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Role of chromosomal aberrations in clonal diversity and
progression of acute myeloid leukemia

T Bochtler'?, S Frohling® and A Kramer'

Genetic abnormalities are a hallmark of cancer. Hereby, cytogenetic aberrations and small-scale abnormalities, such as single-
nucleotide variations and insertion/deletion mutations, have emerged as two alternative modes of genetic diversification. Both
mechanisms are at work in acute myeloid leukemia (AML), in which conventional karyotyping and molecular studies demonstrate
that gene mutations occur predominantly in cytogenetically normal AML, whereas chromosomal changes are a driving force of
development and progression of disease in aberrant karyotype AML. All steps of disease evolution in AML, ranging from the
transformation of preleukemic clones into overt leukemia to the expansion and recurrence of malignant clones, are paralleled by
clonal evolution at either the gene mutation or chromosome aberration level. Preleukemic conditions, such as Fanconi anemia and
Bloom syndrome, demonstrate that the acquisition of chromosomal aberrations can contribute to leukemic transformation. Similar
to what has been shown at the mutational level, expansion and recurrence of AML clones goes along with increasing genetic
diversification. Hereby, cytogenetically more evolved subclones are at a proliferative advantage and outgrow ancestor clones or
have evolved toward a more aggressive behavior with additional newly acquired aberrations as compared with the initial leukemic

clone, respectively.
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INTRODUCTION

First reports of increased aneuploidy with aging in lymphocytes
from healthy individuals were published in the early 1960s."?
Chromosomes lost most frequently were identified as the X
chromosome in females and the Y chromosome in males.? Loss of
the Y chromosome was subsequently commonly observed in
bone marrow cells of elderly men without hematologic disorders
as well as in different types of myeloid and lymphoid
malignancies.*® Long thought to be an irrelevant byproduct of
aging, age-dependent post-zygotic Y chromosome loss has most
recently been shown to be associated with an increased risk of
both hematologic and non-hematologic malignancies.” Similarly,
the incidence of clonal chromosomal mosaicism, as detected by
single-nucleotide polymorphism profiling in peripheral blood cells
of large cohorts of healthy individuals, rapidly increases in the
elderly and is associated with a 10-fold risk to develop acute
myeloid leukemia (AML) or other hematologic cancers.® More-
over, many of the mosaic chromosomal anomalies found are
identical to those detectable in hematologic cancers. These
findings clearly indicate that the age-associated emergence of
small clones of white blood cells harboring chromosomal
aberrations predisposes elderly individuals to hematologic malig-
nancies and point to the importance of cytogenetic aberrations as
leukemogenic drivers.

TYPES OF GENETIC ALTERATIONS IN HUMAN CANCER

The majority of human malignancies are characterized by large-
scale chromosomal abnormalities, such as DNA copy-number

variations (CNVs).'® Likewise, submicroscopic genetic alterations,
such as single-nucleotide variations and insertion/deletion muta-
tions, are present in a plethora of genes in almost all cancer types.
In a seminal paper that appeared almost 20 years ago, Lengauer
and Vogelstein were the first to demonstrate that chromosome-
level aberrations and small-scale mutations occurred strictly
alternatively to each other in colorectal cancer cell lines, a finding
that later evolved into the categorization of colorectal cancer
cases into two groups designated as chromosomal instability (CIN)
and microsatellite instability types.'" Of note, large meta-analyses
have meanwhile shown that CIN is associated with a worse
prognosis in colorectal cancers.'?

Recent advances in high-throughput techniques have allowed
to sequence the complete genomes of multiple tumor types,
thereby reshaping the understanding of cancer genomes and
their complexity.'® One fundamental insight that has emerged
from the analysis of >3000 tumors, representing 12 different
cancer types, was a striking inverse relationship between recurrent
CNVs and somatic single-nucleotide variations/insertion/deletion
mutations, reminiscent of what has been found by Lengauer and
Vogelstein in colorectal cancers earlier. On the basis of this
observation, tumors can now be subdivided—independent of
their tissue of origin—into two major classes, one primarily with
small-scale mutations (M class) and the other primarily with CNVs
(C class)."™ Each tumor entity is composed of tumors belonging
to the M and C classes in different proportions (Figure 1). For
example, almost all clear-cell kidney carcinomas and glioblasto-
mas belong to the M class, whereas most ovarian and breast
carcinomas are included into the C class. In addition, it has been
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Figure 1. Both large-scale chromosomal aberrations as well as gene

mutations contribute to malignant transformation and cancer
progression, and seem to occur complementary to each other in
many cancer types. On the other hand, both phenomena might well
be interconnected, as CNVs and aneuploidy have been found to
increase the frequency of gene mutations.

proposed that CNVs and aneuploidy can cause a modest mutator
phenotype by enhancing genetic recombination and defective
DNA damage repair, thereby providing a possible mechanistic link
between aneuploidy and mutational instability in some types of
cancer.””™" Vice versa, mutations in genes that cause CIN are still
searched for, with TP53 and cohesion complex components being
possible candidates as further discussed below.

The analysis of mutational data from >8200 sporadic cancers
revealed that, on average, tumors contain only 1 oncogene and
3 tumor suppressor gene mutations, but 3 chromosome arm
gains, 5 chromosome arm losses, 2 whole-chromosome gains,
2 whole-chromosome losses, 12 focal deletions and 11 focal
amplifications.'”® The same work has shown that the spatial
distribution of oncogenes and tumor suppressor genes on
chromosomes can predict the complex but non-random patterns
of aneuploidy observed in cancer genomes. These data reveal that
somatic DNA copy-number alterations comprise a large propor-
tion of cancer-driving events and illustrate the close link between
chromosome aberrations on the one hand and oncogene/tumor
suppressor gene alterations on the other.

The inverse correlation between CNVs and single-nucleotide
variations/insertion/deletion mutations also supports the concept
that these alterations reflect distinct oncogenic processes that
drive cancer development and progression. In AML ~ 75% of cases
belong to the M class and ~25% to the C class with multiple
chromosomal gains and losses, the latter closely matching the
percentage of cases with unfavorable cytogenetics and displaying
a suspicious lack of mutations in genes typically mutated in
AML."™" In this article, we will focus on the contributions of DNA
copy-number alterations and CIN to essential features of AML
pathogenesis. Specifically, we will discuss the role of the different
mutation types in clonal heterogeneity (that is, the number and
diversity of subclones within an individual cancer) and clonal
progression (that is, the increase in ‘fitness’ of a particular clone).
These issues are not only relevant to the understanding of AML
biology but also have clinical implications, as integrative analyses
of the genetic features and clonal structures of AML cases have
provided important insights into the cellular basis of leukemia
initiation, treatment response and relapse, which may lead to new
diagnostic and therