
with demethylating agents or histone modification inhibitors, as was
shown for paediatric ALL.7®

Differences in microRNA expression levels can classify several types
of cancer.”” Profiling studies in adult AML have shown that variations
in microRNA expression patterns are associated with subtypes of AML
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and that specific microRNAs target genes of interest for the biology
of AML.78-% In paediatric AML, microRNA expression patterns also
vary among subtypes of AML, although some differences in expression
patterns of specific microRNAs were observed between children and
adults.!

Further strategies

Further genomic approaches to unravelling the biology
of paediatric AML

In order to provide more insight into the heterogeneity and biology of
AML, genome-wide approaches have recently been employed, although
the success rate is variable. Array-based comparative genomic hybridiza-
tion (array-CGH) and single nucleotide polymorphism (SNP) arrays
identified several regions of loss-of-heterozygosity and recurrent copy
number aberrations (CNAs), albeit with low frequency in AML.8? These
CNAs included aberrations in WT1, NFI and TET2, the last being more
common in adults than in children.?®%7728 Gene expression profiling
could predict the cytogenetic subtypes of AML with high accuracy
and identified a novel subtype characterized by mutation or epigenetic
silencing of CEBPA, although its value for diagnostic purposes remains
limited.?”8487 However, novel genes involved in the pathogenesis of
AML subtypes were identified using this method, such as BRE and
IGSF4.888% High-throughput sequencing led to the identification of
recurrent mutations in IDHI, IDH2 and DNMT3A in adult AML, although
these are rare events in children.®46%6%71.73.74 Whole exome sequencing
revealed a different spectrum of gene mutations in paediatric AML
compared with adult AML.?® Novel techniques such as whole exome
(DNA) and RNA sequencing will allow further elucidation of novel
relevant molecular markers that may be targeted for therapy in the
future.

In addition to discovering novel gene mutations, next-generation
sequencing has also proved to be a powerful tool in the study of clonal
evolution in both adult and paediatric AML.!2 By comparing the muta-
tion spectrum of diagnosis-relapse pairs, it was shown that the founding
clone gained novel mutations and evolved into the relapse clone. More-
over, minor subclones present at diagnosis can survive chemotherapy,
gain mutations and present as dominant clones at relapse. Such data
were already available using a candidate-gene approach in paediatric
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AML.”? Therapeutic targeting of newly identified mutations to prevent
relapse may provide improved outcomes for patients.

Next-generation sequencing can also be applied in order to discover
mutations involved in the progression from predisposing conditions to
AML. For example, comparison of serial samples from a severe congeni-
tal neutropenia (SCN) patient who later progressed to AML revealed 12
acquired mutations during disease progression. The sequential gain of
two CSF3R mutations in this case of SCN implicated the CSF3R gene in
leukaemic transformation.”*

Studies to determine the value of next-generation sequencing tech-
niques in AML diagnostics are ongoing.”>?¢ As the number of gene muta-
tions is constantly increasing, it will be relevant to translate this knowl-
edge into prognostically relevant gene panels that may be sequenced in
a massive parallel way, providing information to guide therapy.

Molecularly targeted therapy
New therapeutic approaches that are more tumour specific and cause
less severe side effects are urgently needed. Some new compounds
directed at specific molecular targets have already been investigated in
early clinical trials in paediatric AML. Tyrosine kinase inhibitors directed
at inhibiting the constitutive activation of the FLT3 gene are among
the best studied drugs in this respect in paediatric AML and include
trials using PKC412, CEP701, AC220 and sorafenib.®”-?8 Of these drugs,
AC220 is the most potent and selective inhibitor.’” Recent data suggest a
potentially generic mechanism of drug resistance when combining these
inhibitors with chemotherapy due to FLT3-ligand upregulation, which
questions their use in this fashion.’” In addition, it is debated whether
FLT3 mutations are tumour driving, but the occurrence of secondary
FLT3 mutations in patients treated with inhibitors may imply tumour
dependency.!%°

Other potential targets in AML consist of KIT and RAS gene muta-
tions. KIT mutations include the imatinib-resistant D816V/Y mutation,
which is, however, sensitive to dasatinib.*?1°! There is an ongoing trial in
adults using dasatinib together with chemotherapy in CBF-AML. No tri-
als have yet been reported using small-molecule RAS-pathway inhibitors,
e.g. MEK inhibitors, after studies using farnesyl transferase inhibitors
failed to show benefit in older patients with AML.!92

Recent data show that inhibition of Aurora kinase B may be bene-
ficial in paediatric AML and initial data on the selective Aurora kinase
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B inhibitor AZD1152 warrant further study.!®® Other potential targets
comprise Polo-like kinase inhibitors and Pim kinase inhibitors.'%410> In
MLL-rearranged AML, efforts are directed at developing targeted therapy,
for instance by inhibiting DOT1L, which is part of the MLL complex.?’
A first-in-man clinical trial with a DOTIL inhibitor, EPZ-5676, is cur-
rently being conducted (NCT01684150).

Conclusion

The heterogeneity of AML is illustrated by the various prognostically rel-
evant molecular and cytogenetic aberrations that have been discovered
in recent years. However, many cooperating events in leukaemogene-
sis still remain unknown. The application of new techniques, especially
next-generation sequencing, will contribute to our understanding of the
genetic landscape of AML and allow the development of targeted ther-
apy in the near future. To achieve such goals for a rare disease such as
paediatric AML, international collaboration is crucial.
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CHAPTER 5
Acute lymphoblastic leukaemia

Anna Andersson, Anthony V. Moorman, Christine J. Harrison and
Charles Mullighan

Introduction

Acute lymphoblastic leukaemia (ALL) is characterized by an expansion
of immature hematopoietic cells, so-called blasts, in the bone marrow
and, frequently, peripheral blood. ALL is the most common childhood
malignancy, with a peak incidence at around 2-5 years of age, with the
total incidence being 3—4 cases per 100,000 each year. It is rarer among
adults, with an incidence of around one case per 100,000 per year. Treat-
ment improvements have increased the cure rate to more than 80% for
children and about 40% for adults, even though there are differences
among the specific ALL subtypes.!? ALL comprises T-cell- (T-ALL) and
B-cell precursor-ALL (BCP-ALL). The discovery of the Philadelphia chro-
mosome in chronic myeloid leukaemia (CML) in 1960° paved the way
for the characterization of leukaemia as a genetic disease. Since then,
it has become evident that chromosomal translocations serve as hall-
marks of leukaemia and that they are intimately associated with specific
leukaemia subtypes and frequently with prognosis. Today, specific chro-
mosomal abnormalities are used in combination with clinical informa-
tion to diagnose and risk stratify patients to clinically relevant subgroups
receiving different therapies.

Chromosomal translocations are the result of the exchange of genetic
material between two chromosomes, resulting in either (i) the juxtaposi-
tion of an oncogene to the vicinity of the strong promoter elements of the
immunoglobulin heavy genes (IGH) or the T-cell receptor genes (TCR),
leading to aberrant expression of the oncogene, or, more commonly, (ii)
the disruption of two genes and subsequent rejoining of their coding
sequences resulting in the creation of a chimeric fusion gene. Typically,
the genes rearranged by the latter mechanism are transcription factors,
which serve as master regulators of normal haematopoiesis. Thus, these
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rearrangements lead to alteration or disruption of the normal genetic
programmes controlled by these transcription factors.* However, even
though chromosomal translocations are a hallmark of leukaemia, it is
well accepted that additional genetic hits are needed for overt leukaemia
to occur. The evidence comes from experimental animal models where
most leukaemia-associated fusion genes alone fail to cause leukaemia.
In addition, it has been shown that paediatric leukaemia can arise in
utero with no evidence of overt leukaemia until several years later,
again indicating the need for additional genetic hits.>® Recently, with
the introduction of high-resolution single-nucleotide polymorphism
(SNP) arrays and next-generation sequencing (NGS) technologies, it has
become clear that in addition to chromosomal rearrangements, DNA
copy-number alterations (CNA) such as sub-microscopic deletions and
amplifications and sequence mutations are common associated genetic
events. Similarly to genes targeted by chromosomal rearrangements in
acute leukaemia, those targeted by CNA commonly play important roles
in key cellular pathways, including the transcriptional regulation of
lymphoid development, cell cycle regulation, tumour suppression, lym-
phoid signalling, regulation of apoptosis and epigenetic modifications.”-8
However, even though whole-genome sequencing studies are starting to
define the genomic landscape,® the total complement of genetic lesions
in leukaemia remains to be determined.

Chromosomal aberrations in BCP-ALL

In BCP-ALL, genetic changes serve an important role in diagnosis,
whilst providing important clinical information. In about 75% of
these cases, significant specific chromosomal rearrangements occur,
including high hyperdiploidy (51-65 chromosomes), the translocation
t(12;21)(p13;922) (encoding ETV6-RUNXI, also known as TEL-AMLI),
t(1;19)(p13;q22) (TCF3-PBX1 or E2A-PBX1), hypodiploidy (<46 chromo-
somes), rearrangements of MLL at 11923, t(9;22)(q34;q11.1)/BCR-ABLI,
rearrangements of the immunoglobulin heavy chain (IGH) and intra-
chromosomal amplification of chromosome 21 (iAMP21), as listed in
Table 5.1. Their relative distributions are shown in Fig. 5.1. This chapter
considers both childhood and adult ALL. Although it is tempting to think
of them as two different entities from the genetic point of view, classifi-
cation of these cytogenetic abnormalities indicates a variable distribution
according to age, as shown in Figure 5.2 and indicated in Table 5.1.
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Figure 5.1 Distribution of the major established cytogenetic abnormalities in
childhood BCP-ALL. t(9;22), t(9;22)(q34;q11); t(12;21), t(12;21)(p13;q22);
t(17;19), t(17;19)(q22;p13); t(4;11), t(4;11)(q21;q923); MLL, other rearrangements
involving the MLL gene; HeH, high hypodiploidy; Hypo (<40), hypodiploidy with
less than 40 chromosomes; iAMP21, intrachromosomal amplification of
chromosome 21; IGH, translocations involving IGH; Normal, normal karyotype;
Other, other chromosomal abnormalities.

For example, the high prevalence of MLL rearrangements, particularly
the translocation t(4;11)(q21;923), in infants less than 1 year of age is
evident. The dramatic decrease in high hyperdiploidy and ETV6-RUNX1
fusion after the age of 10 years is mirrored for by an increase in the
proportion of patients with the translocation t(9;22)(q34;q11) and IGH
translocations into adulthood. iAMP21 occurs in older children and
young adults.

In view of the association with prognosis, based on detailed analy-
sis over a number of clinical treatment trials, cytogenetic subgroups can
be grouped together according to their known risk group to produce
simplified survival curves indicating good, intermediate and poor out-
comes. The components of each risk group are indicated in Figure 5.3a
for childhood and Figure 5.3b for adult ALL. Among the adults, two
intermediate-risk groups have been identified with differing outcomes.

High hyperdiploidy
High hyperdiploidy (51-65 chromosomes) is characterized by a
non-random gain of chromosomes, X, 4, 6, 8, 10, 14, 17 and 18,
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Figure 5.2 Distribution of the most common chromosomal abnormalities according
to age. The abnormalities are colour coded according to the key on the right. Other,
other chromosomal abnormalities; Hap/hypo, hypodiploidy with less than 40
chromosomes; Other MLL, other rearrangements involving the MLL gene; t(4;11),
1(4;11)(q21;q23); t(1;19), t(1;19)(q23;p13); 1(9;22), 1(9;22)(q34;q11); HeH, high
hypodiploidy; ETV6-RUNX]I, tusion from t(12;21)(p13;q22). (See plate section for color
representation of this figure.)
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as shown in the karyogram in Figure 5.4a. It is strongly associated
with paediatric BCP-ALL, found in ~30%, and rarely seen in adult
ALL, ~10%, and even then found among younger adults.!® There is
a pronounced age peak at 2—4 years of age (median age 3.7 years). It
is associated with a favourable prognosis in children, with an overall
survival of ~90%. However, 15-20% of cases relapse, needing salvage
therapy.!!"!? Attempts have been made to identify cytogenetic subtypes
among high hyperdiploid ALL that correlate with outcome, with sug-
gestions that gains of chromosomes 4, 10, 17 and 18 are associated
with a favourable prognosis.!!'1*> About 50% of cases contain structural
abnormalities in addition to the chromosomal gains; most commonly
they are unbalanced changes and include partial gains of the long arm
of chromosome 1 (1q), deletions of 6q and isochromosome of 7q or 17q;
balanced translocations are rarely seen.!* Importantly, cells from high
hyperdiploid cases are difficult to culture with normal cells outgrowing
the abnormal cells, hence cytogenetic analysis often fails. In such cases,
DNA indexing and/or fluorescence in situ hybridization (FISH) analyses
are fundamental technologies to detect high hyperdiploidy accurately in
clinical diagnosis.!’
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Figure 5.3 Kaplan—-Meier survival curves. (a) Event-free survival of childhood
BCP-ALL classified according to genetic risk group as indicated. Blue, good risk; red,
intermediate risk; green, high risk. (b) Overall survival of adult BCP-ALL classified
according to genetic risk group as indicated. Data taken from the childhood ALL
trial, UK ALL2003 and UKALLXII/ECOG2993 adult trial. MRC UKALLXII?7-¢¢,
Yellow, good risk, green, two intermediate risk groups; red, BCR-ABLI positive; blue,
high risk. (See plate section for color representation of this figure.)
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Figure 5.4 Common cytogenetic abnormalities found in BCP-ALL. (a) A high hyper-
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(b)

diploid karyogram with gains of chromosomes 4, 5, 6, 10, 14, 17, 21 (gain of 2

copies) and X. (b) FISH of the MLL rearrangement, t(11;19)(q23;p13.6)/MLL-MLLT1.
The normal chromosome 11 shows the closely apposed red and green signals, the
abnormal chromosome 11 shows the green signal (5’MLL) only with the red signal
(3’MLL) translocated to the abnormal chromosome 19. (c) Karyogram showing the
translocation t(9;22)(q34;q11). (See plate section for color representation of this figure.)
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Figure 5.4 (continued)

Little is known about the molecular consequences of high hyper-
diploidy, but a general dose effect of certain loci on the gained
chromosomes has been suggested, in addition to imprinting,'®!”
which is selective expression of a gene dependent on the parent of
origin. However, subsequent studies have been unable to support
this suggestion.!®!” Indeed, gene expression studies have shown that
generally there is an increase in the expression of genes on the gained
chromosomes, while some genes on the gained chromosomes display
a substantially higher or lower expression. This observation suggests
that alternative mechanisms, such as mutations or methylation, may
result in deregulated gene expression.?%2! This hypothesis is supported
by recent genome-wide cytosine methylation profiling of ALL, showing
that a substantial proportion of genes on triploid chromosomes that
do not show increased expression are subject to methylation-induced
silencing.?? The molecular evidence behind the formation of high
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hyperdiploidy points to two major routes, with the most common (70%)
being simultaneous gain of chromosomes in a single abnormal cell
division and, less commonly (30%), initial tetraploidy with subsequent
loss of chromosomes.!*

Cooperating mutations in high hyperdiploid ALL include activat-
ing mutations in the receptor tyrosine kinase/RAS pathway (FLT3
in 10-25%, KRAS/NRAS in 15-30% and PTPNII in 10-15%). These
mutations appear to be mutually exclusive, suggesting that activation of
the RAS pathway or kinase signalling are important cooperating events
in this ALL subtype, with approximately one-third of such cases having
activation of these pathways upon target gene resequencing.?®> Recently,
a study of 16 cases of relapsed high hyperdiploid ALL identified muta-
tions in the CREB-binding protein (CREBBP) in 63% of cases.?* CREBBP
mutations have also been found in 18% of relapsed high-risk ALL.?> The
increased frequency of CREBBP mutations in relapsed high hyperdiploid
ALL suggest that CREBBP status could be used as a parameter to predict
early relapse.

1(12;21)(p13;922)/ETV6-RUNX1
The t(12;21)(p13;q22)/ETV6-RUNX] fusion is identified in about 25% of
childhood BCP-ALL, yet is extremely rare in adults.?°! The transloca-
tion is usually cryptic on cytogenetic analysis and was first identified by
FISH in 1994.%2 This translocation fuses the ETS variant 6 (ETV6, formerly
TEL) gene at 12p13 to the runt-related transcription factor 1 (RUNX1, for-
merly AMLI) gene at 21q22 to create the ETV6-RUNXI fusion gene.>>34

The presence of ETV6-RUNXI at diagnosis correlates with a good
prognosis and recent data indicate that the overall survival can be
further improved to 99% on contemporary risk-directed therapy.>®> The
rearrangement commonly arises in utero but the prolonged latency to
overt leukaemia and twin studies, together with screening of normal
cord blood, have shown that the ETV6-RUNXI fusion gene is present at a
100-fold higher incidence than the corresponding risk of the leukaemia,
suggesting that additional genetic events are needed for the develop-
ment of this disease.** The most common secondary genetic event in
ETV6-RUNXI-positive ALL is deletion of the other ETV6 allele,**4! and
also other sub-microscopic copy-number alterations.”

RUNXI (or another RUNX family member, such as RUNX2 or RUNX3)
encodes the heterodimeric partner of the core-binding factor gene
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(CBFB). Together they constitute the core binding factor (CBF) tran-
scription factor complex, which is a master regulator of genes that are
essential for haematopoiesis. The CBF complex regulates the expression
of a large number of genes with pivotal roles in haematopoiesis, includ-
ing IL3%* and GM-CSE#* RUNXI also functions as a transcriptional
repressor*> with the C-terminal part interacting with Groucho-related
co-repressors.** Knock-out of Rumxl or Chfb causes central nervous
system (CNS) haemorrhage, lack of fetal haematopoiesis and embryonic
lethality.*>4® RUNXI is a member of a family of transcription factors
with homology to the Drosophila pair-rule gene, runt. It has a strong
DNA binding domain (runt homology domain), which is retained in
all fusion genes. Cloning of ETV6-RUNXI revealed that the N-terminal
helix-loop—helix domain of ETV6 is fused to almost the entire RUNX1
protein.>>3* BTV6 is widely expressed and, when fused to RUNXI, the
expression of RUNX1 will be driven by the promoter of ETV6. It is
concluded that the fusion protein likely functions as a transcriptional
repressor that alters the expression of RUNXI target genes.

t(1;19)(q23;p13)/ITCF3-PBX1

The translocation t(1;19)(q23;pl13) results in expression of the
TCF3-PBX1 fusion gene, present in about 6% of childhood and adult
BCP-ALL, with a higher incidence in younger adults.*’”~** TCF3-PBX1
ALL was originally considered to be a high-risk leukaemia that often
presented with CNS involvement and an increased risk of relapse.’® On
modern intensive protocols, patients with TCF3-PBX1I tusion are classified
as standard risk, although it remains an independent risk factor for CNS
relapse.’!>2 At the cytogenetic level, the translocation occurs either as a
balanced t(1;19) or, more commonly, as an unbalanced der(19)t(1;19)
with duplication of 1q distal to PBXI. Originally, it was suggested that
the unbalanced form correlated with an improved survival,>® although
this was not confirmed in later studies.>?

The t(1;19)(q23;p13) disrupts the basic-loop-helix transcription factor
TCF3 (E2A) at 19922 and the homeobox-containing gene PBX! at 1p13.
The TCF3 gene encodes two protein products, E12 and E47. Both are
required for normal B-cell development. PBXI is a transcription factor
normally not expressed in lymphoid lineages, which can bind directly to
HOX genes or to MEIS1.>* The TCF3-PBX1 fusion retains the transactiva-
tion domain of TCF3, but loses its DNA binding domain. This domain is
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replaced by the homeodomain of PBX1, which likely functions as a tran-
scriptional activator. Thus, the fusion protein continues to bind to HOX
genes, but not MEISI. TCF3-PBX1 results in the deregulated expression of
PBX/HOX target genes, and also disruption of TCF3, which is critical for
normal B-cell development.

t1(17;19)(q22;p13)/TCF3-HLF

A variant of the t(1;19) translocation results in fusion of the HLF
gene, located at 1722, to TCF3 as a result of the t(17;19)(q23;pl13)
translocation.”® At the molecular level, two types of rearrangements
give rise to chimeric oncoproteins, which comprise either exons 1-13
(type 1) or exons 1-12 (type 2) of TCF3 and exon 4 of HLF. These two
molecular subgroups strongly correlate with specific clinical features:
type 1 with disseminated intravascular coagulation and type 2 with
hypercalcaemia.’® This translocation is very rare, with an estimated
incidence of 0.1% in BCP-ALL.” Patients are older with a median age
of 13 years (range 8-18 years) and a low white blood cell count (>50 X
10°/L). However, all known patients relapsed and died within 2 years
of diagnosis.’® Therefore, despite the rarity of this translocation, it is
important that these patients are accurately identified.

Hypodiploidy
Hypodiploidy (<46 chromosomes) is a rare subtype of ALL, seen in
about 5% of BCP-ALL. It can be divided into three genetic subtypes;
near haploidy (23-29 chromosomes), low hypodiploidy (30-39 chro-
mosomes) and high hypodiploidy (40-45 chromosomes). The poor
outcome of hypodiploid ALL is mainly restricted to patients with <45
chromosomes.”®>? It is common for leukaemic cells with 23-29 or 30-39
chromosomes to undergo doubling of their chromosome number by
endoreduplication so that a cell population coexists with a modal num-
ber in the hyperdiploid or triploid range. Importantly, the hypodiploid
clone may not always be evident at diagnosis if present in only a minor
subclone. Hence interphase FISH and/or flow cytometry should be used
in combination with cytogenetic analysis at diagnosis to ensure accurate
detection of hypodiploid clones, which determines the prognosis.
Patients with near haploidy (23-29 chromosomes) tend to be younger,
with a median age of 7 years. The prognosis is dismal, with a 3-year
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event-free survival of only 29%. The most frequent chromosomal addi-
tions to the haploid set are chromosome 21 and the sex chromosomes,
chromosomes 14 and 18. Structural rearrangements are rare.

Low hypodiploid (30-39 chromosomes) patients tend to be older than
those with near haploidy, the majority being 10 years or older with a
median age of 15 years. Similarly to near haploidy, duplication of the
low hypodiploid clone is common, while structural abnormalities are
more frequent. The pattern of chromosomal gains is distinct from the
near haploid cases with the exception of the gain of chromosomes 21,
X orY, 14 and 18, which are shared between the two groups. The most
commonly gained chromosomes onto the haploid complement include
chromosomes 1, 11, 19, 10, 22, 5, 6, 8, 2 and 12. Only chromosomes 7
and 17 have reported to always be monosomic. The prognosis of this ALL
subtype is equally poor to that of near haploid ALL.

High hypodiploidy (42-45 chromosomes), accounts for the majority
of hypodiploid cases, with the modal number of 45 being by far the most
frequent. Among these patients, the most common loss is that of a sex
chromosome, with loss of chromosomes 7, 9, 13 and 17 less frequently
described. In a large MRC trial, this ALL subtype had an event-free sur-
vival of 66%.°8 However, in a more recent study, there was no difference
in the poor outcome among childhood cases with 24-29, 30-39 or a sub-
group of patients characterized by 40-43 chromosomes.>’

Among the high hypodiploid group, the overall reduction in chro-
mosome number was commonly due to unbalanced translocations in
the form of dicentric chromosomes. Chromosome 9 was the most fre-
quently involved chromosome, particularly in the formation of dic(9;20),
followed by chromosomes 7 and 12. Most cases had a complex karyotype
with no duplication of the original clone.

Until recently, little was known about the additional genetic alter-
ations underlying the pathogenesis and poor prognosis of hypodiploid
ALL. A recent study of over 120 hypodiploid ALL cases, using a range
of molecular and NGS techniques, clearly demonstrated that near
haploid and low hypodiploid ALL have distinct transcriptomic signa-
tures, sub-microscopic DNA copy-number alterations and sequence
mutations that differ from other BCP-ALL subtypes.®® The majority of
near haploid cases harbour mutations activating Ras signalling (NFI
in 40% of cases, but also NRAS, KRAS and PTPNII) and inactivating
deletions and mutations of the IKAROS family gene IKZF3 (AIOLOS).
Close to 100% of low hypodiploid cases have mutations of the tumour
suppressor gene TP53 and inactivating mutations of a third IKAROS
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family member, IKZF2 (HELIOS). Hypodiploid cells from both near
and low hypodiploid cases exhibit activation of Ras-Raf-MEK-ERK and
phosphatidylinositol-3-OH kinase (PI3K) signalling that is sensitive
to PI3K and PI3K/mTOR inhibitors, suggesting that PI3K inhibition
may provide a novel therapeutic approach. An unexpected finding
was that the TP53 sequence mutations identified in low hypodiploid
ALL were commonly present in matched non-tumour DNA, suggesting
germline inheritance. This has been confirmed in a limited number of
tamily studies, indicating that low hypodiploid ALL is a manifestation of
Li-Fraumeni syndrome.®%%! Additional deleterious germline mutations
were identified in other hypodiploid ALL cases, including activating
mutations of NRAS and PTPNI1!. Hence detailed analysis of the role of
inherited mutations in the pathogenesis of ALL is of increasing interest.

11q23/KMT2A (MLL) gene rearrangements

Rearrangements of the mixed lineage leukaemia (MLL) gene at chro-
mosome band 1123 are common in acute leukaemia, in particular
among infants, where >75% carry a rearrangement.®*%> Although MLL
rearrangements are seen in all age groups, and in both lymphoid and
myeloid leukaemia, they are present in 3% of childhood ALL®* and
in 9% of adult leukaemia cases.®>°® The prognosis of MLL-rearranged
infant leukaemia is very poor, with an event-free survival of ~37%.67/%8
Among older children with ALL, the event-free survival is ~45%, with
the t(4;11)(q21;q23) being associated with a worse prognosis.®’

MLL is a promiscuous gene, with more than 100 fusion sites iden-
tified so far,’® although five specific partners account for around
80% of the MLL fusions: t(4;11)(q21;q23)/MLL-AFF1(AF4), t(9;11)
(p22;q23)/MLL-MLLT3(AF9),  t(11;19)(q23;p13.3)/MLL-MLLTI(ENL),
t(10;11)(p12;q23)/MLL-MLLTI0(AF10) and t(6;11)(q27;q23)/MLL-MLLT4
(AF6). For accurate diagnosis of MLL rearrangements, a combination of
genetic and molecular analyses is required, in addition to cytogenetics
(Figure 5.4b).

Childhood leukaemias containing MLL rearrangements are character-
ized by an early leukaemic initiation (likely in utero for most childhood
cases), both lymphoid and myeloid features, and a poor outcome, repre-
senting a unique entity. DNA sequence analysis of MLL revealed striking
homology to the Drosophila trithorax (trx) gene, spanning ~100 kb. It con-
sists of at least 37 exons and encodes two protein products, one major
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and one minor.”"72 Chromosomal translocations disrupt MLL and cre-
ate fusion genes with the N-terminal portion of MLL fused to a partner
gene. The breakpoints cluster in an 8.3 kb region (exons 8-14) located
N-terminal of the proteolytic cleavage sites, resulting in the loss of the
SET domain.

MLL fusions are transcriptional activators leading to increased
expression of HOXA cluster genes, in particular HOXA9 and its cofactor,
MEISI, but also some miRNAs, such as miR-17-93 and miR-196b.7>-7>
In addition, miR-150, was recently identified to be down-regulated
in leukaemias containing an MLL rearrangement; miR-150 normally
down-regulates the expression of FLT3, which is often over-expressed
in MLL-rearranged leukaemia and known to cooperate with MLL in
the leukaemogenic process.’® Targeted therapies for MLL-transformed
leukaemia is attractive owing to the aggressiveness of this disease.
One promising target is the methyltransferase DOT1L, which interacts
directly or indirectly with several of the MLL fusion partners. Selective
killing of cells with MLL rearrangements upon exposure to EPZ004777,
a potent inhibitor towards DOTIL, has been shown.”” In addition,
inhibitors directed towards the protein—protein interaction between
MLL tusion proteins and menin show promising results, with reversal of
the oncogenic activity of MLL-rearranged leukaemias.”®

1(9;22)(q34;911.1)/BCR-ABL1

The 1(9;22)(q34;q11.1)/BCR-ABLI results in the formation of the
Philadelphia chromosome (Ph), which is the hallmark of chronic
myeloid leukaemia (CML). It is found in 25% of adult ALL and in about
3% of paediatric ALL, in which these children tend to be older (median
age 8 years).”” The Ph was first identified by Nowell and Hungerford in
1960,> and in 1973 Dr Janet Rowley discovered that the Philadelphia
chromosome was the product of a reciprocal chromosomal translocation
between chromosomes 9 and 22,8° as shown in Figure 5.4c. More than
10 years later, in 1985, it was recognized that the t(9;22)(q34;q11) fused
the human homolog of the Abelson murine leukaemia virus, ABLI,
at 9g34 to a 5.8 kb region of chromosome 22, named the breakpoint
cluster region (BCR) gene at 22q11.8! Subsequently, this rearrangement
was shown to result in the BCR-ABLI fusion gene, which encodes either
a 210 kDa chimeric protein, a variant which is tightly associated with
CML, or a smaller 190 kDa variant protein, which is more often asso-
ciated with ALL.8? Both proteins were shown to have altered tyrosine
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kinase activity.®> The BCR gene encodes a serine/threonine kinase and
the ABLI gene encodes a protein that is structurally similar to the
Src family of kinases. The leukaemogenic properties of BCR-ABLI are
linked to increased activity of ABL1, also required for transformation of
haematopoietic cells. Upon transformation, multiple signalling pathways
become activated, including RAS/MAPK, STAT, PI-3 kinase, JNK/SAPK
and NF-kB,% resulting in deregulation of apoptosis, differentiation and
cell adhesion.

At the chromosomal level, about 60% of Philadelphia-positive ALL
have additional secondary aberrations present at diagnosis, including
gain of a second copy of the Ph, a hyperdiploid karyotype or —7/7q-.10-%°
Therefore, in these cases with a hyperdiploid karyotype, it is important to
identify the Ph so that the patient is treated appropriately with tyrosine
kinase inhibitor (TKI) therapy. Approximately 70% of Ph-positive ALL
have deletions of the B-cell differentiation gene IKZFI (see below).5¢
In a minority of cases, the t(9;22) is cryptic by cytogenetic analysis,
although the BCR-ABLI fusion can be detected by polymerase chain
reaction (PCR).%7

The BCR-ABLI fusion is associated with poor prognosis in all age
groups, a high incidence of CNS involvement at diagnosis, a high white
blood cell count and early development of multidrug resistance.®® In pae-
diatric Ph-positive ALL, the 3-year event-free survival was about 25%.%°
However, with the recent introduction of the tyrosine kinase inhibitor
imatinib mesylate, the historically poor outcome of BCR-ABLI-positive
ALL has improved. In one study, where a combination of conventional
intensive chemotherapy and imatinib was used, a significantly improved
event-free survival of 80% was achieved in children.’® In addition,
by using second-generation TKIs, such as dasatinib and nilotinib,
the suppression of the BCR-ABLI1 kinase activity may become even
more potent, potentially resulting in further improved outcomes.”!%2
Ph-positive ALL in adults is also associated with very poor prognosis and
a high relapse rate.”> However, the use of imatinib has also resulted in
improved outcome for this age group.”®%*

Intrachromosomal amplification of chromosome 21
(iIAMP21)

iAMP21 is characterized by gain of at least three additional copies of a
large region of chromosome 21 that always includes RUNX1.7°-°% The
abnormal chromosome 21 has a complex structure of alternating gain
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Figure 5.5 iAMP21 cytogenetics and array profiles. In the box on the left, four pairs
of chromosomes 21 are shown from four different patients, indicating the variability
of the iAMP21 chromosome. On the right are three array CGH profiles of
chromosome 21 from three different iAMP21 patients showing the variability in
copy number between patients.

and loss along the chromosome 21 long arm (Fig. 5.5). It is defined as
a primary cytogenetic change, usually observed in patients lacking other
key cytogenetic alterations, although rare cases of iAMP21 in associa-
tion with ETV6-RUNXI and BCR-ABLI have been described.”® Patients
with iAMP21 have a high risk of relapse when treated on standard ther-
apy, although outcome has been dramatically improved with intensive
chemotherapy.'%%!°! The nature of cooperating lesions and the role of
iAMP21 in driving an aggressive leukaemia are currently poorly under-
stood.

Complex karyotype

Few studies have classified ALL karyotypes according to their complex-
ity. The definition used within adult ALL is the presence of five or more
chromosomal abnormalities in the absence of an established transloca-
tion or ploidy group, which occurs in ~5% of adult BCP-ALL.%¢ Although
this subgroup does not appear to be associated with sex, white blood cell
count or immunophenotype, there is an indication that the incidence
increases with age among adults.#” Most significantly, karyotype com-
plexity in adult ALL is associated with increased risk of relapse and death,
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with an overall survival of 20-25%.47-1°2 In UK adult ALL treatment tri-
als, these patients are now treated as high risk.

Submicroscopic genetic alterations in BCP-ALL

Microarray-based profiling of DNA permits the identification of genomic
copy-number alterations (CNA) (deletions and gains) at sub-kilobase res-
olution. Widely used platforms include single-nucleotide polymorphism
(SNP) microarrays (e.g. Affymetrix and Illumina) that also permit inter-
rogation of copy-neutral loss of heterozygosity (CN-LOH, also known
as acquired uniparental disomy) and array-based comparative genomic
hybridization (array-CGH) (e.g. Agilent and Roche-Nimblegen).?> Sev-
eral groups have reported SNP array and array-CGH profiling results in
childhood ALL.7193-105 These studies have shown that, although ALL
genomes typically harbour fewer structural alterations than many solid
tumours, over 50 recurring deletions or gains have been identified, many
of which involve a single gene or a few genes.

The genes most frequently involved in CNA encode proteins with
key roles in lymphoid development (e.g. PAX5, IZKFI1, EBFI), cell cycle
regulation and tumour suppression (CDKN2A/CDKN2B, RBI), putative
regulation of apoptosis (BTGI), lymphoid signalling, transcriptional reg-
ulation and co-activation (ETV6, ERG), regulation of chromatin structure
and epigenetics,”'% and also deletion of the glucocorticoid receptor
NR3CI. Their relative distribution is shown in Figure 5.6a. Sanger
sequencing studies have identified recurring sequence mutations, which
in B-lineage ALL most commonly affect lymphoid development (PAX5
and less commonly, IKZF1), Ras signalling (NRAS, KRAS and NFI),
cytokine receptor signalling (IL7R, JAK2) and tumour suppression
(TP53) (Figure 5.6b).'1% Importantly, several genes are involved in
multiple types of genetic aberrations, including CNA, translocations and
sequence mutation (e.g. PAX5).

The nature and frequency of genetic lesions are subtype dependent.
For example, MLL-rearranged leukaemia harbours very few additional
structural or sequence alterations, whereas in contrast, the majority of
non-MLL ALL harbour increased numbers of recurring sub-microscopic
deletions, for example, at least 6-8 per case in ETV6-RUNXI and
BCR-ABL1 ALL.786107-109 Tn BCP-ALL, this is driven in part by the
activity of the recombinase activating genes (RAG) that induce focal
deletions resulting in a selective advantage of lymphoid progenitors.
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Figure 5.6 Distribution of copy number abnormalities and mutations in BCP-ALL.
(a) Deletions of significant genes, PAR1, deletions within the pseudoautosomal
region of the sex chromosomes. (b) Mutations in significant genes colour coded
according to the signalling pathway to which they belong: purple, RAS signalling;
blue, B-cell development genes; red, cell cycle control; green, JAK-STAT pathway,
black, others. Deletions and mutations are not mutually exclusive. (See plate section
for color representation of this figure.)

Emerging experimental data have shown that several of these alterations
cooperate in leukaemogenesis.! 111!

Alteration of transcription factors in BCP-ALL

Deletion, sequence mutation or rearrangement of genes encoding
transcriptional regulators of lymphoid development is a hallmark of
BCP-ALL. Alteration of PAX5 (~35%), IKZF1 (~15%) and EBFI (~5%)
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are the most common alterations, with at least two-thirds of BCP-ALL
harbouring one or more lesions in this pathway.”-!!? These alterations
are usually loss of function or dominant negative lesions resulting in
arrested lymphoid maturation, which is characteristic of leukaemic
cells. Notably, although PAX5 alterations are the most common genetic
alteration in BCP-ALL, they are not associated with outcome.!'>!13 In
contrast, alteration of IZKFI (IKAROS) is a hallmark of two types of
high-risk ALL: Ph-positive ALL8¢!14115 and BCR-ABLI-like (Ph-like)
ALL116-118 JK7F] encodes IKAROS, the founder member of a family
of zinc finger transcription factors required for the development of all
lymphoid lineages.!!® IKZFI alterations include focal or large deletions
that result in loss of expression of IKZF1. Focal deletions of coding
exons 4-7 remove the N-terminal DNA-binding zinc fingers, leading to
expression of a dominant negative isoform, IK6. IKZFI alterations are
present in over 70% of BCR-ABLI-positive ALL, including de novo ALL
and chronic myeloid leukaemia (CML) at progression to lymphoid blast
crisis, 3¢ and are associated with a worse outcome in Ph positive ALL.!!°

CRLF2 rearrangements and Janus kinase mutations
in ALL

The cytokine receptor CRLF2 is rearranged or mutated in ~7% of
childhood and adult BCP-ALL and 50% of Down syndrome ALL
(DS-ALL).!129-123 CRLF2 is located in the pseudoautosomal region of
the sex chromosomes (PARI) at Xp22.3/Ypl1.3. It encodes cytokine
receptor-like factor 2 (thymic stromal lymphopoietin receptor, TSLPR).
With interleukin-7 receptor alpha, CRLF2 forms a heterodimeric
receptor for the ligand TSLP (thymic stromal lymphopoietin). CRLF2
is rearranged by translocation into the immunoglobulin heavy-chain
locus (IGH-CRLF2) or by a focal deletion upstream of CRLF2 that results
in expression of P2RY8-CRLF2, which encodes full-length CRLF2. Both
rearrangements result in aberrant over-expression of CRLF2 on the cell
surface of leukaemic lymphoblasts that may be detected by flow cyto-
metric immunophenotyping.'?? Less commonly, a CRLF2 p.Phe232Cys
mutation results in receptor dimerization and over-expression.!2°
Approximately half of CRLF2-rearranged ALL harbour activating
mutations of the Janus kinase genes, JAKI and JAK2,1227124 otherwise
uncommon in BCP-ALL. The JAK mutations are most often missense
mutations at or near R683 in the pseudokinase domain of JAK?2, distinct
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from the JAK2 V617F mutations that are a hallmark of myeloprolif-
erative diseases. Less common are activating mutations in the kinase
domain of JAKI and JAK2. The JAK1/2 mutant alleles alone and in coop-
eration with CRLF2 over-expression are transforming in vitro, suggesting
that these two lesions are central to lymphoid transformation.!2>-127
CRLF2-rearranged leukaemic cells with deregulated CRLF2 exhibit
activation of JAK-STAT and PI3K/mTOR pathways and are sensitive to
JAK and mTOR inhibitors in vitro and in vivo.'2812° An early phase trial
of the JAK inhibitor ruxolitinib (ADVL1011) in relapsed and refractory
childhood tumours, including cases with CRLF2 rearrangements and/or
JAK mutations, has recently been completed (clinicaltrials.gov identifier
NCT01164163).

In non-DS ALL, CRLF2 alterations and JAK mutations are associated
with IKZF1 deletion/mutation and poor outcome, particularly in cohorts
of high-risk B-ALL.!3%-133 Recent studies performed by the Children’s
Oncology Group (COG) have confirmed that CRLF2 and IKZF1 alterations
are associated with inferior outcome in multiple cohorts and, notably,
that elevated CRLF2 expression in the absence of rearrangement is also
an adverse prognostic feature.!>*

BCR-ABL1-like or Ph-like ALL

Recently, a new subgroup of BCP-ALL has been described characterized
by an expression profile similar to BCR-ABLI-positive ALL, deletion of
IKZF1 and poor outcome, named BCR-ABLI-like or Ph-like ALL.!16:117.135
It is common, comprising up to 10-15% of childhood and up to one-third
of BCP-ALL in adolescents and young adults. Approximately half of
BCR-ABLI-like ALL harbour CRLF2 rearrangements and concomitant
JAK1/2 mutations. Recent transcriptome and whole-genome sequencing
has shown that non-CRLF2-rearranged BCR-ABLI-like ALL harbour a
diverse range of genomic alterations that activate cytokine receptors and
tyrosine kinases, including ABLI, ABL2, EPOR, JAK2 and PDGFRB.!!8
These alterations are most commonly chromosomal rearrangements
resulting in chimeric fusion genes deregulating cytokine receptors,
for example, IGH-EPOR and tyrosine kinases, including NUP214-ABLI,
ETV6-ABL1, RANBP2-ABLI, RCSDI-ABLI, BCR-JAK2, PAX5-JAK2 and
STRN3-JAK2, of which EBFI-PDGFRB is the most common (Fig. 5.7).
In up to 20% of BCR-ABLI-like cases, alternative alterations activating
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Figure 5.7 EBFI-PDGFRB tusion. Top, data from transcriptome sequencing. Middle: A, predicted domain structure; B, result from RT-PCR;

C, result from Sanger sequencing. Bottom: a pair of chromosomes 5 with the asterisk (*) marking the deletion indicated by the arrows in
the ideogram on the right.
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kinase signalling occur, including activating mutations of FLT3 and IL7R,
in addition to focal deletions of SH2B3, also known as LNK, which con-
strains JAK signalling. These diverse genetic alterations activate a limited
number of signalling pathways, notably ABLI, PDGFRB and JAK-STAT
signalling. These rearrangements have been shown to activate signalling
pathways in model cell lines. In addition, primary leukaemic cells and
xenografts of BCR-ABLI-like ALL are highly sensitive to tyrosine kinase
inhibitors (TKI) in vivo.!18128 Anecdotal reports are emerging of respon-
siveness of refractory BCR-ABLI-like ALL to appropriate TKI therapy, for
example EBFI-PDGFRB ALL to imatinib.!?%!37 Thus it is predicted that the
majority of BCR-ABLI-like ALL will be amenable to therapy with a limited
number of imatinib-class TKI for ABLI, ABL2 and PDGFRB rearrange-
ments and JAK inhibitors, such as ruxolitinib, for alterations activating
JAK-STAT signalling (EPOR, IL7R, JAK2 and SH2B3). NGS studies of child-
hood and adult ALL are ongoing in order to identify comprehensively all
kinase-activating alterations in BCR-ABLI-like ALL and to implement TKI
therapy in clinical trials.

ERG-altered ALL

Alteration of the ETS-family transcription factor ERG (ETS-related gene)
occurs exclusively in cases lacking known chromosomal rearrangements
and it is a hallmark of a novel subtype of BCP-ALL with a distinct gene
expression profile. ERG deletions involve an internal subset of exons
resulting in loss of the central inhibitory and pointed domains, leading
to expression of an aberrant C-terminal ERG fragment that retains the
ETS and transactivation domains. It functions as a competitive inhibitor
of wild-type ERG. Notably, despite the presence of IKZFI alterations in a
proportion of ERG-deregulated cases, the outcome of this subtype of ALL
is favourable. 132138139

Genetic rearrangements in T-lineage ALL

T-ALL accounts for approximately 15% childhood and 25% adult ALL.
It is characterized by an older age of onset, male sex predominance
and inferior outcome in comparison with BCP-ALL.'*° Chromosomal
abnormalities are evident on cytogenetic analysis in up to 70% of T-ALL
cases and commonly involve one of the T-cell antigen receptor loci,
including TRA and TRD at 14qll, TRB at 7q34 and TRG at 7pl4. The
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Table 5.2 Common genetic aberrations in T-ALL.

Type of aberration

Aberration

Molecular genetic features

Aberrant expression of
transcription factors
and related genes

Abnormalities of
homeodomain genes

Abnormalities of the
HOXA cluster

Fusion transcripts
Copy-number changes

Mutations

t(1,7)(p34,034)

TAL1 deletion
1(6,7)(023;934
%(7,9)(a34,932)
%(7,9)(034;934.3)
1(7;11)(@34,p13)
1(7;11)(q34,p15)
t(7;12)(934;p13.3)
%(7,19)(q34,p13)
(8;14)(q24,911)
t(11;14)(p13;911)
t(11;14)(p15;911)
t(12;14)(p13;911)
inv(14)(q11932)
t(14,14)(q11;032)
NKX2-1 rearrangements
NKX2-2 rearrangements
MEF2C rearrangements
t(14;21)(q11;922)

%(7,10)(q34,924)
t(10;14)(q24;911)
1(5;14)(935;032)

inv(7)(p15934)
7,7)(p15,934)
%(7,14)(p15,911)
t(7;14)(p15;932)

6;11)(027,923)
(9,9)(a34;934)
%9;14)(q34,932)
t(10;11)(p12;q14)
MYB duplication
del(9p)
del(18)(p11)

NOTCHT mutations
FBXW7 mutations
CNOT mutations
PFH6 mutations

LCK, TRB

TAL1, STIL
MYB, TRB
TAL2, TRB
NOTCH1, TRB
LMOT1, TRB
LMO2, TRB
CCNDZ2 , TRB
LYL1, TRB
MYC, TRA/D
LMO1, TRA/TRD
LMO2, TRA/TRD
CCND2, TRA
BCL11B, TRD
BCL11B, TRD
NKX2-1
NKX2-2
MEF2C

OLIG2, TRA

TLX1, TRB
TLX1, TRA/TRD
TLX3, BCL11B

HOXA, TRB
HOXA, TRB
HOXA ,TRD
HOXA, BCL11B

MLLT4, MLL
NUP214, ABL1
EMLT, ABL1
PICALM, MLLT10
MYB

CDKNZA

PTPN2

NOTCH1
FBXW7
CNOT
PFH6
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Figure 5.8 Cartoon illustrating the subtypes of T-ALL according to morphological
and genetic type with their immunophenotypes, mutations and outcome indicated
across the subtypes.

most common rearrangements are listed in Table 5.2. They occur in
approximately one-third of T-ALL, but may be cryptic on cytogenetic
analysis. Similar to rearrangements of MYC,'4! these rearrangements
may arise from aberrant antigen receptor gene recombination errors
in the normal recombination process, leading to the generation of
functional antigen receptors.'4? Rearrangements in T-ALL commonly
dysregulate transcription factors, including members of the bHLH
tamily (MYC, TALI, TAL2, LYLI and BHLHBI), genes encoding the
LIM-only domain proteins (LMOI and LMO02) and homeodomain genes
(HOX11 and HOXI1L2). In addition, T-ALL cases frequently harbour
cryptic rearrangements of ABLI, activation mutations of NOTCHI and
a spectrum of sub-microscopic genetic alterations commonly involving
CDKN2A/CDKN2B, PTEN and MYB.'**> Essentially, T-ALL can be subdi-
vided into three subtypes based on morphology, immunophenotype and

genetics, as indicated in Fig. 5.8.144

TAL1/LMO2 rearranged T-ALL

T-ALL with rearrangements of TALI/LMOZ2 are classified as mature
disease with a characteristic immunophenotype (Fig. 5.8). Alteration
of TALI (SCL, TCL5) at 1p32 is the most frequent transcription fac-
tor rearrangement in T-ALL. It arises from either the translocation
t(1;14)(p32;q11), which occurs in 3% of cases and juxtaposes TALI to
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the TRA/TRD locus, or the more frequent cryptic interstitial deletion
at 1p32 that is present in approximately 15% of cases and results in a
chimeric SIL-TALI fusion transcript.'4>14¢ Additional cases without these
rearrangements express high TAL1 mRNA levels.'*” Less commonly, the
TAL2 gene is juxtaposed to the TRB locus as a result of a t(7;9)(q34;q32)
rearrangement.'*® TAL1 and LYL1 are members of the class II family
of bHLH proteins. Functional evidence implies that TAL1 mediates
leukaemogenesis through a dominant negative mechanism.!4?

The LIM-domain-only proteins LMO1 and LMO2 are commonly
rearranged in T-ALL, most frequently from the translocations
t(11;14)(p15;q11) and t(11;14)(p13;qll) that juxtapose LMOI and
LMO2 into the TRA and TRD loci. Additional cases harbour cryptic
focal deletions proximal to LMO2 that result in dysregulation of this
locus.”1>% Expression of LMOI and LMO?2 results in T-cell self-renewal
and leukaemia when expressed in thymocytes.!>!

TLX1/TLX3 rearranged T-ALL

The cortical subtype of T-ALL is characterized by rearrangements of TLX1
(HOX11) and TLX3 (HOXI1L2). More generally, the homeobox family
of transcription factors comprises two classes of genes. Class I HOX
genes are in four clusters (HOXA, HOXB, HOXC and HOXD) and class
II genes are distributed throughout the genome. The HOX genes exert
key roles in the regulation of haematopoiesis and leukaemogenesis.!>?
The two HOX genes, TLXI and TLX3, are often rearranged in T-ALL.
Approximately 7% of childhood T-ALL cases have ectopic expression of
TLXI arising from the translocation t(10;14)(q24;q11) and the variant
t(7;10)(q35;q24) that juxtapose TLXI to the TRA or TRB loci.!>31>4
Additional cases lacking TLXI rearrangement exhibit over-expression of
this gene.'¥”

Approximately 20% of childhood T-ALL cases exhibit over-expression
of TLX3 (HOX11L2),'>>1°°® most commonly from the cryptic translocation
t(5;14)(q35;q32) that juxtaposes TLX3 to BCL11B,'%7 a zinc finger protein
expressed during T-cell ontogeny, recently identified as a target of dele-
tion and somatic sequence mutation in T-ALL.!*8 Several variant translo-
cations have also been identified, including BCL11B to NKX2-5!59160 and
rearrangement of CDK6 to TLX3.'°! Data regarding the prognostic impor-
tance of TLXI and TLX3 in T-ALL are conflicting, which may be due in
part to the presence of additional sub-microscopic genetic alterations and

mutations in these cases.!¢2
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Recent exome sequencing has identified novel targets of mutation,
including CNOT3, a member of transcriptional regulatory complex and
ribosomal proteins.!®® To gain further insight into the male sex prepon-
derance of T-ALL, Ferrando and colleagues performed targeted capture
and sequencing of X chromosome genes. They identified sequence muta-
tions and deletions of PHF6 in 16% and 38% of childhood and adult
T-ALL, respectively.'®* PHF6 alterations result in loss of PHF6 expression
and are associated with TLX1/3 and TALI rearranged ALL.!** Although
the role of PHF6 in leukaemogenesis is poorly understood, it may have
complex and multifactorial roles as a tumour suppressor gene.

Early T-cell precursor ALL

Recently, a subtype of immature T-lineage ALL was described in which
the leukaemic cells lack expression of mature/cortical thymic markers
such as CD1a, CD8 and CD5 and exhibit aberrant expression of myeloid
and stem cell markers. These cells exhibit a gene expression profile rem-
iniscent of the murine early thymic (double-negative 1 stage) T-cell pre-
cursor that retains myeloid/macrophage differentiation capacity. These
early T-cell precursor (ETP) ALL comprise an aggressive subtype with
a dismal prognosis.!>16¢ There are active efforts to identify the genetic
basis of this subtype of ALL and recent reports have identified rearrange-
ments of MEF2C in a proportion of them.!¢”

WGS of tumour and matched non-tumour DNA of 12 ETP ALL cases
and mutation recurrence testing of selected genes in 94 additional ETP
and non-ETP T-ALL cases'®® unexpectedly showed marked diversity in
the frequency and nature of genetic alterations. Several cases exhibited
complex, multi-chromosomal structural alterations with the hallmarks
of chromothripsis,!®® but no common genomic alteration was identified.
However, three pathways were frequently mutated: haematopoietic
development, cytokine receptor and Ras signalling, in addition to
chromatin modification.!”%-17> Loss-of-function alterations in genes
encoding regulators of haematopoietic development are present in
two-thirds of ETP T-ALL and most commonly involve ETV6, GATA3,
IKZFI] and RUNXI. It is notable that many of these genes are known
targets of mutation and rearrangement in other subtypes of ALL and
AML. Activating mutations in cytokine receptor and Ras signalling
were also present in the majority of cases, including NRAS, KRAS, FLT3,
JAKI, JAK3 and IL7R, similar to those previously reported in other
leukaemia subtypes. Activating mutations of IL7R, encoding the alpha
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chain of the interleukin 7 receptor, have also been reported.'”>17¢

These mutations are usually complex in-frame insertion mutations
that introduce a cysteine into the transmembrane domain of IL7R,
resulting in dimerization of the receptor and constitutive activation of
JAK-STAT signalling in the absence of ligand. In cell lines and primary
mouse bone marrow, the IL7R mutations induce cytokine-independent
proliferation and activation of JAK-STAT signalling that is abrogated
by JAK inhibitors such as ruxolitinib.!®® Although IL7R mutations are
present in only a proportion of ETP ALL cases, evidence of JAK-STAT
activation on phosphoflow cytometry or gene expression profiling is
present in the majority of cases, suggesting that JAK inhibitors are a
rational therapeutic strategy in this high-risk leukaemia.

An unexpected finding in ETP ALL was a high frequency of muta-
tions of epigenetic regulators. Most common were mutations or deletions
of genes encoding components of the polycomb repressor complex 2
(PRC2; EZH2, SUZI12, EED), which normally mediates histone 3 lysine
27 (H3K27) trimethylation. A range of deleterious mutations in the SET
domain and elsewhere in EZH2 are observed that are predicted to be
loss of function. EZH2 and PRC2 also interact with the histone methyl-
transferase DNMT3A, which is mutated in adult, but not childhood, ETP
ALL.77

Other T-ALL genetic subtypes: MLL rearranged

and PICALM-MLLT10

MLL is rearranged in about 5% of T-ALL cases, most commonly to MLLT1
(ENL)'7® and more frequently in adolescents. MLL-rearranged T-ALL rep-
resents a distinct biological entity with a transcriptional profile that differs
from that in other MLL-rearranged cases.!4”17?

The translocation t(10;11)(p13;q14) may be cytogenetically cryp-
tic and results in expression of the PICALM-MLLTI0 (CALM-AFI0)
fusion.!® It is observed in up to 10% of T-ALL. Notably, both partner
genes are infrequently fused to MLL and, like MLL-rearranged ALL,
PICALM-MLLTI0 cases exhibit upregulation of HOX genes and MEISI,
suggesting common oncogenic pathways. This rearrangement is typically
seen in yd T-ALL cases, in either immature or mature cells, and is asso-
ciated with a poor outcome. Expression of the fusion in haematopoietic
cells results in the development of leukaemia, which is often myeloid in
phenotype.!8!

Additional recurring epigenetic target alterations include SETD2,
encoding a histone 3 lysine 36 trimethylase, and the histone acetyltrans-
ferase and CREBBP homologue EP300 (p300). Additional new targets of
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mutation have been identified, including DNM2, ECT2L and RELN, and
several specific somatic mutations that had previously been reported as
germline mutations in inherited developmental disorders, notably those
in the zinc finger domain of the haematopoietic transcription factor
gene GATA3. As the mutational spectrum of ETP ALL is similar to that
observed in myeloid leukaemias and the transcriptional profile of ETP
ALL is similar to that of normal and malignant human haematopoietic
stem cells and myeloid progenitors, but not the normal human early
T-cell precursor,'%® ‘early T-cell precursor’ ALL is likely a misnomer and
ETP ALL may be more appropriately considered to be part of a spectrum
of immature leukaemias of variable and often ambiguous lineage.

Relapsed ALL

Several chromosomal alterations, such as BCR-ABLI and MLL rearrange-
ment, are associated with a high risk of treatment failure. However,
relapse occurs across the spectrum of ALL subtypes. It has long been
recognized that ALL genomes are not static, but exhibit acquisition of
chromosomal abnormalities over time.!®? There is therefore intense
interest in genomic profiling of matched diagnosis and relapse sam-
ples to dissect the genetic basis of clonal heterogeneity in ALL and
the relationship of such heterogeneity to risk of relapse. Although
the primary chromosomal abnormality is usually retained between
diagnosis and relapse, it has been shown that the majority of ALL
show changes in the patterns of their secondary genomic alterations
from diagnosis to relapse!'®*!8* and that many relapse-acquired lesions,
including IKZF1 and CDKN2A, are present at low levels at diagnosis.!3+18>
Recurring mutations have been identified that influence drug sensi-
tivity and risk of relapse. Mutations in the transcriptional coactivator
and acetyl transferase CREBBP (CREB-binding protein or CBP) is a
relapse-acquired lesion in up to 20% of relapsed ALL samples.?418¢
CREBBP acetylates both histone and non-histone targets and has a role
in regulating the transcriptional response to glucocorticoid therapy.
CREBBP has an important role in mediating the transcriptional response
to glucocorticoids!87-188
steroid-resistant ALL cell lines.!8¢ Recently, two groups independently
identified relapse-acquired mutations in the 5’ nucleotidase gene NT5C2
that confer increased resistance to purine analogues.'81°° Hence
mutations that confer resistance to drugs commonly used to treat ALL
represent a key mechanism of treatment failure and resistance.

and histone deacetylase inhibitors were active in
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Future directions

We have seen recently how the outcome of BCR-ABLI-positive ALL
has been dramatically improved by treatment with TKI, reducing the
requirement for bone marrow transplantation in Ph-positive adults.
These studies have clearly shown that the application of novel agents
in the appropriate biological arena to a suitable target can dramati-
cally improve survival. Evolving studies are revealing other potential
candidates with promise for future therapies. However, there remain
many challenges ahead before these novel drugs become integrated
into routine clinical practice. The discovery of germline mutations, for
example, the high incidence of germline TP53 mutations in patients with
hypodiploid ALL,®® has highlighted the role of genetic predisposition
to certain subtypes of disease, which are clearly more widespread than
previously envisaged. We should continue to search for novel targets
that will surely emerge from the detailed analysis of accumulating
data from state-of-the-art next-generation sequencing technologies in
parallel with expression, proteomic and epigenetic studies. Total cure for
ALL maybe achieved within the not too distant future.
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CHAPTER 6

The genetics of mature B-cell
malignancies

Jonathan C. Strefford, Jude Fitzgibbon, Matthew J.J. Rose-Zerilli and
Csaba Bodor

Introduction

Mature B-cell neoplasms are defined by extreme biological and clinical
heterogeneity. The clinical presentation includes leukaemic disease and
tumours affecting the lymphatic system, frequently, but not exclusively
within the lymph nodes or spleen. Patients with these malignancies have
highly variable clinical courses, from a rather benign natural history, such
as subtypes of chronic lymphocytic leukaemia (CLL) and follicular lym-
phoma (FL), to aggressive and often therapy refractory diseases, such as
diffuse large B-cell lymphoma (DLBCL) and sub-types of mantle cell lym-
phoma (MCL).

This clinical heterogeneity is underpinned by considerable biological
diversity, which contributes to disease pathogenesis driven by a variety
of molecular and cellular mechanisms. It is now clear that much of this
clinical heterogeneity originates from variability at the genetic level,
exemplified by the presence of recurrent somatically acquired genetic
lesions, many of which have been functionally linked to disease patho-
physiology. Initially, chromosomal staining allowed the identification of
an abnormal derivative chromosome 14 in patients with Burkitt lym-
phoma, which chromosome banding ultimately resolved as the marker
chromosome that is the result of the t(8;14)(q24;q32) translocation.!
This was one of the first recurrent translocations identified in mature
B-cell malignancies and paved the way for considerable research
into the presence of chromosomal abnormalities in these diseases, so
that there are now karyotypes of several thousand patients publicly
available,? and many chromosomal lesions have been characterized at
the molecular level. The development of chromosomal banding allowed
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a low-resolution analysis of the genome in these patients and further
technological advances have continued to increase the resolution at
which the genome can be studied. In the 1980s, this development
began with molecular cytogenetic techniques such as fluorescence in
situ hybridization (FISH). In the 1990s, microarray-based approaches,
such as array-based comparative genomic hybridization (aCGH) and
single nucleotide polymorphism (SNP) arrays, continued constantly to
refine our picture of the genomic defects present in these patients. The
21st century heralded the publication of the human genome project and
the development of next-generation sequencing (NGS) technologies,
which have continued to deepen our understanding of the molecular
pathogenesis of these diseases, improving patient management, and will
ultimately fully catalogue all the biologically relevant genomic lesions in
these conditions, helping to provide curative strategies for these diseases.
This chapter focuses on recent advances in the genetics of two types of
mature B-cell malignancy, chronic lymphocytic leukaemia (CLL) and
the germinal centre lymphomas, follicular (FL) and diffuse-large B-cell
lymphoma (DLBCL).

Chronic lymphocytic leukaemia

CLL is the most common form of leukaemia in adults.> CLL and its nodal
variant, small lymphocyticlymphoma (SLL), are characterized by a clonal
expansion of mature CD5* lymphocytes that arise in the bone marrow
and infiltrate lymphoid tissue such as the lymph nodes and the spleen
(Fig. 6.1).* Although CLL was historically considered to be the result
of the accumulation of long-lived, but resting, lymphocytes, evidence
now points to the presence of a substantial pool of proliferating CLL
cells.” Most cases of CLL are preceded by monoclonal B-cell lymphocyto-
sis (MBL), an indolent condition defined by clonal B-cell expansion of less
than 5000 B-cells in the peripheral blood.® Clinically, CLL is characterized
by considerable heterogeneity. Some CLL patients can survive for many
years, without symptoms or the need for treatment, whereas others have
rapidly fatal disease despite aggressive therapy. A small proportion of CLL
patients will transform to Richter syndrome (RS), an aggressive form
of lymphoma. In recognition of this clinical variability, several clinical
staging systems were devised.”8 Although these systems remain the cor-
nerstone on which a clinical management decision is built, they fail to
predict the disease course in all patients, particularly in those diagnosed
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Figure 6.1 Cellular origin of mature B-cell malignancies. B-cell lymphomas arise at
different stages of normal B-cell differentiation and can be assigned to their normal
B-cell counterparts. Most lymphomas derive from germinal centre (GC) or post-GC
B-cells, indicating the critical role of GCs in the pathogenesis of B-cell lymphomas.
Abbreviations: CLL, chronic lymphocytic leukaemia; MCL, mantle cell lymphoma;
FL, follicular lymphoma; BL, Burkitt’s lymphoma; GC-DLBCL, germinal centre-type
diffuse large B-cell lymphoma; SHM, somatic hypermutation; CSR, class switch
recombination; ASHM, aberrant somatic hypermutation; ABC-DLBCL, activated
B-cell type diffuse large B-cell lymphoma; MM, multiple myeloma.

in the early stages of the disease. Therefore, significant research efforts
have been focused on the identification of biomarkers that accurately
predict an aggressive clinical course. Although it is now clear that CLL
is as diverse at the molecular and cellular level as it is clinically, there
are features of the CLL cells that can be exploited in the clinical set-
ting to identify patients destined to progress and require treatment. Of
the biological processes that contribute to clinical behaviour in CLL, few
are more fundamentally important to the process of pathogenesis than
the genetics of the B-cell receptor (BCR) and the presence of somatically
acquired chromosomal aberrations and gene mutations.

Immunoglobulin heavy-chain variable region gene
mutational status

Extensive genetic analysis of the BCR indicates that 60% of CLL patients
harbour evidence of somatic hypermutations within the immunoglobu-
lin heavy-chain variable (IGHV) genes (mutated CLL or M-CLL).” In con-
trast, 40% of patients lack evidence of IGHV mutations (unmutated CLL
or U-CLL) and have a germline IGHV sequence. As the process of somatic
hypermutation occurs in the germinal centres (GC), the presence of these
disease subsets provides valuable insight into the cellular origin of CLL.
This suggests that M-CLL cases are derived from GC-experienced B-cells,
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whereas U-CLL patients have undergone differentiation independent of
the GC.1° Importantly, this observation is also highly relevant clinically,
as patients with unmutated IGHV genes have poor survival.!!"!2 Further-
more, CLL exhibits remarkable bias in the IGHV gene repertoire, where
particular genes are over-represented, such as IGHV3-34, -1-69, -3-21 and
-3-23.1314 BCRs that share structural features are termed ‘stereotypic’ and
their presence suggests that common antigens or autoantigens are recog-
nized by CLL cells.!® It has also been suggested that certain stereotypic
BCRs have distinct clinical features, such as the inferior overall survival
independently associated with stereotypic IGHV3-21 usage.'® Studies of
the IGHV genes have greatly enhanced our understanding of CLL and our
ability to define prognostic subgroups. Furthermore, an area of active
research is the development of therapeutic molecules that target path-
ways known to be deregulated in M- or U-CLL cases.

Chromosomal banding and interphase molecular
cytogenetics

Owing to the failure of CLL cells to undergo in vitro cell division without
biological stimulation, early metaphase studies were largely unsuccess-
ful. However, the introduction of polyclonal B-cell mitogens allowed
the successful production of metaphase preparations from CLL cells!”
and led to the discovery of the first recurrent cytogenetic abnormality,
trisomy 12, in CLL in 1980,'%!° which was followed in 1987 by the
presence of the interstitial deletion of 13q14.2° With the use of more
effective mitogens, initially with tetradecanoylphorbol acetate (TPA),?!
then CD40 ligand,?? and more recently with CpG oligonucleotides
2324 metaphases can be obtained in the
majority of CLL cases and clonal aberrations are observed in 80%.%°
These earlier studies demonstrated the clinical importance of chromo-
somal alterations,!”21-2¢ and later studies revealed that, surprisingly,
reciprocal translocations occur in as many as 20% of cases. Some of these
translocations are recurrent, involving the immunoglobulin gene locus
at 14q32 and a number of partner genes, most commonly BCL2 (18q22)
and BCL3 (19q13) and more infrequently BCLI1A (2p15), CCND3 (6p21)
and ¢-MYC (8q24).>’>2 However, translocations remain rare in patients
with CLL, a disease actually characterized by copy number changes
rather than translocations, particularly the presence of deletion events,
such as those targeting 11q, 13q and 17p.

combined with interleukins,
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The development of FISH overcame the necessity for dividing cells, by
the application of centromeric or locus-specific probes to interphase cells.
With these FISH probes, recurring chromosomal abnormalities could be
detected with increased resolution compared with G-banded metaphase
analysis. Twenty-five years of karyotypic analysis came to fruition with
the development of a panel of FISH probes specific for regions of recur-
rent deletion and duplication in CLL. The application of these FISH probes
to a cohort of 325 CLL patients resulted in a seminal study demonstrat-
ing the clinical importance of chromosomal abnormalities,** which is
now standard practice in the clinical management of CLL. This study
established a hierarchical prognostic model, based on the presence of
five chromosomal categories, 17p deletion, 11q deletion, trisomy 12, the
presence of no recurrent chromosomal lesion and 13q deletion as the
sole abnormality, with 17p deletion and 13q deletion being the mark-
ers associated with the worst and best prognosis, respectively.>*> Similar
data can be obtained using either multiplex ligation-dependent probe
amplification (MLPA) or quantitative polymerase chain reaction (PCR),
but a large-scale comparison of these methodologies has not so far been

performed.>*3°

Copy number alterations

Deletions of 13q14

Deletions of the long arm of chromosome 13 are the most frequent
chromosomal aberration detected in patients with CLL, occurring in
60-80% of cases depending on the method of detection®® (Table 6.1 and
Figure 6.2a). These deletions can be present as monoallelic or biallelic
deletions and studies of sequential samples from the same patients
suggest that the monoallelic deletion is likely to be an early event,
whereas the second deletion occurs later on in pathogenesis. These
deletions can be variable both in genomic location and in gene content,
and breakpoints can encompass many megabases (Mb) proximal and
distal to the minimally deleted region (MDR). The identification of the
target genes within this MDR has been a challenge. Mutation analysis
of protein-coding genes revealed no inactivating mutations. In normal
individuals, genes on 13q14, within and close to the MDR, are expressed,
at least in some individuals, from a single allele only. The mechanism
of allelic silencing and its importance as a method of gene silencing in
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Table 6.1 Recurrent copy-number changes in CLL.

Gene Prevalence Principal candidate = Other candidate References
name (%) genes genes

del(13q) 60-80 miR-15a/16-1, DLEU2 ~ RB1, DLEU7 20,41, 43
del(11q) 10-20 ATM BIRC3, MRETT1, H2AFX 56

del(17p) 5-50 TP53 - 195
Trisomy 12 10-15 Unknown - 18

del(6q) 5 Unknown - 80

dup(2p) 5-28 REL, BCLT1A, XPO1 MYCN 78, 82
dup(8q) 5 CMYC - 69

del(15q) 4 MGA - 69, 196

cases of CLL with either no detectable loss or heterozygous loss of 13q14
remain uncertain.>¢37

A pivotal study showed that 13q14 deletions are associated with
down-regulation of two microRNAs, miR-15a and miR-16-1, located
within the MDR, although mutations within these genes are exception-
ally rare in CLL.?® This study provided the first tangible link between
recurrent chromosomal alterations and microRNAs in cancer. Arguably
the most important study into the pathogenic role of this locus was
the generation of two mouse models deleted for the entire MDR or the
miR-15a/miR-16-1 cluster.>® In this model, the miR-15a/16-1 cluster
regulates the transition from GO-GI1 to S phase, through control of
CCNDI, CCND2, CCNE1, CDK4 and CDK6 expression. Both mouse models
developed clonal lymphoproliferative disorders, including CD5* MBL,
CLL and non-Hodgkin lymphoma (NHL). However, the frequency of
these disorders was significantly higher in MDR deleted mice, suggesting
that although loss of the miRNA cluster is sufficient for leukaemogenesis,
additional components of the 13q14 deletion contribute to pathogenesis.
It is now clear that even genes beyond the MDR can influence the
prevalence of lymphoproliferative disorders in this model.*°

A pathogenic role for genes outside the MDR is further supported by
recent copy number profiling studies.*!=*3 In spite of considerable break-
point heterogeneity among 13q deletions, two breakpoint clusters (BCs)
have been identified proximal and distal to the MDR that may be prone
to breakage in CLL B-cells.*! In the light of these BCs, it is clear that
13q deletions can be grouped thus: small deletions confined to a 2 Mb
region where breakpoints often occur in the two BCs identified, which,
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Figure 6.2 Copy-number changes in patients with CLL. (a), (b) and (c) show
copy-number deletions of chromosomes 13, 11 and 17, respectively. Each
chromosome runs vertically from p telomere (top), through the centromere to the q
telomere (bottom) An idiogram is shown on the left, with a copy number heatmap
of multiple patients, where blue, white and red show deletions, normal copy
number and duplications, respectively. The location of each MDR is highlighted
with an expanded view of the genes within these regions. For chromosome 17 an
allelic ratio (left) and copy number (right) profile is also shown for a TP53 mutated
patient with copy number neutral LOH. (d) Two examples of chromothrypsis
targeting chromosomes 8 (top) and 1 (bottom). The chromosome is positioned
horizontally, running from p telomere (left) to q telomere (right). For each
example, a copy-number profile and a heat map are shown. (See plate section for color
representation of this figure.)
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in addition to the genes within the MDR, include FLJ31945, FAMI10A4,
BCMS and DLEUY7; larger deletions extended beyond this region in either
a centromeric and/or telomeric direction, encompassing a large number
of additional genes. Rather than being the result of consistent BCs, these
larger deletions displayed highly heterogeneous breakpoints, suggesting
that these deletions may be mechanistically dissimilar.*! Although exper-
imentally challenging, it has been possible to propose putative target
genes proximal to the MDR.*!"4*> Recently, research into 13q14 deletions
has shifted to the gene DLEU?7, which is often under-expressed in CLL
cells,** providing preliminary evidence that genes outside the MDR may
interact with the miR-15a/16-1 cluster to promote leukaemogenesis.

Deletions of 13q14 are associated with a favourable prognosis when
identified as sole abnormalities using FISH analysis,*?
versus biallelic deletions carry no independent prognostic significance.
There is evidence that both the number of cells harbouring a 13q dele-
tion and the genomic size of the 13q deletion may have significant clinical
implications. First, it has been suggested that patients with a higher clonal
population of del(13q) cells exhibited reduced overall survival (OS) and
treatment-free survival (TFS).*> Second, larger 13q deletions that extend
beyond the two BCs flanking the MDR are associated with progressive
CLL,*! elevated genomic complexity, 43
reduced OS and TFS.** Although these observations requires further val-
idation, additional prognostic information could be provided in the clini-
cal setting using FISH, MLPA and aCGH to distinguish between informa-
tive deletion sizes.

and monoallelic

advanced clinical stage*? and

Trisomy 12

Trisomy 12 is the presence of three copies of chromosome 12 and
occurs in ~10% of patients.?? (Table 6.1). It is principally an early event
detectable at diagnosis and acquisition of trisomy 12 during the disease
course is exceptionally rare. The role of trisomy 12 in the molecular
pathogenesis of CLL remains unclear and no firm candidate genes
have been identified to date. Structural aberrations of chromosome
12 do occur and result in partial trisomy of 12q13-22. MDM2 has
been implicated as it resides within this part of chromosome 12 and
is over-expressed in patients with trisomy 12.4¢ Several other associ-
ations are worthy of note: (i) there is a strong association with both
atypical lymphocyte morphology and immunophenotype;*” (ii) trisomy
12 is frequently accompanied by additional trisomies, particularly of
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chromosomes 18 and 19;*® (iii) NOTCHI mutations are significantly
associated with the presence of trisomy 12;4°°! and (iv) trisomy 12
patients exhibited a heightened responsiveness to hedgehog signalling
inhibition.>?

Clinically, trisomy 12 in isolation is associated with favourable
response rates after treatment with chemo-immunotherapy and with
longer survival times compared with cases with del(13q) or no FISH
abnormality.>> This benign disease may be due to the rare presence
of TP53 deletions or mutations®* or the elevated surface expression of
CD20 observed in these patients.>®

Deletions of 1124 and mutations of ATM

Interstitial deletions of the long arm of chromosome 11 [termed
del(11q)]°° are present in ~10% of patients at diagnosis.>> and in ~20%
of patients requiring treatment (Table 6.1). The presence of del(11q) is
significantly associated with a progressive phenotype and a requirement
for treatment. Remission is shorter for del(11q) patients after initial treat-
ment with chemotherapy,®” although improved durations have been
observed in del(11q) patients treatment with chemo-immunotherapy.>?
Deletions of 11q are variable in both location and gene content, but
always encompass the ATM gene, a key pathogenic target of these
aberrations (Figure 6.2b). Other genes within the del(11q) MDR have
been studied, but no inactivating mutations have been identified in
these genes.’® Other 11q genes have been implicated in the pathogenesis
of CLL and several are discussed later in this section. However, ongoing
whole-genome/exome sequencing initiatives have failed to identify
recurrent genes on 11q targeted by somatic mutations.

ATM remains the only gene on 11q that is mutated at relatively high
frequencies. Mutations in ATM occur in the presence and absence of
del(11q); with frequencies of ~10 and 25% in non-del(11q) and del(11q)
patients, respectively.’®°® The mutations are usually missense, nonsense
or frameshift in nature and are likely to affect ATM protein function to
a lesser or greater extent. Historically, the analysis of ATM mutations is
challenging as the gene is large, with no recurrent mutational hotspot.
Furthermore, the type of DNA variation that resides in the gene makes it
difficult to identify bona fide somatic, functionally relevant mutations. In
spite of these technical difficulties, progress on the clinical utility of ATM
mutations has been made. Most notable is recent data emerging from
the UK LRF CLL4 treatment trial, where the presence of ATM mutations
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was assessed in 224 patients.®! In this study, the authors were able to
subdivide del(11q) patients into two prognostically distinct groups based
on the presence of an ATM mutation on the undeleted allele; patients
with an ATM mutation and deletion exhibited survival similar to that
of patients with mutations and/or deletion of TP53 after initial treat-
ment with chemotherapy. Interestingly, the same study showed that ATM
mutations in isolation [without concomitant del(11q)] are not associated
with reduced survival, suggesting that the poor outcome associated with
del(11q) may be at least partially a result of the deregulation of other 11q
genes.

Small deletions just containing ATM or genes within the MDR are
rare, occurring in only ~5% of del(11q) patients. The majority of patients
actually have larger deletions that result in the loss of several hundred
genes. Therefore, as is the situation with other recurrent CNAs, the view
that deletions only target genes within the MDR is a gross simplification
of the pathogenic consequences of deletion events, which are likely to
target a large numbers of genes and pathways. With the facts that ATM
mutations occur in only the minority of del(11q) cases and that ATM
protein function is apparently normal in del(11q) cases without ATM
mutations, the implication is that other genes on 11q are important in
the pathogenesis of del(11q) CLL, likely through haploinsufficiency, epi-
genetic deregulation or somatic mutation. Given the association between
del(11q) and elevated genomic complexity, an attractive mechanism is
the compound deletion of other genes involved in DNA damage response,
such as deletion of MREIIA and H2AFX, both of which are located on
11q and deleted in a proportion of del(11q) CLL.®> There are also 11q
genes involved in other key pathways known to be deregulated in CLL,
such as the NF-kB pathway. One such gene, BIRC3, a negative regula-
tor of NF-xB, has recently been shown to be disrupted at the genomic
levels in del(11q) patients either by deletion and/or mutation.®> BIRC3
disruption is absent in MBL and rare at CLL (4%) diagnosis. However,
the frequency is significantly higher in fludarabine-refractory CLL (24%)
and it has been suggested that BIRC3 disruption represents an indepen-
dent marker of poor outcome comparable to TP53. Consistent with the
role of BIRC3 as a negative regulator of NF-kB, functional studies have
revealed the presence of constitutive non-canonical NF-kB activation in
fludarabine-refractory CLL patients with molecular lesions of BIRC3.%
Del(11q), ATM mutation and BIRC3 disruption are not mutually exclusive
and each aberration has been associated with reduced survival, hence a
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comprehensive study is required to demonstrate which molecular defect
is most clinically informative.

Deletions of 17p13 and mutations of TP53

With the application of FISH, deletions of the short arm of chromosome
17 [termed del(17p)] are rare at diagnosis, accounting for <5% of CLL
patients®>® (Table 6.1). However, the incidence increases in patients at
first-line treatment indication and may account for as many as 50% of
patients who ultimately become refractory to chemotherapy. Deletions
are invariably large with centromeric breakpoints, are the result of sev-
eral structural abnormalities such as deletions, unbalanced translocations
and isochromosomes, and include the TP53 gene at 17p13 (Figure 6.2c).
Small, focal deletions of TP53 do occur, albeit at a much lower frequency
than whole-arm deletions. This genomic architecture is striking and dis-
similar to the distribution of 17p deletions in other human malignancies,
where deletions are far more heterogeneous in both location and size.
This suggests that the true biological consequence of 17p deletion may
involve the deregulation of other genes, but additional work is required
to demonstrate this. The majority of 17p deletions are clonally dominant;
they occur in the majority of cells when assessed by FISH, suggesting that
this lesion provides a strong growth or survival advantage. Deletions of
17p are associated with dismal outcome, particularly after treatment with
chemotherapy.®” Patients are often refractory to chemotherapy and poor
outcome is not overcome by combination chemo-immunotherapy with
rituximab.>® Patients with 17p deletions could benefit from treatments
that kill CLL cells in a p53-independent manner and trials are currently
under way, including such agents as alemtuzumab,®* lenalidomide®® and
novel small molecules such as BCR signalling inhibitors.%

In addition to deletions, 17p can also be targeted by acquired
uniparental disomy [aUPDs, also known as copy neutral loss of het-
erozygosity (cnLOH)], so that the region retains a normal copy number
resulting from duplication of a single parental chromosome after a
somatic recombination event.®’” These events result in the duplication
of a TP53 mutation.®®®® Around 3-5% of CLL patients acquire a TP53
mutation without loss of the other allele and these patients also exhibit
poor survival.”®73 Differences in the incidence of TP53 loss and/or
mutation among cohorts are a reflection of the differences in patient
populations and methods for screening for TP53 alterations. Most TP53
mutations are missense and located within the DNA binding domain
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of p53 encoded by exons 5-8. Six hotspots are mutated in ~20% of
patients. It is likely that chemotherapy selects pre-existing small TP53
mutated clones, as the mutational spectrum is similar in both previously
untreated and treated patients.”? In vitro functional studies, in which
double-stranded DNA breaks are induced in leukaemic cells and the
expression of p53 and its downstream targets such as p21 and miR34a
are measured, are also able to detect TP53 abnormalities in CLL.7*
More recent studies suggest that primary abnormalities of p21 and
miR34a expression in patients with no detectable TP53 abnormality
may also cause p53 dysfunction and can be associated with poor clinical
outcome.”>7¢ It is important to note that a subset of early-stage CLL
patients with TP53 abnormalities do exhibit a stable disease course. In
contrast to the majority of patients with TP53 deregulation, these stable
cases have mutated IGHV genes.””

Other copy number alterations in CLL

A plethora of novel copy number changes have emerged from the
literature,”®”° but there is very little firm knowledge available regarding
many of them. Those that have been most widely reported are deletions
and duplications of 6q and 2p, respectively. Deletions of 6q can be
detected in ~5% of the patients with CLL.>> With FISH and array
studies, multiple non-overlapping MDRs have been identified and the
evidence supporting any candidate genes is not compelling.®®8° The
literature is equally uncertain regarding the clinical significance of 6q
loss, but it has been associated with atypical lymphocyte morphology
extensive lymphadenopathy but not chemoresistance.8! Duplication of
chromosome 2p has been consistently reported as a genomic abnormal-
ity in CLL studies using CGH and SNP arrays.®? Overall occurrence has
been reported in 5% of early-stage CLL patients, rising to 28% in Stage
B and C disease. Conventional cytogenetics shows a variety of mech-
anisms resulting in 2p duplication, including the presence of dicentric
chromosomes and unbalanced translocations.®> However, 2p duplication
rarely occurs in isolation and is often associated with adverse genetic
abnormalities: del(11q) and del(17p) and unmutated IGHV genes. The
two recurrently duplicated regions most commonly reported include the
genes REL, BCL11A, XPO1 and MYCN.”®82 Expression of MYCN has been
shown to be elevated in the presence of dup(2p), whereas XPOI gene
mutations have been reported in CLL cases lacking these duplication
events.®*
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Several other regions are targeted by recurrent copy number changes
and although their importance is supported by several publications, the
incidence is low. Duplications of 8q24 have been reported that often
include the ¢-MYC locus, but it is currently unclear if this is the target
gene. Deletion of the MGA gene at 15q15.1 has been observed by two
studies and accounts for ~4% of CLL cases. Rare MGA mutations have
been identified in CLL patients®*8* and although its pathogenic impor-
tance is currently unknown, its role as a transcriptional repressor of cell
proliferation and apoptosis suggests that it is worthy of further study.®

Genome complexity and chromothripsis

Although it is difficult to ascertain the true definition of genomic
complexity,®® recent array-based studies have confirmed and extended
previous cytogenetic data showing that a subset of CLL patients have
complex genomic profiles.®>87-8% From these data, it is clear that
although highly complex genomes do exist in CLL, the average genome
contains fewer CNAs (0-3 CNAs per patient) than other solid tumours
and mature B-cell malignancies. Genomic complexity is more common
in advanced than in early-stage disease and sequential cytogenetic
and FISH studies confirm that additional genomic abnormalities may
be acquired during the course of the disease. Genomic complexity
is frequently associated with and may be preceded by loss and/or
mutation of the TP53 and ATM genes, confirming their importance
in DNA repair.®? It has also been suggested that larger 13q deletions
are associated with elevated complexity and although RBI may be a
putative gene in the region, this is far from certain.#!*> Recent data
show a remarkable association between very short telomeres, telomere
fusion events and genomic complexity in CLL.°® A likely scenario
is that defects in DNA damage checkpoints, such as those targeting
TP53 or ATM, allow telomeres to shorten below the length at which
apoptosis or senescence is normally triggered and enable uncapped
telomeres to fuse, resulting in genomic instability. This is supported
by the association between extreme telomere erosion in ATM-mutated
and 11q-deleted CLL.°! Genomic complexity in CLL is not exclusively
associated with TP53 or ATM abnormalities, suggesting that either other
DNA repair defects or other mechanisms of instability are important
in these cases. Importantly, these cases with genomic complexity in
the absence of TP53/ATM involvement appear to be clinically relevant.
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Genomic complexity identified by both karyotypic and SNP array anal-
ysis is associated with reduced overall survival and it is likely that both
approaches are identifying an overlapping subgroup of patients.?>%7 In
a single cohort, genomic complexity was able to predict short overall
survival, independent of a number of established biomarkers and clinical
features.®’

Although genomic complexity may result from the gradual accumula-
tion of DNA damage over a protracted period, it is now clear that high lev-
els of genomic complexity can be acquired quickly and even during a sin-
gle mitotic cell division. Approximately 3% of human cancers show char-
acteristics of a catastrophic mutational process termed chromothripsis®?
(Figure 6.2d). This process was first identified in a patient with CLL and
involves genome shattering that occurs during a single mitotic cycle and
results in a characteristic pattern of oscillating DNA copy number changes
along a random single chromosome or a few random chromosomes.’?
This restricted genomic localization may be the result of a specific mech-
anism, such as the erosion of a single telomere to such an extent that
the chromosome unwinds and breaks up. It has also been suggested that
this restriction may be the result of a physically isolated chromosome in
a micronucleus that becomes damaged and is finally reintegrated into
the genome.”? It is notable that recent data from the CLLS8 trial support
an increased frequency of chromothripsis in patients with mutations in
DNA damage response genes such as TP53 and ATM.®**4 This may sug-
gest that a compromised DNA damage response is critical in permitting
the formation of chromothripsis or in the creation of an environment for
the genomic damage to be tolerated. Recent data have suggested that in
addition to the clustering of structural variants, multiple base-pair muta-
tions can also be acquired in a single mitotic explosion, called kataegis.””
This process drives cytosine-specific mutagenesis in regions flanking sites
of genomic rearrangement and can result in up to 20 base-pair substi-
tutions occurring rapidly. This mechanism has not so far been identified
in patients with CLL, but would be a relevant mechanism for driving the
accumulation of pathogenically relevant genetic instability in response to
the tumour microenvironment.

The presence of chromothripsis and kataegis in cancer patients implies
that multiple cancer genes can be disrupted in a single step, providing a
leap forward in the malignant potential of a cancer clone. In both CLL
and multiple myeloma, samples with evidence of chromothripsis were
associated with reduced survival, suggesting that large-scale genomic dis-
ruption may render the leukaemic cells more malignant. SNP6 analysis of
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the German CLLS trial identified genomic features consistent with chro-
mothripsis in ~5% of patients,®’
with an unmutated IGHV status (74%) and high-risk genomic aberra-
tions (79%). Although these patients exhibited both inferior OS and PFS,
further studies are required to identify chromothripsis as an independent
marker of reduced survival.

with a strong enrichment in patients

Novel mutations in patients with CLL

For the first time, advances in sequencing technology have provided the
opportunity to search the entire cancer genome for sequence alterations
with base-pair resolution. Critically, these approaches generate billions
of independent sequence reads in parallel, each derived from a single
molecule of DNA, thereby providing a random sample of DNA molecules
from a tumour sample. Using these approaches, it has been possible to
construct comprehensive maps of the somatic mutations that occur in
human cancer, in essence through the comparison of genomic sequence
from a patient’s cancer cells compared with the inherited variation in
their germline DNA. In CLL, the application of high-throughput sequenc-
ing is transforming our understanding of the genetic lesions that underlie
disease pathogenesis and has facilitated the identification of biologically
and clinically relevant sequence alterations.

Initial studies focusing on small discovery cohorts, followed by
targeted re-sequencing of recurrent variants in larger cohorts, have
identified clinically significant mutations in a number of genes not
targeted by copy-number alterations.3#°¢ In addition, more recent stud-
ies using exome sequencing of extended patient series have also been
reported, amassing nearly 300 published CLL exomes or genomes.’’~%°
These early studies have not identified a principal driver mutation in
most patients, and it is unlikely that such a mutation is present at
the genomic level. However, these studies have identified recurrent
mutations at lower frequencies and the genomic context in which they
exist. It is now clear that the CLL genome harbours a relatively small
number of somatic mutations, certainly lower than solid tumours such
as lung and pancreatic cancer and at least comparable to other types of
leukaemia. Studies have detected less than one mutation per megabase
(Mb) of genomic DNA with between two and 76 non-synonymous
mutations per patient.””*® By investigating the base-pair substitutions
in CLL cases and the sequence context in which they occur, it has
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been proposed that the pattern of mutations in IGHV mutated and
unmutated cases is consistent with somatic hypermutation in the IGHV
mutated subgroup, where the mutations are potentially introduced
by error-prone polymerase n.8* Interestingly, it is also clear that novel
mutations showed striking associations with standard prognostic mark-
ers, suggesting that particular combinations of genetic lesions may act in
concert to drive leukaemogenesis.

NOTCH1

Recent high-throughput sequencing efforts have confirmed the impor-
tance of Notch signalling in CLL, a process that is important for a variety
of developmental and physiological processes.8+?¢ Biological data initially
demonstrated the importance of Notch signalling in cell survival and
apoptosis resistance in CLL cells.!®® The same group has now demon-
strated that the use of Notch1 signalling inhibitors, such as y-secretase,
accelerated B-CLL cell apoptosis by proteasome inhibition and enhancing
endoplasmic reticulum stress.!0!

The link between Notch signalling and mutations within NOTCHI was
first established in a small series of 43 patients, where Sanger sequencing
detected two patients (4.6%) with a heterozygous frameshift of 2 bp
(ACT7544-7545, P2515R{s*4) within the PEST domain of NOTCHI.192
This variant creates a premature stop-codon and a lack of a C-terminal
domain containing a PEST sequence, and finally results in the accumu-
lation of an active Notch1 isoform in CLL cells.®* With high-throughput
sequencing studies, it is now evident that mutations cluster across exon
34 of NOTCHI.84°%8 Several subsequent studies have expanded our
understanding of the prevalence of NOTCHI mutations and their clinical
significance. Initial estimates of the frequency of NOTCHI mutations
in discovery CLL were as high as 12%, but these cohorts were derived
from untreated and relapsed CLL. At diagnosis, the frequency is much
lower, between 6 and 10%,'%%194 but the frequency varies hugely based
on the stage of diseases analysed. In MBL patients, the incidence is
~3%,'1%5 whereas >20% of patients with alkylating agent or purine
analogue-refractory disease harbour a mutation.’®!1® Initially, it was
suggested that patients with a mutant NOTCHI have survival comparable
to those harbouring TP53 abnormalities;'?> however, it is now clear that
these mutations identify outcome similar to 11q deleted CLL.>%10¢
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SF3B1

SF3B1 is a critical component of the RNA splicing machinery that
achieves successful transcription and guarantees the functional diversity
of protein species using alternative spicing. Mutations in RNA splicing
107 with a strong
association between SF3BI gene mutations and cases of the myelodys-

genes were initially discovered in myeloid malignancies,

plastic syndrome with increased ringed sideroblasts.!'®® Subsequently,
SF3BI1 mutations have also been found in CLL but not in other chronic
B-cell lymphoproliferative disorders.®”-?810% Mutations were docu-
mented in 5-17% of patients and were associated with advanced-stage,
fludarabine-refractory disease in cases with no TP53 abnormality and
11g23 deletions and with short TFT and OS independent of other
prognostic variables.%7-98:10

Consistent with such an essential role in the control of gene
expression, the SF3B1 amino acid sequence shows great phyloge-
netic conservation, especially in the amino acids targeted by somatic
mutations in CLL. The SF3B1 protein contains two well-defined
domains: the N-terminal hydrophilic region which contains a number
of protein-binding motifs and is known to interact directly with other
spliceosome components, and a C-terminal region, which consists of
22 non-identical HEAT domains, the precise role of which is currently
unclear. SF3BI mutations are principally within exons 14-16, which
encode the HEAT3, HEAT4 and HEAT5 domains.’%°7810% Computa-
tional modelling of the C-terminal domain of SF3B1 provides several
suggestions: (i) most mutations (codon 623-701) are spatially close to
one another and occur on the inner surface of the SF3BI structure that
might be defined as a binding interface; and (ii) the remaining mutations
(codon 741-894) occur within different domains, such as the putative
external loop domain, and may therefore be functionally distinct.”®

The analysis of the functional consequences of SF3BI mutations is an
area of active research. To date, the following observations have been
made: (i) using targeted and global experimental approaches, it is clear
that SF3B1 mutations do result in aberrant splicing;®”-?8 (ii) more in-depth
analysis with RNA sequencing (RNA-Seq) suggests that SF3BI mutations
do not impair the general function of the protein, but alter certain specific
activities;® and (iii) only a relatively small number of candidate genes are
aberrantly spliced, but include known cancer genes. In SF3BI mutated
patients, a highly expressed truncated FOXPI transcript, FOXPIw, was
identified that lacks two putative PEST domain sequences involved in
protein degradation.”®
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Other genes

Other recurrently mutated genes are emerging from ongoing
high-throughput sequencing projects, although at low frequencies.849799
Furthermore, there is currently little information regarding their fre-
quency in validation cohorts and their functional consequences. The
mutational landscape of CLL is outlined in Table 6.2. Although data
in this area are actively evolving, it is clear that other pathways are
being identified targeted by somatic mutations in CLL. In addition to the
predicted involvement of DNA damage response and cell-cycle control
genes, additional genes are mutated involved in B-cell differentiation,
Notch signalling, inflammatory pathways, telomere maintenance,
epigenetic regulation, RNA splicing and processing and B-cell recep-
tor signalling.®’~? Although data are currently limited, several gene
mutations, such as those targeting BRAF and FBXW7, may lead to the
development of targeted treatments, for example, the use of BRAF
inhibitors.!1°

Novel genetic mutations in clinical practice

Preliminary data support the clinical importance of several of these new
mutated cancer genes, most notable disruption of BIRC3 and mutations
in NOTCHI and SF3BI1. If the clinical significance of these lesions can
be validated in large retrospective and prospective cohorts, the true
importance of these biomarkers, in the context of established clinical
and biological features, can be realized. With validation, these lesions
may have utility as biomarkers with benefits that may include the
ability to predict the natural history of patients presenting with early
asymptomatic disease, predicting the outcome but also the choice of
treatment, and may represent therapeutic targets. Two studies have con-
tributed significantly to the goal of validating the prognostic significance
of these new lesions. Recently, a large study developed a prognostic
algorithm through the integration of gene mutations and chromosomal
abnormalities.'?® By the parallel analysis of >1200 CLL patients using
FISH and sequence analysis, they define four risk classifications: (1)
high-risk patients with either TP53 defects and/or BIRC3 disruption; (2)
intermediate-risk patients, harbouring NOTCHI and/or SF3BI mutations
and/or del(11q); (3) low-risk patients, harbouring trisomy 12 or a
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Table 6.2 Prevalence of recurrent mutations in CLL.

Gene Gene Frequency References
name nomenclature (%)

Tumour protein p53 TP53 5-20 197
Ataxia telangiectasia mutated ATM 9-14 59
Notch 1 NOTCH1 12 96, 98, 102
Splicing factor 3b, subunit 1, 155 kDa SF3B1 10 97, 98
Chromodomain helicase DNA-binding CHD2 5 98
protein 2

Low-density lipoprotein receptor-related LRP1B 5 98
protein 1B

Protection of telomeres 1 POT1 5 98
F-box and WD repeat domain containing FBXW?7 4 97

7, E3 ubiquitin protein ligase

Zinc finger, MYM-type 3 ZMYM?3 4 97
DEAD (Asp—Glu—Ala—Asp) box polypeptide DDX3X 3 97, 99
3, X-linked

Myeloid differentiation primary response MYD88 3 84, 98
gene 88

Mitogen-activated protein kinase 1 MAPK1 3 97
Histone cluster 1, H1e HISTTHTE 3 99
BCL6 corepressor BCOR 3 99
Receptor (TNFRSF)-interacting RIPK1 3 99
serine-threonine kinase 1

SAM domain and HD domain 1 SAMHD1 3 99
Sucrase—isomaltase (a-glucosidase) Sl 3 198
Exportin 1 XPO1 2.5 84
Kelch-like family member 6 KLHLE 2 84
V-raf murine sarcoma viral oncogene BRAF 2 199
homologue B1

V-Ki-ras2 Kirsten rat sarcoma viral KRAS 2 99
oncogene homologue

Mediator complex subunit 12 MED12 2 99
Inositol triphosphate 3-kinase B ITPKB 2 99
Early growth response 2 EGR2 1 99
Interferon regulatory factor 4 IRF4 1.5 200
Baculoviral IAP repeat containing 3 BIRC3 1.5 63
Neuroblastoma RAS viral (v-ras) oncogene NRAS 1-3 99, 199
homologue

Retinoblastoma 1 RB1 2% 43

*Frequency in those patients with large 13q deletions which include the RB7 locus. Defined

as ‘Type I deletions.*?
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normal profile; and (4) a very low-risk group with del(13q), whose
survival did not differ from that of a matched general population.
This model adds significantly to the model based on the presence of
aberrations detected by FISH,>? due to the co-existence of poor-risk gene
mutations in low-risk groups defined purely based on FISH.

Given the highly heterogeneous natural history of CLL and the often
serendipitous date of initial diagnosis, it is important to confirm the prog-
nostic relevance of novel biomarkers in the context of randomized clin-
ical trials. The second study performed just such an analysis, assessing
NOTCHI and SF3BI mutations in a cohort of 494 patients treated within
the randomized phase III UK LRF CLL4 trial that compared chlorambu-
cil and fludarabine with and without cyclophosphamide in previously
untreated patients (Fig. 6.3).°7 This study showed that although TP53
alterations remained the most informative marker of dismal survival in
the UK LRF CLL4 cohort, NOTCHI and SF3BI mutations have added inde-
pendent prognostic value. It will be critical to understand the biological
role of these mutations and their clinical significance in the context of
modern therapies, such as novel B-cell receptor signalling inhibitors and
chemo-immunotherapy.

Although it has not so far been demonstrated, therapeutic targeting
of NOTCHI, SF3BI and BIRC3 alterations has clear promise. NOTCH]I
is a well-established therapeutic target in T-cell acute lymphoblastic
leukaemia (T-ALL), and is possible that NF-kB pathway and spliceosome
inhibitors could have activity against BIRC3 and SF3BI defects, respec-
tively. Other treatment avenues have emerged from investigations of the
biological importance of the BCR and clearly show that this signalling
cascade may be a target for therapy. Two such drugs are currently
undergoing intensive clinical investigations, the Bruton tyrosine kinase
(BTK) and phosphatidylinositol 3-kinase (PI3K) inhibitors.®¢!1! 1t is
evident that further understanding of the genetic lesions that contribute
to CLL pathogenesis will continue to aid in the accurate risk-adapted
stratification of CLL patients and identify molecular mechanisms that
are amenable to therapeutic intervention.

Germinal centre lymphomas

The introduction of NGS technologies has also led to significant
improvements in our understanding of the molecular pathogenesis
of non-Hodgkin lymphomas, identifying a plethora of previously
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unappreciated mutation targets and oncogenic pathways that have
contributed to the development and progression of these diseases. This
part of the chapter summarizes the recent advances in the genetics of
germinal centre (GC) lymphomas, with special emphasis on follicular
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Figure 6.3 NOTCHI and SF3BI mutations in CLL. (a) The Notch signalling cascade
and the distribution of mutations in NOTCHI. The NOTCHI gene contains 34 exons
and encodes a protein with a C-terminal TAD-PEST domain, which is a hotspot for
mutation in CLL. Part of exon 34 is magnified and the location of each mutation is
shown. (b) Elements of the mRNA processing machinery and the distribution of
mutation in SF3BI. The SF3BI gene contains 25 exons and encodes a protein with a
C-terminal domain consisting of 22 HEAT domains. Exons 14, 15 and 16 are
magnified and the locations of key hotspots are shown. Below each gene map is
the overall survival data from the UK CLL4 trial. OS of CLL4 patients based on the
mutational status of NOTCHI (left) and SF3BI1 (middle). The p values are derived
from Kaplan—Meier analysis with a log-rank test and median survival times with
95% confidence. Adapted from Oscier et al.>®
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Figure 6.3 (continued)

lymphoma (FL) and diffuse large B-cell lymphoma (DLBCL), the two
most common GC lymphoma entities (Fig. 6.1).

Follicular lymphoma

FL is the most common indolent lymphoma, accounting for ~25% of
all B-cell non-Hodgkin lymphoma (NHL) cases.!!? It exhibits a heteroge-
neous clinical course with a median survival of 11-12 years, characterized
by an initial good response to first-line therapy followed by multiple
relapses and the need for recurrent therapeutic interventions.!'* In addi-
tion, a subset of patients (25-30% ) undergo transformation to high-grade
lymphoma (usually DLBCL), where the treatment options are limited,
resulting in a much shortened 0S.!'411¢ Although the addition of ritux-
imab to standard therapies resulted in a significant improvement in out-
come measures, FL is considered incurable, with a proportion of patients
becoming resistant to therapy.!'7-!1?
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Genetic landscape of FL
Cytogenetics and copy number alterations

The molecular hallmark of the disease is the t(14;18)(q32;q21)
translocation arising due to defective VDJ recombination of the IGHV
genes in the bone marrow. It places the BCL2 gene under control of
the IGHV enhancer, leading to constitutive over-expression of the
antiapoptotic BCL-2 protein.'2%12! This cellular survival advantage
leads to accumulation of long-lived B-cells, which acquire additional
secondary changes in the presence of the activation-induced cytidine
deaminase (AID)-mediated genomic instability and from which the
disease is thought to arise.'?? The t(14;18) translocation is present in
more than 90% of the patients; however, it is also detected in the
majority of healthy individuals, suggesting that it is not sufficient on its
own to induce lymphomagenesis.!23-12¢

In addition to the t(14;18) translocation, additional karyotypic events
including somatically acquired CNAs and aUPD are universally found in
FL and contribute to FL pathogenesis and transformation. Several groups
reported recurrent CNAs based on aCGH and microarray studies with
frequencies higher than 10%, including loss of 1p, 6q, 9p, 10q, 13q and
17p and also gains of 2p, 7, 8, 12q, 18q and X, combinations of which are
present in almost all FL cases.!?7-13!

The introduction of SNP microarrays allowed the identification of
regions of aUPDs, with 1p, 6p, 12q and 16p being the most frequent
(16-28%).1327135 Some of these were reported to have prognostic rele-
vance; in particular, aUPD on 1p36 correlated with shorter OS and aUPD
on 16p was predictive of transformation and correlated with reduced
PFS.!2? These areas can pinpoint mutations rendered homozygous over
pre-existing monoallelic events.!>? Unlike other indolent B-cell malig-
nancies such as CLL and multiple myeloma, where karyotype analysis
can be used to risk stratify individual patients, this is not the case in
FL, where profiling has largely been descriptive and pointing towards
locations where tumour suppressor genes or oncogenes most likely
reside. These investigations, in particular those analysing sequential
biopsy samples, have provided insights into the evolution of FL and
the existence of a B-cell progenitor pool of cells [called the common
progenitor cell (CPC)], from which each episode of the disease is thought
to arise, indicating the incurable nature of FL (Fig. 6.4).131:132.136,137

Although these karyotypic events in FL have been well documented,
the identification of the target pathogenic loci have until recently
remained obscure. With recurrent heterozygous deletions and aUPD in
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Figure 6.4 Model for FL pathogenesis and transformation. The t(14;18) positive
progenitor cells acquire additional genetic and epigenetic alterations leading the
development of an FL initiating pool of common progenitor cells (CPC), which give
rise to each subsequent episode of the disease. Modified from Montoto and
Fitzgibbon.2!!

more than 25% of FL patients, 1p36 represents one of the most frequent
alterations in FL. In an attempt to identify the minimally deleted region
at 1p36, TNFRSF14 (tumour necrosis factor receptor superfamily 14), a
cell-surface molecule expressed by haematopoietic cells was identified as
the candidate tumour suppressor gene within this region and was shown
to be mutated in 18.3% of the cases with mutations associated with
inferior clinical outcome.!*® TNFRSF14 mutations were also detected at
a frequency of 46% in a second study, although the TNFRSF14 variants
were not linked with poor prognosis.!** The majority of mutations in
both studies (57%) resulted in the production of a truncated protein
leading to decreased cell-surface expression of TNFRSF14. TNFRSF14
can act as both a receptor and a ligand and is able to transmit both
stimulatory and inhibitory signals to T-cells and other components
of the tumour microenvironment depending on its engagement with
specific ligands.'*° Considering this complexity of signal transduction
and interactions mediated by TNFRSF14, further studies are required to
elucidate the role of these mutations in FL development.

The search for the candidate genes targeted by 6q deletions resulted
in the identification of TNFAIP3/A20, a negative regulator of NF-xB
signalling and ephrin receptor 7A (EPHA7) as tumour suppressors in
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FL.141142 Interestingly, EPHA7 protein was absent in 72% of FL cases,
which was attributed to deletion of one allele and suppression of the
other allele via aberrant promoter hypermethylation.'4!"143 The conse-
quence of EPHA7 loss on FL development was demonstrated in a Bcl2
transgenic mouse model with EPHA7 knockdown, that demonstrated
a marked acceleration of disease onset and increase in penetrance.
The authors revealed an intriguing tumour suppressor mechanism for
EPHA7, where in normal B-cells the truncated form of EPHA7 (EPHATR)
is secreted and binds to EPHA2, preventing its homodimerization and
activation of the downstream signalling, while in FL in the absence of
EPHA™®, EPHA2 is able to dimerize and induce oncogenic signalling
via ERK, STAT3 and SRC contributing to FL pathogenesis. The soluble
tumour suppressor feature of EPHA7 also highlights its potential as a
targeted therapeutic polypeptide.'#4

Epigenetic deregulation: aberrant DNA methylation
Epigenetic modifications such as DNA methylation are reversible changes
associated with transcriptional regulation of gene expression. Aberrant
cytosine methylation of the so-called CpG islands has been linked with
silencing of various tumour suppressor genes in cancer.'> This repre-
sents an attractive therapeutic target as the aberrant hypermethylation
can be reversed using hypomethylating agents, approved for treatment
of myelodysplastic syndromes (MDS) and currently under evaluation in
clinical trials for FL.!46

The initial methylation studies in FL focused on individual candidate
tumour suppressor genes in small patient cohorts using non-quantitative
methods.!*” These studies revealed hypermethylation of genes such as
DAPKI and SHPI in 85-90% of the samples assayed.!48-1>! Additionally,
aberrant hypermethylation of cyclin-dependent kinase inhibitors p15,
pl6 and p57 was suggested to be associated with transformation of FL in
a number of studies.!>2-1>4

With the introduction of newer array-based technologies, the focus
of investigations has recently shifted to the global assessment of the FL
methylome. One of the first array-based methylation profiling studies
performed on 164 FL cases demonstrated widespread aberrant hyper-
methylation in FL, with 8% of the promoters displaying an increase in
methylation compared with normal controls.!*> This provided a robust
discriminator between the tumour and control normal samples, which is
in line with observations from other studies.'**!>” The number of hyper-
methylated genes in FL was higher than in other B-cell lymphomas,
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e.g. CLL or MCL, indicating a pronounced hypermethylation pattern
in FL.!>” However, the methylation profiles of sequential FL and
transformed FL biopsies were conserved, suggesting that aberrant
methylation represents an early event in FL pathogenesis and may not
contribute significantly to transformation of FL.!>®

An intriguing finding of the methylation profiling studies in FL and
other B-cell NHLs was the significant over-representation of stem cell
targets of the Polycomb repressive complex 2 (PRC2) among the hyper-
methylated genes.!>81%0 This was noteworthy since hypermethylation
of PRC2 targets may ‘lock in stem cell phenotypes’, leading to aberrant
clonal expansion.!¢%1¢! The importance of this finding was established
when the core catalytic subunit of PRC2, the histone methyltransferase
enhancer of zeste homologue 2 (EZH2), was recently reported to har-
bour somatic gain of function mutations in ~7-22% of FLs and 14-22%
of germinal centre-type DLBCLs in the first series of NGS experiments on

these tumours.!162-164

Epigenetic deregulation: recurrent mutations of epigenetic
regulators in FL

The introduction of the NGS technologies has led to an unprecedented
increase in the identification of novel mutational targets across a wide
range of malignancies. In FL, these investigations have revealed a unique
molecular portrait of the disease with recurrent mutations of various
components and regulators of the epigenetic machinery in almost all
cases of this malignancy (Table 6.3).16516¢ The specific pattern of the
mutations leading to aberrant histone methylation and acetylation sug-
gests that the coordinated repression of the transcriptome represents one
of the critical events in FL pathogenesis (Fig. 6.5).

The first gene shown to be recurrently mutated in these studies
was the histone methyltransferase EZH2 with a mutation frequency
of 7-22% of FL cases.'®271¢4 EZH2 serves as the enzymatic subunit of
the PRC2 complex and catalyses the trimethylation of lysine 27 on
histone H3 (H3K27me3), leading to transcriptional repression of the
targeted loci.'®” This methyltransferase also plays a central role in early
B-cell development by controlling immunoglobulin heavy-chain gene
(IGH@) rearrangements, with the EZH2 conditional knock-out mice
demonstrating an impaired pro-B to pre-B-cell transition.!®® In germinal
centre B-cells, EZH2 is highly expressed and binds to a specific set of
target genes involved in differentiation, suppression of cell growth and
proliferation, suggesting a GC-specific EZH2 regulatory programme in
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Table 6.3 Recurrent mutations of epigenetic regulators in follicular lymphoma.

Gene Gene name Function Frequency  Gain/loss of
symbol (%) function
MLL2 Myeloid/lymphoid or H3K4 MTase* 89 Loss
mixed-lineage leukaemia
2
CREBBP CREB-binding protein HAT 33 Loss
EP300 E1A-binding protein p300 HAT 9 Loss
EZH2 Enhancer of zeste H3K27 MTase 7-22 Gain
homologue 2
MEF2B Myocyte enhancer factor Enhances HAT* 13 Loss
2B activity

*Abbreviations: MTase, methyltransferase; HAT, histone acetyltransferase.

normal and malignant B-cells.'®® Somatically acquired EZH2 mutations
lead to replacement of the critical tyrosine residue (Y646) within the
catalytic SET domain of the protein, with the mutations acting through
a unique gain of function mechanism, where the coordinated activity
of the wild-type and the mutant enzyme leads to decreased mono-
and dimethylation of H3K27 (H3K27me and H3K27me2) with a global
increase of H3K27me3 levels.!7!7! This provided a compelling rationale
for the development of EZH2-targeted therapies, and indeed the first
selective EZH2 inhibitors have now been developed and are being evalu-
ated in pre-clinical models. These early experiments have demonstrated
a high selectivity against a panel of lymphoma cell lines carrying EZH2
mutations.!”>7174 These targeted epigenetic therapies are now gaining
momentum and represent a promising new area of drug development
with agents selectively targeting the aberrant patterning of chromatin
marks. It will be of great interest to see the translation of these agents in
clinical trials.

The sequencing experiments that identified EZH2 served as the fore-
runner to the striking discovery of inactivating hetero- and homozygous
mutations of the H3K4 histone methyltransferase MLL2 in 90% of FL
cases. This observation challenges the notion that the t(14;18) transloca-
tion is the essential primary genetic hit in FL pathogenesis.!®> Trimethy-
lated H3K4 (H3K4me3) is associated with the presence of nonsense and
indel mutations in the MLL2 gene and results in the transcriptional acti-
vation of a series of developmental genes, and seems likely to behave as
a tumour suppressor in FL.17>176 In addition, the region on chromosome
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Figure 6.5 Epigenetic deregulation in follicular lymphoma. The specific pattern of
mutations in various members of the epigenetic machinery, including gain of
function mutations of the histone methyltransferases EZH2 and MLL2 and histone
acetyltransferases CREBBP and EP300, indicates that global repression of the
transcriptome plays a crucial role in FL pathogenesis. These changes represent
attractive therapeutic targets for epigenetic therapeutic agents such as EZH2
inhibitors and histone deacetylase inhibitors (HDACI).

12 containing the MLL2 gene is frequently the subject of aUPD, associ-
ated with homozygous gene mutation and complete MLL2 inactivation.
Although loss of H3K4 trimethylation via MLL2 inactivation is the most
frequent aberration in FL, suitable agents to modulate H3K4 modifica-
tions are not available at present.

The histone acetylation machinery is also deregulated due to the pres-
ence of somatically acquired mutations in FL with inactivating muta-
tions of histone acetyltransferases (HAT) CREBBP (32.6%) and EP300
(8.7%) and a regulator of histone acetylation, MEF2B (15.3%), lead-
ing to reduced acetylation the target genes.!®>19¢ Constitutive activation
of BCL6 and a reduction in the tumour-suppressor activity of p53 were
demonstrated as one of the consequences of these mutations.'®® Of note,
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H3K27 is also the subject of acetylation by CREBBP and EP300. Similarly
to EZH2 gain-of-function mutations, loss-of-function mutations within
CREBBP and EP300 are likely to lead to reduced acetylation and, in turn,
increased H3K27 trimethylation, which also points towards global repres-
sion of the gene expression in FL. Although speculative, the discovery of
mutations targeting components of the acetylation machinery provides
a rational basis for the re-evaluation of histone deacetylase inhibitors
(HDACI) as a potential therapeutic strategy for patients stratified based
on the presence of these mutations.

Diffuse large B-cell lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most common type of
NHL, representing about 40% of cases, and is characterized by a highly
variable clinical course.'”” Although addition of rituximab resulted in
improvement in the outcome, approximately one-third of the patients
remain incurable and will succumb to their disease. During the last
decade, significant improvement in understanding of molecular patho-
genesis of DLBCL has been achieved, primarily as a consequence of
the development of novel technologies that have allowed global gene
expression profiling, the documentation of chromosomal changes and,
most recently, the introduction of whole-exome and -genome sequenc-
ing. As with CLL and FL, these innovations are not merely contributing
to the molecular characterization of the disease but also permitting the
development of treatment strategies based on their underlying genetic
abnormalities.

Subtypes of DLBCL based on gene expression profiling

The seminal gene expression profiling (GEP) study by Alizadeh and
colleagues!”® identified two major subgroups of DLBCL: germinal centre
(GC) B-cell type and activated B-cell (ABC) type DLBCL. These subtypes
are characterized by distinct clinical and biological features, the latter
of which is a direct reflection of the fact that these DLBCL subtypes are
derived from specific stages of B-cell differentiation.!”® Patients with
germinal GC-like DLBCL had a significantly better overall survival than
those with ABC-like DLBCL, providing a powerful predictor of outcome.
Based on the most recent NGS studies, this dichotomy is also mirrored
in the mutation spectra of DLBCL, with some alterations exclusively
occurring in the GC subtype only and others are restricted to the ABC
subtype. However, a considerable number of recurrent mutation events
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are shared between the two subtypes, suggesting some overlapping
pathogenetic mechanisms, 66179

Novel mutation targets in DLBCL

Several groups investigated the genomic basis of DLBCL using
whole-exome or -genome sequencing and reported a striking genetic
heterogeneity with more than 300 recurrently mutated cancer genes
identified.!”*-18 The most frequently mutated genes and pathways
include chromatin modification (MLL2, CREBBP, EP300, MEF2B,
AIRDIA), NF-xB (CARDI11, MYB8S8, CD79B, TNFAIP3) and the PI3 kinase
signalling (PIK3CD, PIK3RI, MTOR) pathways. Compared with other
malignancies, e.g. FL or CLL, DLBCL was characterized by a considerably
higher mutation rate with a mean non-synonymous mutation rate of
3.2 mutations per megabase, indicating a profound genomic instability
in this malignancy.!8°

Recurrent mutations in epigenetic regulators in DLBCL
Deregulation of histone methylation and acetylation supposedly leading
to repression of the transcriptome appears to be a common mechanism
linking FL. and DLBCL as the mutations in methyltransferases EZH2 and
MLL2 and acetyltransferases CREBBP, EP300 and MEF2B arising in both
diseases.'®> However, the pattern and frequency of these mutations
in FL and DLBCL suggest mechanistic and biological distinctness; FL
harbours multiple mutations in these epigenetic regulators, whereas
these mutations tend to emerge in a mutually exclusive pattern in
DLBCL.!6>166.179 Interestingly, the EZH2 SET domain mutations are
almost exclusively restricted to the GC subtype of the disease (14-22%),
while the MLL2 (32%), CREBBP (29%), EP300 (10%) and MEF2B (11%)
mutations can be detected in both GC and ABC subtypes of DLBCL.
Similarly to the situation with FL, the first selective EZH2 inhibitors
demonstrated encouraging potency in DLBCL cell lines and mouse
xenograft models.!”217%> Of note, mutations of other epigenetic regula-
tors histone 1 (H1) family proteins involved in chromatin compacting
were also reported in DLBCL with two-thirds of patients harbouring
mutation in H1 proteins.!8® The precise functional consequence of this
observation is still open to speculation.

Mutations in components of B-cell receptor signalling in DLBCL
B-cell receptor (BCR) signalling provides survival signals for B-cells
through activation of the PI3K/mTOR and NF-kB pathways and it was
demonstrated that constitutive signal transduction via BCR is a critical
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Figure 6.6 Oncogenic pathways in diffuse large B-cell lymphoma. Illustrated are the
activated pathways via B-cell receptor and Toll-like receptor-mediated signalling.
Activating mutations of CD79a, CD79b, CARDI1 and MYD88 were identified in
DLBCL, contributing the constitutive/chronic activation of these pathways. Several
agents (highlighted in the dark-shaded boxes) targeting the effectors of these
pathways are in clinical trials and have demonstrated promising results in DLBCL
and other B-cell lymphoma entities.

factor for survival and proliferation of B-cell lymphomas (Fig. 6.6).!82

Early studies demonstrated that deregulation of BCR signalling and
dependency on NF-kB activation seems to play a central role in the
ABC DLBCLs, also highlighted by higher response rates to the protea-
some inhibitor bortezomib.!8>184 Recent genomic studies provided some
insights into the genetic background of altered BCR signalling and NF-kB
activation in DLBCL. Lenz and colleagues reported activating mutations
of the scaffold protein CARD11, leading to constitutive NF-kB activation
in around 10% of the ABC DLBCL cases.!®> Interestingly, activating
CARDI11 mutations were detected in a smaller subset of GC DLBCL cases
(3%). Later, this repertoire has expanded with activating mutations of
CD79B and CD79A4, the proximal subunits of the BCR, being detected in
about 20% of ABC DLBCLs and rarely in GC DLBCLs. The mutations
targeted the immunoreceptor tyrosine-based activation motifs (ITAM)
of CD79A and CD79B, leading to chronic active BCR signalling with
subsequent activation of the NF-xB, PI3K and MAP-kinase pathways.!8¢
Notably, the same mutation that occurs in CLL, a recurrent mutation in
MYDS88 (L265P), was found in 30% of ABC DLBCL. This mutation leads
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Table 6.4 Next-generation sequencing studies in different B-cell non-Hodgkin
lymphomas.

Entity Mutated genes identified References

Follicular lymphoma MLL2, EZH2, CREBBP, MEF2B, 165, 201, 202
EP300

Diffuse large B-cell lymphoma EZH2, MLL2, MEF2B, CREBBP, 165, 201-204

EP300, TNFAIP3, MYDS8S,
Histone H1 genes

Burkitt's lymphoma ID3, GNA13, RET, PIK3R1 205, 206
Mantle cell lymphoma NOTCH1 207
Splenic B-cell marginal zone NOTCH2 208, 209
lymphoma

Hairy-cell leukaemia BRAF 210

to oncogenic activation of NF-kB and also JAK-mediated activation of
STAT3, 180,187,188

These findings have important clinical implications as the BCR sig-
nalling pathway offers a plethora of potential targets including SYK, BTK
and PI3 kinases, which are ideal for therapeutic intervention using tar-
geted therapies (Fig. 6.4), and indeed many of these agents demonstrate
encouraging results in different B-cell lymphomas!'3°-1°! (Table 6.4). The
initial studies suggest that the mutation status of the aforementioned reg-
ulators of the BCR signalling pathway will likely predict response to these
therapies, hence stratification of patients based on the mutation status of
these genes will be important for achieving optimal outcomes with these
novel targeted agents.!??

Conclusions and future perspectives

Our knowledge of the molecular pathogenesis of these mature B-cell
malignancies has expanded exponentially over the last 50 years. Over
this time, significant technological advances have always preceded
leaps forward in our understanding of these diseases. It began with
the development of cytogenetic analysis that remains a relevant, albeit
low-resolution whole-genome scanning approach. In the 1980s, the
gap between molecular genetics and cytogenetics was bridged with the
advent of FISH and other molecular cytogenetic approaches, which
for the first time provided a truly integrated approach to genomic



The genetics of mature B-cell malignancies 297

analysis. In the late 1990s and into the new millennium, developments
in microarray technology have further bridged this gap, and develop-
ments in NGS are identifying relevant cancer genes and pathways with
unbridled speed and precision. The application of NGS technology to
unravelling the complexity of the cancer genome has been pioneered
by the International Cancer Genome Consortium (ICGC; www.icgc
.org) and the inclusion of many mature B-cell malignancies into this
initiative promises that our understanding of these diseases will con-
tinue to expand. These ICGC programmes are ongoing, but have already
transformed our perception of these neoplasms, but this next phase of
cancer genomics is only just beginning. Significant research remains to
be conducted that will not only catalogue the genomic architecture of
these diseases, but will ultimately define the clinical utility and biological
importance of these lesions in the context of disease diagnosis, natural
history, prognostication and therapeutic response. Such approaches are
listed below:

1 Clinical trials. Although a plethora of lesions have been identified
in these diseases, it will be important to continue to validate their
importance in the context of clinical treatment trials. These exper-
iments may employ standard molecular techniques investigating
candidate genes or NGS approaches to investigate gene panels or
whole genomes/exomes. This will permit the following comparisons
to be made: (i) to assess clinical utility of these novel mutations in
homogeneous patient cohorts, where patient material is assessed
at consistent time points during the natural history of the diseases;
(ii) to assess the ability of these new lesions to predict therapeutic
response, particularly after treatment with novel small molecules;
and (iii) to identify the genetic component that contributes, or drives,
therapeutic resistance by investigating sequential samples taken from
the same patients preceding, during and after treatment.

2 Large international studies. It is likely that the genes mutated at high
frequencies in these diseases have already been defined and due to this
high frequency their clinical importance is more straightforward to
ascertain. However, for less prevalent mutational events, particularly
those where multiple genes are targeted in key biological pathways, it
will be necessary to investigate very large patient cohorts or employ
meta-analysis to collate large international studies.

3 Functional validation. There are a variety of genetic and bioinformatics
approaches to predict the pathogenic importance of a given lesion,
including recurrence and the likelihood that a lesion will compromise
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protein function. However, to identify accurately so-called ‘driver’
mutations, functional analysis is required to prove causation. This
analysis could include biochemical analysis, studies of the crystal
structures of mutant proteins and the introduction of mutations into
in vitro and in vivo model systems, with the assessment of appropriate
biological readouts, such as cell death, proliferation, differentiation
and signalling. The development of many of these systems is both
technologically challenging and time consuming. However, where
possible it will be important to consider improvements in the through-
put of such approaches, so that the multitude of lesions emerging
from NGS studies can be functionally validated on a time-scale that
permits rapid clinical translation.

4 Molecular diagnostics. The translation of these genetic studies into real
improvements in patient care will require focus on the following: (i)
multiple, independent studies to validate the most informative panel
of genes in the context of a given treatment modality; (ii) due to the
protracted natural history of these diseases, it will be important to
establish when these molecular diagnostic assays are to be performed;
(iii) the most accurate technology will need to be optimized, which
will require international agreement; and (iv) the realization of the
full cost implication of these assays and the establishment of a funding
strategy to support their use.

5 Systems biology. Our understanding of DNA sequence changes in these
diseases is considerably more advanced than our understanding of epi-
genetic alterations or those at the transcriptome level. Exciting data
are emerging, some of which are discussed in this chapter. Large stud-
ies of DNA methylation have been conducted in CLL that show consid-
erable promise.!?? It has also been demonstrated that recurrent fusion
transcripts do occur in CLL at the transcriptional level,'** but fur-
ther study and validation are required. Ultimately, the application of
computational modelling and systems biology is required to integrate
genomic, epigenetic, transcriptomic and proteomic data to provide a
systematic analysis of the molecular lesions contributing to the patho-
genesis of the B-cell neoplasms.

To conclude, the race continues between laboratories worldwide to
uncover the secrets that underpin the pathophysiology of these malig-
nancies. All parties involved in this race share great optimism that our
increased knowledge will ultimately lead to improvements in the clin-
ical management of patients with these diseases, which would include
targeted therapies and, ultimately, a cure.
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The genetics of chronic
myelogenous leukaemia

Philippa C. May, Jamshid S. Khorashad, Mary Alikian, Danilo Perrotti
and Alistair G. Reid

Introduction

Chronic myelogenous leukaemia (CML) is probably the most exten-
sively studied and best understood of all human cancers. It was the first
leukaemia to be described, in almost simultaneous reports in the 1840s
by Donné,! Virchow? and Bennett.> The association of CML with the
Philadelphia (Ph) chromosome was made by Nowell and Hungerford* in
1960 and was the first consistent chromosome abnormality to be asso-
ciated with malignancy. With improvements in chromosome banding
techniques, the Ph chromosome was subsequently found to be the result
of a translocation between the long arms of chromosomes 9 and 22.° A
decade later, in the mid-1980s, the Ph translocation was shown to fuse
part of the ABLI proto-oncogene on chromosome 9 with the breakpoint
cluster region (BCR) gene on chromosome 22.%7 This rearrangement
leads to a chimeric gene, BCR-ABLI, which codes for a novel fusion
protein with dysregulated tyrosine kinase activity.®>® The expression of
BCR-ABLI transforms cell lines!® and in murine bone marrow cells has
been shown to be necessary for both initiation and maintenance of the
leukaemias, with some diseases phenotypically resembling CML.!!-14
This confirmation of BCR-ABLI as the pathogenic basis of CML fostered
the development of ABLI-specific tyrosine kinase inhibitors'>-!7 that
specifically inhibit the growth of BCR-ABLI positive cells in vitro'8'?
and in vivo, dramatically improving the outcome of patients with this
disease.?*2! Historically, CML has provided a paradigm for many aspects
of tumour biology and demonstrates that dissection of the specific
molecular pathways that lead to oncogenic transformation will identify
rational targets for therapy.
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Clinical features

CML affects 1-2 per 100,000 adults and accounts for around 10-15%
of all adult leukaemias.?>2* The disease is characterized by progression
through two, or sometimes three, stages. An initial chronic phase (CP)
is relatively indolent and may be asymptomatic. Left untreated, patients
inevitably progress through an ill-defined accelerated phase (AP) to
blast crisis (BC), analogous to an acute leukaemia, with proliferation of
leukaemic blasts in the peripheral blood and bone marrow. Blasts may
either be myeloid or lymphoid in lineage, emphasizing the stem cell
nature of the disease.

A proportion of CML patients are diagnosed coincidentally following
routine blood tests. Symptomatic patients present with increased white
blood cell (WBC) counts of over 100 x 10%/L. Splenomegaly is the most
common finding. When present, symptoms are mainly the consequence
of splenomegaly and anaemias, such as fatigue, weight loss and malaise.
During progression, symptoms worsen to include bleeding, fevers and
infections. Some patients progress to BC with no warning signals,
whereas others progress through the transitional AP with progressive
headaches, bone pain, arthralgias or fever.?*

The frontline therapy for CML is one of the targeted tyrosine kinase
inhibitors such as imatinib, dasatinib or nilotinib, which, in the major-
ity of patients, reduces the peripheral granulocyte count, restores the
peripheral counts to normal and reduces the size of the spleen, eventu-
ally inducing a 3-5 log reduction in the burden of Ph-positive cells. The
later stages of the disease are less amenable to treatment, however, with
blast crisis more likely to be resistant to therapy and frequently fatal.?>-28

CML is characterized by a consistent cytogenetic abnormality, the
Ph chromosome.* This small marker is actually the derivative chromo-
some 22 resulting from the translocation t(9;22)(q34;ql11)° or variants
thereof (Fig. 7.1). Variants of the Ph chromosome translocation involve
breakpoints in one or more chromosome regions in addition to 9q34
and 22ql1.2, and are found in up to 10% of patients with CML.?*->!
In ~1-2% of CML patients, the translocation is cryptic at the level of
G-banding (aka masked Ph), and is characterized by direct insertion of
chromosome 9 sequences into chromosome 22 or vice versa. The molec-
ular consequence of a Ph chromosome translocation is the fusion of the
BCR and ABLI genes to form the chimeric BCR-ABLI oncogene. However,
for a disease with a uniform pathogenetic molecular abnormality, CML
demonstrates a paradoxical clinical heterogeneity. The duration of the



314 Chapter 7

9 der(9) 22 der(22)

!
>
t

l

(a)

W e

h H n ai ] :., 52
.1? .14‘ l‘ I’l lA ll

17

15
¥
C = ok A "

19 20 21 22

(b)
Figure 7.1 The Philadelphia (Ph) chromosome translocation. (a) Karyogram of the
classical Ph chromosome translocation t(9;22)(q34.1;q11.2) from the bone marrow
of a patient with CML, in which a reciprocal exchange of material is apparent
between the terminal part of the long arm of chromosome 9 and the majority of the
long arm of chromosome 22. This results in an elongated derivative chromosome 9
[der(9)] and a foreshortened derivative chromosome 22 [der(22)] or Philadelphia
chromosome. The locations of the respective chromosome breakpoints are shown
on the normal homologues by arrows. (b) An example of a variant Philadelphia
chromosome translocation involving a third breakpoint on the long arm of
chromosome 17, in addition to chromosomes 9 and 22.
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chronic phase, and hence survival, in patients is variable even in the
modern TKI era. Although most patients achieve a long-term response
to therapy, a significant minority lose response and progress rapidly to
blast crisis. The basis of this clinical heterogeneity and the molecular
mechanisms of disease transformation remain largely obscure.

There are two commonly used prognostic scoring systems for
patients with CML: the Sokal and Hasford systems.???> These are
mathematically derived calculations, designed and validated on large
numbers of patients using a number of diagnostic, clinical and laboratory
parameters. However, although they have general prognostic value,
the Sokal and Hasford scoring systems have not proved robust enough
to guide individual management decisions. Attempts have been made
to identify individual genetic or biochemical variables that may allow
improved risk stratification. A reduction in telomere length was shown
to correlate with a more rapid onset of disease transformation,?*>° and
in a small series telomere length also appeared to predict for response
to a-interferon,®® although these methods were beyond the scope of
most routine laboratories. The presence, in a proportion of patients,
of submicroscopic deletions adjacent to the BCR and/or ABLI genomic
breakpoints on the derivative chromosome 9 [aka ‘der(9) deletions’] has
been described extensively and was shown to correlate with a shorter
survival in several large cohorts treated with a-interferon,?’—° with
one study suggesting that the size of deletion also affected prognosis.*°
However, the deletions appear to have no prognostic association in
patients on TKI therapy.*!"4> A method has been proposed for measuring
one of the surrogate targets for phosphorylation of BCR-ABLI, P-Crkl,
to evaluate response to imatinib.*> However, upon trial to validate
the preliminary findings on CML patients at diagnosis, no predictive
value of measuring P-Crkl could be demonstrated.** Other studies
correlated the activity and/or level of expression of the human organic
cation transporter 1 (2OCTI) gene, the main transporter for imatinib
uptake, with subsequent response to imatinib.*>4® However, a more
recent study on presentation samples collected from CML patients
before starting imatinib failed to confirm any correlation between #0CTI
gene expression and imatinib response.*” This gene remains of interest
as several groups have also reported an association between SNPs
within #OCTI and imatinib uptake and/or clinical outcome.*8->° The
emergence of BCR-ABLI kinase domain (KD) mutations (discussed later
in this chapter) has also been found to be predictive of loss of response,
irrespective of mutation type.’! However, the logistical challenge of
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regular screening for KD mutations is considerable. Therefore, a method
for prospectively distinguishing those patients who will progress rapidly
to blast crisis from those whose disease will pursue an indolent course is
still lacking and would be of great use to the clinician.

The structure and physiological function of BCR
and ABL1

Both the 145 kilodalton (kDa) ABL1 protein and the 160 kDa BCR pro-
tein are ubiquitously expressed.’?> The ABLI gene is the human homo-
logue of the v-abl oncogene encoded by the Abelson murine leukaemia
virus (A-MulV).>> Human ABLI encodes a non-receptor tyrosine kinase
with several distinct structural domains. Toward the N-terminus there
are three SRC homology regions (SH1-SH3). The SH1 domain contains
the tyrosine kinase function, whereas the SH2 and SH3 domains allow for
interaction with other proteins.>* Three proline-rich regions in the centre
of the protein can interact with the SH3 domains of other proteins.”® The
C-terminus contains the nuclear-localization signals and also the DNA
and actin-binding motifs.>®>7358 ABLI has two different isoforms, 1a and
1b, depending on which of the first two alternatively spliced exons are
incorporated.®®®® The longer and more prevalent type 1b has a myris-
toylation site at the N-terminus which can target the protein towards
the membrane.®! Like most protein kinases,®?> ABLI forms a latent con-
tormation in the absence of cellular signals and therefore its regulation
is usually tightly controlled. The SH2 and SH3 domains and the linker
between them form a tight ‘clamp’ with the kinase domain, anchored in
place by the N-terminal cap, which prevents ABLI activity.®?

ABLI1 appears to have many diverse functions, reviewed by several
groups,’?°4%466 such as the regulation of the cell cycle,*”>¢”
signalling®® and in the response of the cell to genotoxic stress.
ABLI1 therefore appears to have a complex role in integrating diverse
intracellular and extracellular signals that control the cell cycle and
apoptosis.

Several structural motifs can be identified within the BCR protein.
The N-terminus contains a serine-threonine kinase and the coiled-coil
domain, which allows dimer formation in vivo.”! The centre of the protein
contains a motif with dbl-like and pleckstrin homology domains, which
stimulates the exchange of guanidine triphosphate (GTP) for guanidine
diphosphate (GDP) on Rho guanidine exchange factors, which may in

integrin
69,70
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turn activate transcription factors such as NF-xB.”> The C-terminus of
BCR encodes a domain with the ability to activate GTPases involved in
the RAS signalling pathway.”” The functional domains present within the
BCR protein suggest a role in signal transduction, but the physiological
role of BCR is not fully understood.

The structure of the BCR-ABL1 fusion gene

Translocation between chromosomes 9 and 22 results in the fusion of
5’ BCR and 3’ ABLI on the Ph chromosome.” The fusion protein thus
has chimeric features of both its wild-type counterparts (Fig. 7.2). The
replacement of the first one or two exons of ABLI by at least BCR exon
1 — crucially, the only BCR exon common to all transforming BCR-ABLI
fusion genes — prevents the auto-inhibition of the ABL1 kinase activity
and instead allows oligomerization.®>”> Oligomerized BCR-ABLI1 subse-
quently phosphorylates both itself and other proteins in an uncontrolled
manner, leading to proliferation and thus transformation.”®”” Indeed,
disruption of the BCR exon 1 oligomerization domain’! abrogates the
transforming ability of BCR-ABLI1 and disruption of ABLI exon 1 trans-
forms the wild-type protein to an oncoprotein,®® demonstrating how cru-
cial these changes are to deregulation of normal cellular control. The
BCR-ABLI protein is entirely cytoplasmic.”®

The molecular architecture of the ABLI and BCR genes showing
their common genomic breakpoints, alongside the resulting chimeric
proteins, is shown in Fig. 7.2. The majority of breakpoints in the ABLI
gene occur in the 150 kb region between the two alternate first exons,
with rare cases occurring upstream of exon 1b or downstream of exon
1a.7°-8! However, regardless of the specific ABLI breakpoint, splicing of
the chimeric transcript fuses BCR sequences to ABLI exon 2(a2). The
breakpoints in BCR localize to three main breakpoint cluster regions,
giving the gene its name. In the majority of CML patients and one-third
of patients with Ph-positive acute lymphoblastic leukaemia (ALL), the
BCR breakpoint occurs in a 6 kb region encompassing exons el2 to el6
(previously termed b1 to b5), referred to as the major breakpoint cluster
region, or M-bcr. Following alternative splicing events, transcripts with
either a el3a2 or el4a2 BCR-ABLI junction are formed, encoding a 210
kDa protein (p210BCR-ABL) The majority of patients with Ph-positive
ALL and occasional patients with CML demonstrate a breakpoint
upstream of the M-bcr, in the 54 kb region between the alternative
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Figure 7.2 Anatomy of the Philadelphia translocation partners ABLI and BCR. (a)
Genomic structure of the ABLI and BCR genes. The common breakpoint region in
ABLI is indicated and different breakpoint cluster regions are shown within BCR. (b)
Exon structures of the different BCR-ABLI transcripts. The ela2 transcript which
results in the P190 BCR-ABL protein, the el3a2/el4a2 transcripts resulting in the
P210 protein and the rare e19a2 transcript coding for the P230 protein are shown.
(c) Structures of different BCR-ABLI1 oncoproteins. Protein domains are indicated
using the following abbreviations: NLS, nuclear localization signal; NES, nuclear
export signal; BD, binding domain; SH, src homology region; CaLB,
calcium-dependent lipase binding site; Db, diffuse B-cell lymphoma protein
homology domain; PH, pleckstrin homology domain; Gap Rac, domain with the
ability to activate GTPases involved in RAS signalling pathways.

BCR exons €2’ and e2, an area termed the minor breakpoint cluster
region (m-bcr). The mRNA produced by this rearrangement encodes
a protein of 190 kDa (pl1908®4BLl) with increased protein tyrosine
kinase activity compared with p2108¢®4BLL 9 A third breakpoint cluster
region exists downstream of BCR exon el9 (previously c3), the p-bcr
region, which encodes a 230 kDa fusion protein and has been associated
with prominent neutrophilic maturation,®? although it has also been
described in typical CML.8>
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Whereas a large amount of data exists concerning the BCR-ABLI
tusion, relatively little is known about the reciprocal translocation
product ABLI-BCR and its resulting transcript. ABLI-BCR is expressed
in around 60-70% of patients with CML and probably in a higher
number of patients with Ph-positive ALL,3%8¢ and stable expression
of both p404BL-BCR and p964BL1-BCR reciprocal fusion proteins has been
demonstrated.’” The primary reasons for abrogation of ABLI-BCR
expression include the aforementioned der(9) deletions, which entirely
remove one or both components of the fusion, and variant translocations
which occur in 5-10% of patients and result in relocation of 3’ BCR
sequences to a third partner chromosome.®¥8° In the pre-TKI era, it
was speculated that the ABLI-BCRI transcript may modulate disease
progression, a concept reminiscent of the proposed role of the reciprocal
RARA-PML fusion gene in murine models of acute promyelocytic
leukaemia;?*°! however, expression of ABLI-BCR did not appear to
correlate with cytogenetic response to a-interferon.88%92.9% The role of
ABLI-BCR, if any, remains unclear.

Mechanisms of BCR-ABL 1-induced oncogenesis

Although BCR-ABLI is widely believed to be the single causal lesion for
the initiation of CML, its expression instigates a complex network of
deregulated downstream pathways that together give rise to the CML
cellular phenotype. Most of the interactions are mediated by tyrosine
phosphorylation and require the binding of BCR-ABL1 to adapter
proteins such as growth factor receptor-bound protein 2 (GRB2),
DOK, CRK, CRK-like proteins, SHC and casitas B lineage lymphoma
protein.®* Interaction with these proteins activates a range of signalling
pathways that activate proteins such as RAS, PI3K, AKT, JNK, SRC
family kinases and their respective downstream targets, and also tran-
scription factors including the STATs, NF-kB and MYC. BCR-ABLI1 also
induces expression of cytokines such as interleukin-3 (IL3), granulo-
cyte colony-stimulating factor (G-CSF) and granulocyte-macrophage
colony-stimulating factor (GM-CSF).1>?> The net result is deregulated
cellular proliferation, decreased adherence of leukaemia cells to the
bone marrow stroma, altered proteasome-mediated degradation and a
reduced apoptotic response to mutagenic stimuli.’®®7 A summary of the
many BCR-ABL1 downstream signalling pathways defined to date is
shown in Fig. 7.3.
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Figure 7.3 Known BCR-ABLI-mediated signal transduction pathways. Reproduced
from Ahmed and Van Btten,®” with permission.

Potential mechanisms underlying the genesis
of CML

The underlying cause of the Ph translocation remains unknown. Expo-
sure to ionizing radiation or benzene appears to be the only known
external risk factor for developing CML.?3%° A variable number tandem
repeat polymorphism of XRCC5 may be a predisposing genetic factor.!%°
Various lifestyle factors, such as a lack of vigorous exercise and obesity,
although not dietary factors per se,'°! have been reported, but a link
with cigarette smoking remains uncertain.'®? It was also reported
that the physical proximity of these two genomic regions in human
haematopoietic cells may favour the translocation.!9>1%% Related to
this finding is the observation that a 76 kb duplicon maps close to the
BCR gene on chromosome 22 and the ABLI gene on chromosome 9,
leading to speculation that this region of homology between the two
chromosomes may facilitate the genesis of the Ph translocation.!?®

The presence of the BCR-ABLI fusion within a haematopoietic cell
at low levels does not appear to be sufficient to cause leukaemia,
since BCR-ABLI fusion transcripts can be detected at very low levels
in haematologically normal individuals.!°¢197 It is unclear why these
individuals do not develop leukaemia. One explanation may be the
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degree of differentiation of the cell in which the translocation occurs.
If the target cell is committed to terminal differentiation without the
potential for repopulation and renewal, it will therefore be eliminated.
Alternatively there may be a threshold of BCR-ABLI expression below
which the immune system is capable of suppressing or eliminating
the neoplastic clone. It has also been suggested that BCR-ABLI is not
the only genetic lesion required to induce chronic-phase CML.!%® This
is supported by recent data suggesting that induction of BCR-ABLI
expression via its native BCR promoter (as opposed to a more potent
non-BCR promoter) fails to produce a leukaemic phenotype in a murine
model.!%® Mathematical modelling of the chronic phase and subsequent
transformation of the disease has also suggested that more than one
mutation may be necessary to sustain the chronic phase of CML.!!°
Nevertheless, evidence from X-inactivation studies has shown that
imatinib restores a polyclonal haematopoiesis in the majority of patients,
arguing against a clonal aberration pre-existing BCR-ABL1.'!!

CML blast crisis transformation

Left untreated, CML inevitably transforms into an acute leukaemia
that is refractory to therapy. The time course over which this occurs is
very variable and the overall incidence of progression has dramatically
reduced with the introduction of TKI therapy. The transition from CP to
BC likely results from acquired increase in BCR-ABLI expression at both
the mRNA and protein levels and increased kinase activity,!'?-11% which
leads to altered mRNA processing,'!> genetic instability!!¢
of protein expression and activity in pathways regulating survival,
proliferation and differentiation of myeloid- or lymphoid-committed
CD34% progenitors.!!” Among these events, BCR-ABL1 dose- and
kinase-dependent loss of protein phosphatase 2A (PP2A) activity!!811?
and ROS-induced genomic instability!'*-12! appear to play a critical role
in generating the epigenetic and genetic heterogeneity that characterizes
the blastic phase of CML.!'” However, it is currently unclear whether a
specific temporal sequence of molecular events induced by BCR-ABLI
over-expression in Ph+ stem and/or progenitor cells is required for
blastic transformation.

The blast crisis may be of either myeloid or lymphoid lineage, with a
relative incidence of approximately 2:1, respectively. Transformation is
associated with maturation arrest and secondary chromosome changes,

and alteration
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observed in around 80% of patients.!?%!23 The majority (75%) of these
show the so-called ‘major route’” changes of an extra copy of the Ph chro-
mosome, trisomy 8, trisomy 19 and/or an isochromosome of 17q. The
less common ‘minor route’ secondary aberrations include five numeri-
cal changes (-Y, =7, -17, +17 and +21) as well as structural rearrange-
ments involving the MECOM gene at 3926, in particular the translocation,
t(3;21)(q26;q22).

Some consistent cytogenetic abnormalities such as duplication of
the Philadelphia chromosome, isochromosome 17q and t(3;21) are
associated with obvious molecular mechanisms of transformation: an
additional copy of the BCR-ABLI tusion, loss of the tumour suppressor
gene TP53 and a MECOM-RUNXI fusion gene, respectively. However,
such abnormalities account for only a minority of patients. It is likely
that in the remainder, more subtle genetic abnormalities — either those
that have already been identified or hitherto unknown lesions — are
responsible for disease progression. Mutations in cancer-associated
genes such as TP53, RBI and RAS have frequently been reported in
CML from targeted investigations, although occurrence rates have
varied in different reports.!?4-127 A more complete understanding of the
contribution of genetic abnormalities to BC transformation will require
exhaustive global genome screening for cooperating molecular lesions.

The value of the latter approach was evidenced when, using single
nucleotide polymorphism (SNP) array analysis, Mullighan et al.!?®
identified a near-obligate deletion of the IKZF1 gene, encoding the lym-
phoid transcription factor Ikaros, in 84% of BCR-ABLI-positive B-ALL
patients as well as a high proportion of patients in CML lymphoid BC
(L-BC). The IKZFI deletions resulted in haploinsufficiency, expression
of a dominant-negative Ikaros isoform or the complete loss of Ikaros
expression, supporting their role in arresting lymphoid development
in cooperation with BCR-ABLI. Subsequent investigations in larger
cohorts of CML BC patients have confirmed both the preponderance
of IKZF1 deletions in lymphoid BC (at a frequency of at least 50%)
and its virtual absence in myeloid BC, while analysis of paired samples
taken at presentation and BC demonstrated that in CML the deletions
are absent at diagnosis and thus acquired during the course of disease
progression.'?° Interestingly, in BCR-ABLI-positive ALL, there is an
association between IKZFI loss and deletions of CDKN2A.!*° Data
demonstrating a similar relationship between aberrations of these two
loci in CML are currently lacking, although prior to the discovery of
IKZF1 deletions, homozygous deletion of the CDKN2A locus was reported
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in a significant percentage (29-50%) of cases of CML BC of lymphoid,
but not myeloid, phenotype.!?!=133 The CDKN2A locus encodes two
tumour-suppressor proteins, INK4A'>* and ARF,'*> loss of which results
in aberrant mitogenic signalling.!*® In view of recent findings in ALL, it
seems plausible that mutations of IKZF1 and CDKN2A may coexist in CML
L-BC; however, further studies are required to confirm this association.

In hindsight, however, global array CGH studies have failed to
identify other recurrent copy-number aberrations (CNAs) associated
with progression to blast crisis, although sporadic CNAs appear to be
relatively common, in keeping with an increased level of genomic
instability.128129137.138 Although whole-genome studies of CML at the
nucleotide level are currently lacking at any disease stage, one recent
study employed targeted sequencing of likely CML-associated genes to
shed some light on the frequency of point mutations in a number of
key oncogenic drivers in BC.!?? The authors screened 39 BC samples
for mutations in 11 candidate genes that play important roles in HSC
differentiation and self-renewal, including TP53, KRAS, RUNXI and WTI.
Mutations in some of these genes had been observed previously,!24-12¢
while the remainder were logical functional candidates.!**-'*2 The two
most commonly mutated genes in this study were found to be RUNXI
(33%) and ASXLI (21%), the latter being exclusive to CML-MBC.!??
Both RUNXI and ASXLI mutations were frequently seen in combination
with additional mutations. In contrast to previous reports, mutations of
TP53 were found to be relatively infrequent.!24143144 1n total, 76.9% of
patients harboured point mutations in one of the 11 genes tested and,
when combined with the findings of concurrent SNP array and conven-
tional cytogenetic analyses, only 10.2% of patients lacked detectable
secondary abnormalities. Although presentation (CP) material was
unavailable for most patients in the study, evidence from paired samples
from a minority of patients strongly supported the notion that most of
the observed mutations had arisen after diagnosis and were therefore
plausible cooperating lesions that may play a role in disease progression.
In contrast, however, ASXL1, DNMT3A, RUNXI and TET2 mutations have
subsequently been reported in a substantial minority of CML patients
at diagnosis and also in the Ph-negative cells of patients responding to
TKI.!*> The role of point mutations in cancer-associated genes in CML
initiation and progression therefore requires further investigation.

The contribution of the bone marrow microenvironment to enhanced
genomic instability and induction and maintenance of the stem-like
properties of the leukaemic progenitor cells during disease progression
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is currently unclear, but may prove to be important.!46-14° Nevertheless,
it seems that BCR-ABLI per se is sufficient to promote the genetic
instability that ultimately leads to additional genetic aberrations that
might serve as the ‘second hit” required for progression into advanced
phases. Given the spectrum of genetic changes already reported in
CML-BC patients, it is unlikely that a single consistent secondary
genetic aberration can be the cause of disease progression. Most likely,
progression results from the accumulation of a critical number or
combination of different mutations and from the pleiotropic effect
of enhanced BCR-ABLI activity in CML AP.!'7150 Indeed, it has been
shown that increased BCR-ABLI expression activates mitogenic and
anti-apoptotic transduction pathways and facilitates the acquisition of
self-renewal and differentiation arrest of the Ph+ blasts.!!3118151-154
Expression studies have revealed that BCR-ABL1 dramatically perturbs
the CML transcriptome,!® resulting in altered expression of genes,
some of which likely play a role in blastic transformation.!0156-158
A plethora of studies have highlighted the post-transcriptional, trans-
lational and post-translational kinase-dependent effects of BCR-ABLI
in CML-BC.!37.150.159.160 The molecular events leading to enhanced
expression and activity of BCR-ABLI remain to be fully understood,
although there is evidence indicating that different genetic and epige-
netic events including BCR-ABLI gene amplification,!'®!"162 increased
BCR promoter activity,'®> impaired PP2A activity!!® and inhibition of
SHP1 phosphatase!!®1%4 might occur alone or in cooperation to increase
BCR-ABLI expression and activity.!!?

The genetic targets of many secondary molecular lesions identified
in CML BC to date are consistent with a model in which cooperat-
ing mutations facilitate the development of blast crisis by blocking
differentiation. In experimental models, expression of BCR-ABLI and
either MECOM-RUNXI1 or NUP98/HOXA9, or, alternatively, concomitant
loss of BCLIIB or over-expression of NOTCHI, has also led to the
rapid development of acute myeloid leukaemia.!®>-1%% This suggests
that cooperation between dysregulated tyrosine kinase activity and
arrest of differentiation through the disruption of haematopoietic
gene transcription may be a common theme in the development of
the acute leukaemia phenotype. Nevertheless, inhibition of differ-
entiation is also dependent on BCR-ABLI dose and kinase activity
in most myeloid CML-BC cases and furthermore relies on a marked
reduction in miR-328 expression.!®21>%16 This microRNA not only
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negatively regulates survival of leukaemic progenitors upon inter-
action with PIM-1 kinase mRNA, but also exhibits decoy activity
by interacting with the RNA binding protein hnRNP E2, thereby
preventing the inhibitory effects of hnRNP E2 on the translation of
C/EBPa,'>* a transcription factor essential for normal and leukaemic
myeloid differentiation.!>*17%171 Other microRNAs (e.g. miR-130a/b,
miR-486-5p) and miRNA-regulating factors (e.g. Lin 28/28b) may
have a role in blastic transformation and acquisition of TKI resistance
because of their BCR-ABL1 kinase-dependent aberrant expression in
CML-BC.!'72-181 Interestingly, miR-486-5p regulates survival and TKI
sensitivity of CML-BC progenitors through restoration of the expression
of FOX0I1 and PTEN,'3! two factors whose activity has been implicated
in the regulation of survival of CML stem cells.!82183

Aside from several miRNAs, there are limited data concerning the
role of alternative epigenetic changes in CML transtormation, or, indeed,
at any disease stage. Interestingly, methylation of one of the two alter-
native ABLI promoters has been proposed as a likely marker of CML
transformation, 13+18> although its frequency in chronic phase remains
controversial and its biological significance is currently unclear.!8¢
Methylation of the developmental transcription factors TFAP2A and
EBF2 has been observed more frequently in CML BC.'87 An increased
incidence of methylation of the genes Calcitonin, HICI, ER, PDLIM4,
HOXA4, HOPXAS5, DDIT3 CDKN2B, OSCPI, PGRA, PGRB and TFAP2E
in the advanced phases of CML has also been reported by Jelinek
et al.'® (reviewed by Polakova et al.'8¢). The functional relevance of
these changes in disease progression is unclear and comprehensive
comparative studies of the CML methylome in advanced or refractory
disease are currently lacking.

Tyrosine kinase inhibitor (TKI) therapy

The discovery that the tyrosine kinase activity of ABLI is essential
for BCR-ABLI-mediated transformation made ABLI1 kinase a logical
therapeutic target. Imatinib mesylate (Glivec, previously known as
STI571 and CGP 57148), a potent inhibitor of ABL1, ARG, PDGFR
and KIT tyrosine kinases, was subsequently shown to induce apoptosis
of BCR-ABLI-positive cells.'® Imatinib works by binding close to the
ATP binding site of BCR-ABLI, locking it in a closed, self-inhibited
conformation and thereby blocking its enzymatic activity. Following
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successful early trials, imatinib was rapidly adopted as first-line therapy
for CML patients.'381°0 In newly diagnosed CML in chronic phase,
imatinib induces ‘complete cytogenetic response’ (CCyR; an absence of
detectable Ph+ metaphases by bone marrow cytogenetics) in around
80% of patients with a 5-year overall survival of 90%.!°! Patients with
more advanced phases of CML also respond to imatinib, albeit at a lower
frequency and with less durable responses.'®>7194 ‘Second-generation’
tyrosine kinase inhibitors were consequently developed and introduced,
including nilotinib and dasatinib, which are effective in inducing a
response in a high proportion of patients who fail to respond or lose
their response to imatinib.'?>!%¢ Although the molecular structure
and potency of new-generation TKIs differ significantly from those of
imatinib, their principal mode of action is the same, namely inhibition
of the BCR-ABLI protein via blocking of its ATP binding site.!?7-1%9

Tyrosine kinase inhibitor therapy has therefore transformed the out-
look of CML from a median survival of about 5 years to one in which
perhaps 90% of patients are well after 9 years of therapy, with a propor-
tion of these predicted to have a normal life expectancy.?°°2°2 Loss of
response to TKI, however, and subsequent disease progression remain a
significant clinical challenge.

The genetic basis of TKI resistance

The existence of a minority of patients who either failed to respond or
lost their response to imatinib was apparent soon after its widespread
introduction in the clinic.??®> Attempts were subsequently made to model
the development of resistance in the laboratory. Exposure of cell lines
to gradually increasing concentrations of imatinib successfully produced
a number of resistant lines. Mechanisms deemed to be responsible
for resistance in these lines included over-expression of BCR-ABLI
associated with amplification of the fusion gene, over-expression of
the multidrug-resistant P-glycoprotein (MDR-1)?294:205
of point mutations in the ABLI-kinase domain of the fusion gene.

and the presence
206
Further in vitro experimentation combined with observations from
primary material led to the implication of a number of other potential
mechanisms, including oral bioavailability, deregulation of cellular
drug transporters, aberrant plasma-protein binding and clonal evolu-

207)

tion (reviewed by Apperley®’). Aside from biological mechanisms of
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resistance, sub-optimal drug compliance has also been shown to be a
major cause of loss of response to TKI.2%8

Resistance to imatinib and other TKIs is therefore likely to be a
multifactorial process. Nevertheless, the acquisition of point mutations
within the BCR-ABLI kinase domain has emerged as the best under-
stood of the known potential biological mechanisms and is the only
indicator that maintains widespread clinical utility in the management
of CML patients showing sub-optimal response. In 2001, Gorre and
co-workers!'®? described 11 patients treated with imatinib for CML blast
crisis or Ph-chromosome-positive acute lymphoblastic leukaemia (ALL)
who relapsed on treatment. On sequencing the ATP-binding pocket
and the activation loop of the kinase domain, an identical cytosine to
thymidine mutation at ABLI nucleotide 944 was observed in six of nine
assessable patients (two with Ph-chromosome-positive ALL, one with
lymphoid blast crisis CML and three with myeloid blast crisis CML). The
mutation resulted in an amino acid change from threonine to isoleucine
at position 315, designated T315I, thus preventing crucial hydrogen
bond formation with imatinib. In addition, the larger isoleucine molecule
was predicted to induce steric hindrance, which led to the designation
of the 315 residue as the so-called gatekeeper for imatinib.

To date, more than 80 mutants have been described, at varying fre-
quencies, in association with resistance to imatinib (Figure 7.4).207.209.210
Fifteen amino acid substitutions account for over 85% of the
mutations?!! and the mutations responsible for 66% of reported
cases of resistance occur at only seven positions (G250, Y253, E255,
T315, M351, F359, H396). In addition, different substitutions can occur
at the same amino acid residue, e.g. F317C, F317L and F317V, and can
confer different sensitivities to imatinib. Interestingly, certain mutations
seem to be associated with particular disease phases. Substitutions
at residues M244, 1248, F317, H396 and S417 are more likely to
emerge in patients with chronic-phase disease, whereas those at Q252,
Y253, E255, T315, E459 and F486 are predominantly associated with
advanced-phase disease. However, it is currently unclear whether the
latter mutations are responsible for disease progression (perhaps by
conferring a growth advantage on affected cells) or whether they simply
act as a surrogate marker of the increased genetic instability associated
with advanced-phase disease. Nevertheless, marked differences have
been shown to exist in the tyrosine phosphorylation patterns of cells
expressing different BCR-ABL1 mutants, which would be consistent with

differences in substrate use and signalling pathway activation.?!?
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Figure 7.4 Relative frequency of different BCR-ABLI point mutations. Note that the
most common 15 substitutions account for over 85% of cases. Reproduced from

207 with permission. (See plate section for color representation of this figure.)
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Nilotinib and dasatinib have significantly
resistance-conferring mutations than imatinib and are therefore effec-
tive in many cases of imatinib resistance; however, neither inhibits the
T3151.21% Patients who relapse on nilotinib are most frequently found to
have acquired Y253H, E255K/V, F359V/C/I or T315I mutations, whereas
those relapsing while taking dasatinib are most likely to acquire V2991,
F317L/V/1/C, T315A or T3151 mutations.20%210.214=217 73151 also confers
resistance to the second-generation TKI bosutinib,!®?218 whereas the
third-generation drug ponatinib inhibits T3151 in vitro and is effective in
patients with T315 in vivo, restoring complete haematological (100%)
and major cytogenetic (92%) response in patients on the PACE trial
whose disease harboured a T315I mutation.?!%-223



The genetics of chronic myelogenous leukaemia 329

BCR-ABLI mutation frequency varies according to the method
of detection, the disease phase and the definition of resistance.??
In general, they account for around 40% of patients with imatinib
resistance. 88190217 There are four categories of kinase domain mutation
found to be associated with clinical resistance to imatinib affecting
(i) the phosphate (P)-loop, (ii) the imatinib binding site, (iii) the
catalytic domain and (iv) the activation (A) loop. Imatinib recognizes
the inactive conformation of the ABLI moiety of BCR-ABLI, in which
the A loop (amino acids 381-402 of ABL1) blocks the catalytic centre.
Mutations within the A loop will destabilize the kinase or prevent it
from adopting the inactive conformation, thus preventing interaction
with imatinib. Dasatinib is able to bind and inhibit both the active and
inactive conformations of ABLI,%?>?2¢ which may explain, in part, the
increased efficacy of dasatinib in cases of imatinib-resistant CML with A
loop mutations.

While the impact of individual mutations on therapeutic response
appears to be variable, depending on the precise amino acid change,
the emergence of a detectable mutation per se has been associated with
an inferior long-term outcome.’'?27 Khorashad et al.’! studied kinase
domain mutations in over 300 CML patients and correlated the occur-
rence of KD mutation with cytogenetic response after starting imatinib
therapy. The presence of a KD mutation was found to be predictive of loss
of complete cytogenetic response, regardless of the resistance-conferring
properties of individual mutations or the size of the mutant clone. How-
ever, the logistical challenge of regular screening for KD mutations in
patients responding to imatinib has thus far precluded the adoption of
routine monitoring to aid patient management.

Shah et al.??8 reported that the sequential treatment of patients with
various TKI was associated with development of ‘compound” mutations,
referring to the acquisition of two or more mutations in the same
BCR-ABLI kinase molecule. More recently, it was reported that com-
pound mutations are common in patients with sequencing evidence for
two BCR-ABLI mutations that may previously have been misinterpreted
as single polyclonal mutations. The detection of compound mutations
frequently reflects a dynamic and highly complex clonal network whose
evolution may be limited only by the negative impact of missense
mutations on kinase function.>!-2!7

Clonal cytogenetic evolution refers to the acquisition of cytogenetic
abnormalities in addition to the Ph chromosome after presentation and
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has been linked with poor response to imatinib and increased haema-

 with a subsequent reduction in overall survival.?*°

tological relapse??
In addition to gain of the Ph chromosome (resulting in extra copies of
BCR-ABLI), additional abnormalities include those whose contribution
to pathogenesis is relatively ill-defined, such as chromosomal aneu-
ploidy, and also the rare abnormalities that give rise to well-characterized
oncogenic drivers. Clonal evolution is generally associated with CML
progression and is thought to reflect the genetic instability of the CML
proliferative progenitors.?>! It is therefore unlikely that clonal cytoge-
netic evolution is the primary cause of imatinib resistance in all cases,
but it is plausible that the activation of BCR-ABLI-independent signal
transduction pathways that underlie certain additional chromosome
abnormalities (e.g. the rearrangement of the MECOM gene at 3q26)
might be linked more causally to TKI resistance. The frequent acquisition
of point mutations in cancer-associated genes including RUNX1, AXLI
and WTI1'?? is also likely to have a further negative effect on response to
imatinib in advanced-stage disease, although this has yet to be explored
in functional experiments.

One universal feature of targeted therapy that is intrinsically linked to
loss of response is the inability of imatinib and other TKIs to eradicate the
primitive leukaemic stem cell. Bhatia et al.?>?> were the first to identify a
population of quiescent BCR-ABLI-positive cells that were insensitive to
concentrations of imatinib that were sufficient to eliminate CML progen-
itor cells. These primitive CD34%/CD38~ leukaemic cells, which account
for less than 1% of total CD34* cells present at diagnosis,?>*> have the
ability to sustain the disease with the constant potential for re-expansion
and progression.?** Quiescent stem cells (QSCs) have also been shown
to persist in patients despite the achievement of cytogenetic and molecu-
lar remission with imatinib.?32-23> It is therefore likely that this quiescent
cell population provides a potential reservoir for the acquisition of TKD
mutations and other resistance-inducing intracellular mechanisms. How-
ever, the biological basis governing the likelihood of an individual patient
acquiring such changes remains unknown.

Novel therapeutic approaches

The identification of a population of TKI-resistant CML stem cells that
may represent a source of future relapse has resulted in the intense
development of potential strategies for targeting the signalling pathways
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involved in maintenance and survival of this cellular compartment. These
include the WNT-f-catenin, Hedgehog, PML, SDF-1/CXCR4, BMP and
Notch signalling pathways,?*¢ and also those regulating autophagy.?*’-23°
Many of these small molecules, peptides and blocking antibodies remain
in early development and further research is required to optimize their
use in targeting LSCs, either alone or in combination, and to reduce
unwanted effects on normal stem cells. Studies aimed at identifying the
biomarkers that could be used to predict the responses of individual
patients to these treatments may also prove beneficial in this regard.

The identification of leukaemia-associated antigens (LAAs), such
as proteinase 3 (PR3) and Wilms’ tumour antigen 1 (WT1), has been
a further area of therapeutic interest in CML, leading to the devel-
opment of peptide vaccines for myeloid leukaemia.?*%?4! However,
although theoretically feasible, LAA-based vaccination to treat residual
BCR-ABLI-positive leukaemia remains a challenging undertaking. Efforts
have also been focused on the development of adoptive immunotherapy
of leukaemia based on the administration of antibodies specific for
leukaemia antigens.?42-244

In addition to the kinase domain, other domains exist in BCR-ABL1
that may have a role in leukaemogenesis and, thus, could explain the
resistance of CML LSCs to long-term TKI and provide rational targets for
treatment.?*> Although ABLI kinase activity has been shown to be criti-
cal for CML development in vivo, when expressed alone it is insufficient
to produce the full CML phenotype, implying that other domains within
the oncoprotein are necessary to reproduce a CML-like disease.!3246:247
Recently, it was demonstrated that uncoupling the oncoprotein Abelson
helper integration site-1 (AHI-1) from BCR-ABL1 and JAK?2 resulted in
enhanced sensitivity of CML LSCs to TKI,?*® suggesting that BCR-ABL1
kinase inhibition plus inhibition of AHI-1-mediated interactions might
warrant further investigation as a combination treatment for eliminating
CML LSCs. Similarly, inhibition of the tumour suppressor protein phos-
phatase 2A (PP2A) is caused by BCR-ABLI1 expression, but not kinase
activity, through recruitment of JAK2, resulting in the persistence of CML
stem cells. Drugs targeting PP2A are able to eradicate CML stem cells, thus
providing an additional therapeutic strategy for future investigation.?#?
One further pathway activated by BCR-ABLI in a kinase-independent
manner is mediated by the arachidonate 5-lipoxygenase (5-LO) gene
(Alox5), which appears to be a critical regulator CML stem cells?>°
inhibition of which impairs CML stem cell function in a mouse model.

and
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Following their efficacy in the treatment of MDS and AML,
demethylating agents targeting DNA methyl transferase 1 are
also being considered for use in advanced or refractory CML.
5-Aza-2'’-deoxycitidine (decitabine), hydralazine and valorate showed
early promise when administered in combination with imatinib to
patients with acquired imatinib resistance.?!?>2 Further understanding
of the role of epigenetic changes in all disease phases may help to tailor
this approach for future use.

Genetics in patient management

Despite the success of TKI drugs, a substantial minority of patients fail
to respond, or lose their response, to individual agents, requiring prompt
administration of one or more alternative TKIs and, if these prove unsuc-
cessful, salvage chemotherapy or bone marrow transplantation. For this
reason, regular and accurate measurement of residual BCR-ABLI-positive
disease burden is critical in the management of CML patients on TKIs,
both to assess that rate of early disease reduction is optimal and to detect
any expansion of residual disease that may indicate imminent loss of
response.

Cytogenetic and molecular cytogenetic monitoring
Traditionally, the degree of response to therapy in CML was monitored
by conventional cytogenetic analysis (G-banding) of a cultured bone
marrow specimen, and this remains a valuable investigation at diagnosis.
In post-treatment samples, 30 metaphase cells are typically examined,
allowing the exclusion of a Ph-positive clone present at a level of
10% with 95% confidence.?>> The accuracy of disease quantification
by G-banding is therefore limited, especially when Ph-positive cells
constitute less than 10% of the total. Nevertheless, the number of
Ph-positive metaphases and the presence or absence of additional clonal
cytogenetic abnormalities (CCAs) are robust indicators of response and
the achievement of complete cytogenetic remission (CCyR; an absence
of detectable Ph-positive metaphases) continues to be an important early
treatment milestone in the TKI era.?>*

One intriguing side-effect of regular cytogenetic screening of CML
patients has been the observation of clonal cytogenetic abnormalities
in Ph-negative bone marrow cells (CCA/Ph-) of a minority of patients
responding to therapy. The phenomenon was reported anecdotally in
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the pre-TKI era,?>>~2%7 but rose in prominence following the introduc-
tion of TKIs.?*® The abnormalities are generally imbalances that would
commonly be associated with myeloid malignancy, particularly trisomy 8
and abnormalities of chromosome 7, although rearrangements of specific
genes such as MECOM have been reported in rare cases.?*® Surprisingly,
in the majority of cases the clones appear to be transient, with no clinical
significance, but occasionally such abnormalities are found in patients
who subsequently progress to high-risk MDS or AML. The latter sce-
nario is almost exclusively associated with clones harbouring deletion
or monosomy of chromosome 7, suggesting that such patients require
closer monitoring.?%® The frequency of CCA/Ph- is estimated at around
5% of patients on TKI, although the proportion of patients harbour-
ing trisomy 8 or deletion/monosomy of chromosome 7 in a Ph-negative
clone increased to 21% when the CD34%/CD38" primitive stem cell com-
partment was specifically targeted by fluorescence in situ hybridization
(FISH),!!! suggesting that the phenomenon may be more common than
indicated by karyotype analysis.

Although the precise mechanism by which these Ph-negative clones
arise remains to be elucidated, one explanation might be the hindering
of normal cellular response to DNA damage via TKI-induced inhibition
of wild-type kinase activity of ABL1.2%! It has also been suggested that
CCA/Ph- provide evidence of a two-step process of CML pathogenesis,
in which a monoclonal pre-leukaemic stage exists that favours the
acquisition of either the Philadelphia rearrangement or other chromo-
some aberrations.!11259262 This notion has gained support from the
observation that some patients responding to imatinib retain specific
cytogenetic abnormalities other than the Ph chromosome that were
present originally in Ph-positive cells?®®> and also by the observation that
point mutations in cancer-associated genes are frequently detectable in
CCA/Ph- clones.!*> Alternatively, it is possible that Ph— clones arise as
a result of increased pressure on normal haematopoietic stem cells to
expand rapidly to replace the BCR-ABLI-positive population. Such an
environment would favour any BCR-ABLI-negative cell that acquired a
mechanism of selective advantage such as one that might be conferred
by a cytogenetic abnormality. It is tempting to speculate that the latter
effect might be compounded in those patients experiencing cytopenias,
a side effect observed in around 50% of CML patients undergoing TKI
therapy.?®* However, a consistent link between TKI-induced myelosup-
pression and Ph-negative clonal chromosome abnormalities has yet to
be demonstrated.
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FISH has been a useful adjunct to conventional cytogenetic analysis,
with predesigned BCR-ABLI-specific assays commercially available since
the early 1990s.2%° The strategy for identification of the BCR-ABLI fusion
by locus-specific FISH involves the simultaneous hybridization of a DNA
probe specific for the ABLI gene, fluorescently labelled (for example)
in red, together with a second probe specific for the BCR gene labelled
in another colour (e.g. green). In BCR-ABLI-positive metaphases, this
results in a red—green doublet on the Ph chromosome, marking the fusion
of 5’BCR and 3’ABLI sequences, a second red-green doublet marking
ABLI-BCR on the der(9) and also single red and green signals on the
normal chromosome 9 and 22 homologues, respectively (Figure 7.5). In
addition to providing rapid confirmation of a BCR-ABLI tusion at diagno-
sis, FISH is essential in 1-2% of CML patients with a ‘masked” (cryptic)
BCR-ABLI rearrangement?%©—2%8 and also in cases in which metaphase
quality is too poor for successful G-band analysis. BCR-ABLI FISH anal-
ysis of large numbers of interphase nuclei provides a marginal improve-
ment in sensitivity over G-banding in the detection and quantification of
residual disease following TKI therapy or bone marrow transplantation.
Current FISH probe systems were specifically designed to reduce the inci-
dence of false positivity and enable the detection of residual disease as low
as 0.1%2%%270 or one abnormal cell present in 1000 cells.

Since the introduction of TKI therapy, however, disease levels in the
majority of patients are expected to fall below the threshold of detec-
tion of both conventional and molecular cytogenetic techniques 3-12
months after diagnosis. Therefore, although both approaches maintain
an important role at diagnosis and during the first few months of ther-
apy, they have little value in assessing therapeutic response in patients
who respond optimally to TKI therapy.

Quantitative reverse transcriptase polymerase chain
reaction (RT-qPCR)

The current gold standard technique for the serial quantification of dis-
ease burden CML patients on TKI therapy is quantitative measurement of
BCR-ABLI RNA transcript by reverse transcriptase PCR (RT-qPCR).271-273
RT-qPCR uses cDNA, rather than DNA, as a substrate, which means
that the range of possible chimeric sequences is neatly reduced to the
few common exon-to-exon junctions. Despite the advantages of using
a common set of assays to quantify the few recurrent transcript types,
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Figure 7.5 FISH detection of the BCR-ABLI gene fusion. (a) Coverage of the probes
used in a standard dual-colour, dual-fusion fluorescence in situ hybridization (FISH)
probe system with regard to the ABLI and BCR loci. At the ABLI locus the probe
typically consists of a single large red-labelled contig of at least 3-400 kb, spanning
the ABL breakpoint region, covering the majority of the gene and extending beyond
ABL in a 5’ (centromeric) direction. At the BCR locus, the probe is represented by a
second large contig specific for the majority of the BCR gene, usually extending
beyond the 3’ (telomeric) end of the gene. The BCR component is designed to span
all common breakpoints, with both probes producing two hybridization signals of
roughly equal size when split by a BCR-ABLI rearrangement. Note that the colour
scheme may differ between manufacturers. (b) Application of a dual-fusion
BCR-ABLI FISH probe to a bone marrow metaphase and interphase cells from a
patient with CML. Single green and red signals signal mark the unrearranged ABLI
and BCR genes, respectively. Fused red—green doublets are present on the der(9)
and der(22), marking the presence of ABLI-BCR and BCR-ABLI genes, respectively.
The same hybridization pattern of one red, one green and two fusion signals
(1R1G2F) is apparent on interphase cells (LHS, upper cell) and is readily
distinguishable from a normal cell showing two red and two green signals (2R2G)
only (LHS, lower cell). (See plate section for color representation of this figure.)
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there are complications inherent to RT-qPCR that require careful deploy-
ment of this method, particularly when communicating results between
laboratories. Areas of RT-qPCR in which variation might be introduced
that could affect assay sensitivity include the RT step and the absence of
universal reference material to quantify transcript numbers accurately.
Notwithstanding, there has been extensive effort over recent years to
standardize the routine measurement of BCR-ABLI transcripts.?74-27¢

The number of BCR-ABLI transcripts detected by RT-qPCR is artic-
ulated as a ratio, relative to that of a reference gene such as GUSB,
B2M, G6PD or ABLI itself.2”7-27? Attempts to align results from different
laboratories were first made during the multicentre imatinib versus
interferon IRIS trial in 2003,2%° which calculated the disease level, or
‘minimal residual disease’ (MRD), as log,, reduction compared with
each laboratory’s standardized baseline, determined by analysis of 30
common untreated patients. The introduction of the International Scale
(IS) developed this idea further; an individual laboratory’s results could
be converted to the IS via a unique conversion factor defined through
a process of exchange of material and locally obtained measurements
with a designated reference laboratory.?’>?8! In the IRIS study, a
major molecular response (MMR) was defined as a three log reduction
(0.1%) in BCR-ABLI transcripts from the standardized baseline. A
deeper category of response, termed complete molecular remission
(CMR), was subsequently introduced, referring to the cases where
no transcripts were detectable by RT-qPCR. This definition was later
revised and redefined into three sub-categories, MR*, MR*°> and MR”,
determined by the number of ABLI control molecules amplified in the
reaction (10,000, 32,000 or 100,000, respectively), thereby defining the
sensitivity achieved.?8?

Serial monitoring of BCR-ABLI transcripts therefore provides an accu-
rate account of treatment response over time, with treatment failure for
both first- and second-generation TKIs defined in international guide-
lines for the management of CML patients as a failure to reach key land-
marks of disease burden reduction at defined time points.?** The rate at
which certain landmarks of molecular response are achieved on first-line
therapy also has prognostic value. Achievement of <10% at 3 months,
<1% at 6 months and >3 log decrease in BCR-ABL1 RNA by 12 months
has been shown to predict outcome strongly.2>4283
With second- and third-generation TKI therapies allowing deeper
21,195,284 there is an increasing possibility
of a drug-free ‘operational cure’ for the subset of CML patients who

and faster disease reduction,
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achieve and maintain a deep molecular response.?®> This prospect is
being explored in several clinical studies evaluating the consequences of
TKI cessation in patients who achieve durable molecular responses of
MR* or even MR?.285-288 The optimal criteria for drug withdrawal have
yet to be determined, particularly regarding the required depth of MR
prior to stopping treatment and whether cessation should be preceded
by a period of therapy reduction.?®> Nevertheless, evidence suggests that
at least 40% of patients in sustained MR?, and a smaller minority of
patients in MR?, might maintain their response off-therapy.

Accurate and standardized definitions of deep molecular response will
be critical for the safe introduction of TKI withdrawal into routine clinical
practice. The probability of relapse post-withdrawal could be related
to the precise level of persistent disease, including transcriptionally
quiescent TKI-resistant leukaemic stem cells. A means of detecting and
quantifying these cells that does not depend on oncogene transcription
may therefore be clinically valuable, either in conjunction with, or as an
alternative to, a gene expression-based method. Previous studies using
real-time technology suggest that a quantitative PCR based on genomic
DNA might be more sensitive for the detection of residual disease than
one that relies on RNA.?89-2°1 Although traditionally laborious, recent
advances in high-throughput sequencing provide a means of identifying
patient-specific DNA junctions that is better suited to a clinical diagnostic
setting.???2°> Undertaking quantification by digital PCR, rather than
on a real-time platform, is likely to enhance assay sensitivity further
by facilitating absolute quantification without the need for common
reference material.??*2%¢ The benefit of these techniques, in the context
of therapy withdrawal and disease management in general, is currently
under evaluation.

BCR-ABL1 mutation analysis

One further aspect of the routine genetic management of CML patients
in the TKI era involves screening for mutations in the BCR-ABLI kinase
domain. A nested PCR approach is required to exclude the normal
ABLI allele and to allow a realistic estimation of mutation burden as
a proportion of total disease. Sequencing is usually undertaken using
the Sanger method, with a sensitivity of 10-20%, coupled with pyrose-
quencing for clinically relevant mutations to obtain improved sensitivity
(5%) with quantitative capability.?°” Best practice recommendations are
that mutation screening is carried out in the following scenarios: (i) at
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diagnosis: only in AP or BC patients; (ii) while on first-line imatinib: in
case of failure, increase in BCR-ABLI transcript levels leading to MMR
loss or in any other case described as suboptimal response or warning,
before changing TKI therapy; and (iii) during second-line treatment with
second-generation TKI: in case of loss of previously achieved response,
before changing TKI therapy.?*#2°® Therapy change is thus guided by
aforementioned data concerning the degree of resistance of any detected
mutations to the various TKIs, with ponatinib currently the only TKI
recommended for patients with the T315I mutation, although there are
some safety concerns.?22-223

As previously mentioned, the emergence of any KD mutation
is predictive of loss of response, but the logistical challenge of regular
mutation screening in TKI responders has precluded its routine introduc-
tion. Next-generation sequencing of PCR-generated amplicons provides
a potential method whereby regular screening for the early emergence
of low-level mutations may feasibly be performed in a clinical setting.?%’
In addition, analysis of long sequence reads allows the determination
of whether multiple mutations are compound or polyclonal.>!217.300
While each of multiple mutant clones retains its individual sensitivity
to a given TKI, compound mutations can dramatically reduce TKI
sensitivity, with several compound mutations even conferring resistance
to ponatinib,?19:228:298.301 hence the distinction between compound and
polyclonal mutations is clinically important.

Conclusion

Despite a consistent causal genetic aberration and a clinically effective
targeted therapeutic approach, significant challenges persist in the under-
standing and management of chronic myeloid leukaemia. Key areas for
future research that remain incompletely understood include pathways
governing initiation of the CML clone, LSC maintenance, therapy resis-
tance, disease progression and the suppression of low levels of residual
disease in patients off TKI. Improved knowledge and understanding of
additional genetic changes to BCR-ABL1, both pre-existing and secondary,
are a prerequisite for these investigations. There is therefore an urgent
need for a comprehensive summary, coupled with functional investiga-
tions, of the aetiology of recurrent genetic lesions associated with CML
pathogenesis and progression.
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101-105, 107-108, 110, 115, 118, 120,
146, 179, 240-243, 245, 320, 331
exon 12 mutation, 89, 91, 92, 107, 108
mouse model, 89, 90
V617F mutation, 48, 89, 90, 91, 92, 94,
95,97, 102, 105, 107, 108, 118, 120,
242
JNK/SAPK pathway, 238
juvenile myelomonocytic leukemia, 34, 49,
94, 203
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Kataegis, 278

KIT, 22, 82, 83, 84, 88, 94, 116-118, 119,
120, 121, 162, 165, 168, 171, 177, 206,
207, 214, 325

inherited mutations of, 119, 120, 121

KLF11, 51

KLF5, 51

KMT2A, see MLL

KRAS, 33, 34, 35, 53, 101, 162, 168, 173,
225,232, 235, 240, 241, 249, 282, 323

L
L3MBTLI, 15
Landscaping genes, 163
Lenalidomide, 23, 25, 26, 28, 29
Li-Fraumeni syndrome, 38, 236
Loss-of-function mutation, 6, 18, 32, 33, 40,
41, 46, 184, 249, 293
definition of, 184
Loss-of-heterozygosity (LOH), 13, 181, 213,
240, 271
definition of, 184
Low hypodiploidy, 226, 234
lysine 27 (H3K27me3), trimethylation, 43,
52,177, 250, 290
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M
M-FISH, 180, 181
MAFB, 51
Mature B-cell neoplasms, 265-298
Biological heterogeneity, 265
CD5-positive, 267, 270
Clinical heterogeneity, 265
Clinical staging system/score, 266
Drug resistance, 280, 297
Preceding indolent conditions, 266, 286,
287
Prognostic indicators, 268, 269, 272, 280,
281, 282, 284, 287
Transformation, 286, 287, 288, 289, 290
Treatment, 266, 267, 272, 273, 274, 275,
282, 284, 286, 289, 293, 297, 298
Monoclonal B cell lymphocytosis (MBL),
266, 270, 274, 280
MDM2, 30, 38, 272
MDS1, see MECOM
MDS1-EVI1, see MECOM
MECOM (MDSI1/EVII complex), 20-21, 32,
145-146, 148 169, 211, 322, 330, 333
MEK inhibitors, 214
MEISI, 145, 207, 234, 137, 250
Methylation, 19, 28, 31, 34, 39, 40, 41, 42,
44, 49, 50, 51, 52, 84, 85, 86, 95, 96,
98, 99, 100, 102, 145, 152, 162, 163,
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MGA, 270, 277
MicroRNA, 53-54, 154-155, 174, 212, 213,
237,270, 325
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CDR), 15, 16, 18, 25, 39, 269, 288
Minimal residual disease (MRD), 142, 160,
161, 171, 206, 336
miR-1-2, 145, 155
miR-125b, 20
miR-145, 18, 27, 29
miR-146, 18, 25, 27, 29
miR-150, 53, 237
miR-155, 53, 155
miR-15a, 270, 272
miR-16-1, 270
miR-17-92, 53
miR-17-93, 237
miR-196b, 237
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miR-210, 53
miR-21, 53
Missense mutation, 5, 6, 32, 39, 40, 41, 44,
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157, 162, 168, 171-172, 205, 206, 207,
209, 210, 211, 212, 215, 224, 225, 227,
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MLPA, 269, 272

MNI, 36, 153, 169

Monosomal karyotype, 23, 148, 212
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MPL, 7, 25,32, 82, 83, 84, 88, 92-94, 95, 96,
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MYB, 53, 246, 247

MYC, 151, 169, 170, 245, 246, 247, 268,
277, 319, 320

MYCN, 270, 276

Myelodysplastic Syndrome (MDS), 1-54,
133, 136, 146, 148, 151, 155, 172, 175,
177,178, 179, 203, 215, 281, 289, 331,
333

Predisposing conditions, 2
Therapy-related (tMDS), 12, 16, 19, 21,
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Myeloproliferative neoplasms (MPN), 16,
20, 22, 24, 28, 31, 40, 42, 43, 44, 45,
47,48, 51, 80-121, 136, 151, 155, 177
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83, 84, 89, 94, 95, 97, 109, 116

inherited phenocopies, 87, 104, 114, 119
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molecular testing, 107, 114, 120

spliceosome mutations in, 87, 100, 102

stratification, 108

transcriptional regulator mutations in,
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transformation to AML, 80, 81, 87,
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tyrosine kinase inhibitors, 114, 115, 120
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Next Generation Sequencing (NGS) xv, 26,
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215, 224, 235, 245, 252, 266, 284, 290,
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NF-kB pathway, 238, 274, 284, 288, 294,
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NHP2, 8,9, 10
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Nonsynonymous mutation, 279, 294
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285, 296, 324
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P53, see TP53
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PP2A, 26-28, 321, 324, 331
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RAS pathway mutations, 94, 101, 232
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RUNXI1, 2-5,7, 11, 21, 31-33, 47,

102-103, 116, 134-140, 145, 151, 156,
157, 161-162, 168, 172-173, 204, 205,
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STAT pathway, 166, 238
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166, 171, 320
Stem cell phenotype, 207
Sufu, 53
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Uniparental disomy (UPD), acquired, 1, 13,
17, 44, 49, 181, 184, 240, 275

w

Whole genome sequencing (WGS), 163,
175, 224, 243
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Figure 1.2 Distribution of cytogenetic aberrations in 364 cases of MDS.
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Inv16

Figure 3.4 Rearrangement inv(16) in AML. Fluorescence in situ hybridization
performed on the bone marrow metaphase spread of a patient with inv(16) using a
dual colour probe set (Metasystems, Altlussheim, Germany). Green and red signals
correspond to the MYHII and the CBFB regions, respectively. A schematic
representation of the distribution of FISH signals is shown in the upper row, on both
normal and rearranged chromosomes (a), on a normal interphase nucleus (b) and
on an interphase nucleus carrying the inv(16) (c). Arrows indicate the fusion
signals in (c) and (C). The corresponding photomicrographs are shown in the
bottom row (A, B and C). Image courtesy of S. Tosi and A. Naiel, Leukaemia and
Chromosome Research Laboratory, Brunel University, London, UK; the patient
sample was provided by Professor Jochen Harbott, Department of Paediatric
Haematology and Oncology, Justus Liebig University, Giessen, Germany.



Figure 3.6 A composite of the methodologies for diagnostic evaluation of APL.

(a) Bone marrow aspirate smear shows many promyelocytes. Compared with the
adjacent normal small lymphocytes, promyelocytes are of medium to large size with
irregularly shaped to convoluted to bilobed nuclei, open chromatin, visible to
prominent nucleoli and a moderate amount of basophilic cytoplasm with abundant
granularity. (b) Cytochemical stain for myeloperoxidase. Compared with the
negative small lymphocyte, the promyelocytes are strongly positive, with numerous
granules covering the outlines of the nuclei. (c) Negative (macrogranular)
immunofluorescent stain for promyelocytic leukaemia (PML). The PML oncogenic
domains are observed as several distinct particles in each nucleus. (d) Positive
(microgranular) immunofluorescent stain for PML. Numerous (too many to count)
fine, dusty granules are present in each nucleus. Panels (a)—(d) reproduced with
permission-from Dimov et al. (e, f) Examples of the application of FISH probes
specific for and spanning, the PML gene on chromosome 15 (in green) and the
RARA gene on chromosome 17 (in red; Kreatech Diagnostics, The Netherlands) to
metaphase (e) and interphase (f) cells from a patient with APL. Fusion signals are
present on both the der(15) and the der(17), in addition to single green and red
signals marking the normal chromosomes 15 and 17, respectively (e). The same
hybridization signal pattern is visible in interphase nuclei (f) and is readily
distinguishable from normal cells which show two single green and two single red
signals (not shown). Panels (e) and (f) courtesy of A Reid and I. Ortiz de Mendibil,
Imperial Molecular Pathology, Imperial College Healthcare Trust, London, UK.

(g) Example of G-banded karyotype from a bone marrow metaphase of an APL
patient. Note that in this case additional abnormalities are present in addition to the
typical t(15;17) rearrangement. The full karyotype reads 47,XX,+8,i(8)(q10),
t(15;17)(q24;q21). Panel (g) courtesy of John Swansbury, Clinical Cytogenetics;
McElwain Laboratories, The Royal Marsden Hospital and the Institute of Cancer
Research, Sutton, Surrey, UK.
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Figure 3.6 (continued)
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Figure 3.7 Translocation t(7;12) in infant AML. Fluorescence i situ hybridization
performed on the bone marrow metaphase spread of a patient with t(7;12)(q36;p13)
using a three-colour probe set (Metasystems, Altlussheim, Germany). Note
localization of FISH signals on chromosome 7 (blue signals), der(7) (green signals),
chromosome 12 (green and orange signals) and der(12) (blue and orange signals).
The DAPI counterstain used to visualize the chromosomes has been converted into
greyscale to simulate a G-like banding pattern (a). The schematic representation of
the hybridization pattern is also shown on the ideograms (b). From Naiel et al.?®?




Figure 3.9 Visualization of trisomy 8 in AML. Example of interphase FISH using a
probe specific for the centromeric alphoid sequences of chromosome 8. The
interphase nuclei were obtained from the bone marrow of a patient with AML.
Three hybridization signals (in red) are visible in each of the two nuclei represented
here. DAPI was used to counterstain the nuclei in blue. Image capture and analysis
were performed using a Zeiss microscope (Axioplan2 Imaging) equipped with a
Sensys cooled CCD camera and Smart Capture v2 imaging software (Digital
Scientific UK). Image courtesy of S. Tosi, A. Naiel and H. Al-Badri, Leukaemia and
Chromosome Research Laboratory, Brunel University, London, UK.
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Figure 3.10 Early example of genome-wide array-CGH test data obtained using test
DNA from a patient with AML. The earliest genome-wide arrays used for detecting
genome imbalance were made up of ~3000 probes spaced at 1 Mb intervals along
the genome. Data were obtained by comparing patient versus reference DNAs, each
detected with different fluorescent dyes. In this example, dye-swap experiments are
shown in blue and pink, respectively, and the mean fluorescent ratios (patient
versus reference) reveal genomic gains involving chromosomes 7 and 8 indicated by
the red double-ended arrow. Reproduced with permission from Ballabio et al.”
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Figure 3.11 Kaplan—Meier plot of overall survival for patients aged under 60 years
entered into recent MRC/NCRI clinical studies divided according to karyotype and
molecular data. From Smith et al. Reproduced with permission from Elsevier.
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Figure 4.2 Distribution type I/Il abnormalities in paediatric AML. (a) The circos plot
depicts the frequency of the type I mutations and co-occurrence of type I mutations
in patients with de novo paediatric AML. The length of the arch corresponds to the
frequency of the type II mutation and the width of the ribbon with the percentage
of patients with a specific type I mutation or combination of type I mutations.
FLT3-ITD denotes FLT3 internal tandem duplication. (b) The circos plot depicts the
frequency of the type I mutations and co-occurrence of type I mutations in patients
with de novo paediatric cytogenetically normal AML. The length of the arch
corresponds to the frequency of the type I mutation and the width of the ribbon
with the percentage of patients with a specific type I mutation or combination of
type I mutations. FLT3-ITD denotes FLT3 internal tandem duplication.
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Figure 4.2 (continued)
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Figure 5.2 Distribution of the most common chromosomal abnormalities according
to age. The abnormalities are colour coded according to the key on the right. Other,
other chromosomal abnormalities; Hap/hypo, hypodiploidy with less than 40
chromosomes; Other MLL, other rearrangements involving the MLL gene; t(4;11),
1(4;11)(q21;q23); 1(1;19), £(1;19)(q23;p13); 1(9;22), 1(9;22)(q34;q11); HeH, high
hypodiploidy; ETV6-RUNX]1, fusion from t(12;21)(p13;q22).
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Figure 5.3 Kaplan—-Meier survival curves. (a) Event-free survival of childhood
BCP-ALL classified according to genetic risk group as indicated. Blue, good risk; red,
intermediate risk; green, high risk. (b) Overall survival of adult BCP-ALL classified
according to genetic risk group as indicated. Yellow, good risk, green, two
intermediate risk groups; red, BCR-ABLI positive; blue, high risk.
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Figure 5.4 Common cytogenetic abnormalities found in BCP-ALL. (a) A high
hyperdiploid karyogram. (b) FISH of MLL rearrangement. The normal chromosome
11 shows the closely apposed red and green signals, the abnormal chromosome 11
shows the green signal only with the red signal translocated to the abnormal
chromosome 19. (c) Karyogram showing the translocation t(9;22)(q34;q11).
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Figure 5.6 Distribution of copy number abnormalities and mutations in BCP-ALL.
(a) Deletions of significant genes, PAR1, deletions within the pseudoautosomal
region of the sex chromosomes. (b) Mutations in significant genes colour coded
according to the signalling pathway to which they belong: purple, RAS signalling;
blue, B-cell development genes; red, cell cycle control; green, JAK-STAT pathway,
black, others.
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Figure 6.2 Copy-number changes in patients with CLL. (a), (b) and (c) show
copy-number deletions of chromosomes 13, 11 and 17, respectively. Each
chromosome runs vertically from p telomere (top), through the centromere to the
q telomere (bottom) An idiogram is shown on the left, with a copy number
heatmap of multiple patients, where blue, white and red show deletions, normal
copy number and duplications, respectively. The location of each MDR is
highlighted with an expanded view of the genes within these regions. For
chromosome 17 an allelic ratio (left) and copy number (right) profile is also shown
for a TP53 mutated patient with copy number neutral LOH. (d) Two examples of
chromothrypsis targeting chromosomes 8 (top) and 1 (bottom). The chromosome is
positioned horizontally, running from p telomere (left) to q telomere (right). For
each example, a copy-number profile and a heat map are shown.
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Figure 7.4 Relative frequency of different BCR-ABLI point mutations. Note that the
most common 15 substitutions account for over 85% of cases. Reproduced from

Apperley, with permission.
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Figure 7.5 FISH detection of the BCR-ABL1 gene fusion. (a) Coverage of the probes
used in a standard dual-colour, dual-fusion fluorescence in situ hybridization (FISH)
probe system with regard to the ABLI and BCR loci. At the ABLI locus the probe
typically consists of a single large red-labelled contig of at least 3-400 kb, spanning
the ABL breakpoint region, covering the majority of the gene and extending beyond
ABL in a 5’ (centromeric) direction. At the BCR locus, the probe is represented by a
second large contig specific for the majority of the BCR gene, usually extending
beyond the 3’ (telomeric) end of the gene. The BCR component is designed to span
all common breakpoints, with both probes producing two hybridization signals of
roughly equal size when split by a BCR-ABL1 rearrangement. Note that the colour
scheme may differ between manufacturers. (b) Application of a dual-fusion
BCR-ABLI FISH probe to a bone marrow metaphase and interphase cells from a
patient with CML. Single green and red signals signal mark the unrearranged ABL1
and BCR genes, respectively. Fused red—green doublets are present on the der(9)
and der(22), marking the presence of ABL1-BCR and BCR-ABL1 genes,
respectively. The same hybridization pattern of one red, one green and two fusion
signals (1IR1G2F) is apparent on interphase cells (LHS, upper cell) and is readily
distinguishable from a normal cell showing two red and two green signals (2R2G)
only (LHS, lower cell).



WILEY END USER LICENSE AGREEMENT

Go to www.wiley.com/go/eula to access Wiley’s ebook EULA.


http://www.wiley.com/go/eula

	Cover
	Title Page
	Copyright
	Contents
	List of contributors
	Preface
	Chapter 1 The myelodysplastic syndromes
	Introduction
	Predisposing conditions
	Familial platelet disorder with propensity to myeloid malignancy (FPD/AML)
	Severe congenital neutropenia (SCN)
	Poikiloderma with neutropenia
	Familial MDS/AML
	Shwachman-Diamond syndrome (SDS)
	Dyskeratosis congenita (DKC) and telomere syndromes
	Fanconi anaemia (FA)
	Down syndrome

	Cytogenetics
	Loss of Y chromosome (-Y) and del(11q)
	Del(20q)
	idic(X)(q13)
	Del(17)(p13)/i(17q)
	Del(12p)
	Trisomy 8
	Rare trisomies: +6, +13, +14, +15, +16, +19, +21
	Monosomy 7 and del(7q)
	Rare monosomies
	Unbalanced translocations involving 1q
	t(17;18)(p10;q10)
	Rare or sporadic balanced translocations
	Complex karyotypes
	Chromosome 5q deletions

	Somatic mutations
	Oncogenes and tumour suppressor genes
	Mutations of genes involved in epigenetic modulation
	Mutations of genes involved in the spliceosome machinery
	Rare gene mutations in myelodysplastic syndromes

	Epigenetics
	DNA methylation
	Histone modifications
	RNA

	Conclusion
	References

	Chapter 2 Molecular genetics of the myeloproliferative neoplasms
	Introduction
	Overview of the different types of mutation found in MPN patients
	Acquired mutations in cytokine signalling pathways
	Acquired mutations in pathways controlling transcriptional regulation
	Acquired mutations associated with transformation to advanced-phase disease
	Inherited predisposition to clonal MPNs
	Inherited non-clonal disorders that phenocopy distinct MPNs

	Polycythaemia vera (PV), essential thrombocythaemia (ET) and primary myelofibrosis (PMF)
	Acquired mutations in cytokine signalling pathways (Table 2.3)
	Acquired mutations in pathways controlling transcriptional regulation (Table 2.4)
	Acquired mutations associated with progression to advanced and blastic-phase disease
	Inherited predisposition to clonal MPNs
	Inherited non-clonal disorders that phenocopy distinct MPNs
	Principles and clinical utility of laboratory testing

	Chronic eosinophilic leukaemia
	Acquired mutations in cytokine signalling pathways
	Acquired mutations in pathways controlling transcriptional regulation
	Acquired mutations associated with progression to advanced and blastic-phase disease
	Inherited predisposition to clonal MPNs
	Inherited non-clonal disorders that phenocopy distinct MPNs
	Principles and clinical utility of laboratory testing

	Neoplastic mast cell disease
	Acquired mutations in cytokine signalling pathways
	Acquired mutations in pathways controlling transcriptional regulation
	Acquired mutations associated with progression to advanced and blastic-phase disease
	Inherited predisposition to clonal MPNs
	Inherited non-clonal disorders that phenocopy distinct MPNs
	Principles and clinical utility of laboratory testing

	References

	Chapter 3 Acute myeloid leukaemia
	Introduction
	AML classification
	Cytogenetic aberrations
	Fusion genes arising from structural rearrangements
	Monosomies
	Complex and monosomal karyotypes
	Trisomies
	Double minute chromosomes

	Normal karyotype - is it really normal?
	Altered gene expression
	EVI1
	BAALC
	MN1
	ERG
	SET
	BRE
	WT1
	miRNA genes

	Diagnosis and classification of AML
	Current risk stratification of AML patients: European LeukemiaNet (ELN) guidelines

	Therapeutic regimens in AML
	Management of younger adults aged 18-60 years
	Older AML patients (aged > 60 years)
	Novel agents
	Monitoring response to therapy (MRD)

	The genomics of AML
	Clonal evolution of AML
	Established recurrent mutations in AML
	Novel recurrent mutations in AML

	Emerging concepts and future directions
	Age-related clonal haematopoiesis (ARCH)
	Application of genomic technologies to the diagnosis of AML

	Conclusion
	Mini-glossary
	References

	Chapter 4 Molecular genetics of paediatric acute myeloid leukaemia
	Clinical introduction
	Epidemiology of AML
	Diagnostic approach
	Treatment and outcome

	Relevant molecular and genetic aberrations in paediatric AML
	Type I/II aberrations and their non-random associations
	Relevance of type I/II aberrations for outcome and stratification of paediatric AML treatment
	Epigenetic modifiers and hydroxymethylation pathway mutations

	Further strategies
	Further genomic approaches to unravelling the biology of paediatric AML
	Molecularly targeted therapy

	Conclusion
	References

	Chapter 5 Acute lymphoblastic leukaemia
	Introduction
	Chromosomal aberrations in BCP-ALL
	High hyperdiploidy
	t(12;21)(p13;q22)/ETV6-RUNX1
	t(1;19)(q23;p13)/TCF3-PBX1
	t(17;19)(q22;p13)/TCF3-HLF
	Hypodiploidy
	11q23/KMT2A (MLL) gene rearrangements
	t(9;22)(q34;q11.1)/BCR-ABL1
	Intrachromosomal amplification of chromosome 21 (iAMP21)
	Complex karyotype

	Submicroscopic genetic alterations in BCP-ALL
	Alteration of transcription factors in BCP-ALL
	CRLF2 rearrangements and Janus kinase mutations in ALL
	BCR-ABL1-like or Ph-like ALL
	ERG-altered ALL
	Genetic rearrangements in T-lineage ALL
	TAL1/LMO2 rearranged T-ALL
	TLX1/TLX3 rearranged T-ALL
	Early T-cell precursor ALL
	Other T-ALL genetic subtypes: MLL rearranged and PICALM-MLLT10

	Relapsed ALL
	Future directions
	References

	Chapter 6 The genetics of mature B-cell malignancies
	Introduction
	Chronic lymphocytic leukaemia
	Immunoglobulin heavy-chain variable region gene mutational status
	Chromosomal banding and interphase molecular cytogenetics
	Copy number alterations
	Deletions of 13q14
	Trisomy 12
	Deletions of 11q24 and mutations of ATM
	Deletions of 17p13 and mutations of TP53
	Other copy number alterations in CLL

	Genome complexity and chromothripsis
	Novel mutations in patients with CLL
	NOTCH1
	SF3B1
	Other genes

	Novel genetic mutations in clinical practice
	Germinal centre lymphomas
	Follicular lymphoma
	Diffuse large B-cell lymphoma

	Conclusions and future perspectives
	Acknowledgements
	References

	Chapter 7 The genetics of chronic myelogenous leukaemia
	Introduction
	Clinical features
	The structure and physiological function of BCR and ABL1
	The structure of the BCR-ABL1 fusion gene
	Mechanisms of BCR-ABL1-induced oncogenesis
	Potential mechanisms underlying the genesis of CML
	CML blast crisis transformation
	Tyrosine kinase inhibitor (TKI) therapy
	The genetic basis of TKI resistance
	Novel therapeutic approaches
	Genetics in patient management
	Cytogenetic and molecular cytogenetic monitoring
	Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR)
	BCR-ABL1 mutation analysis

	Conclusion
	References

	Index
	Supplemental Images
	EULA

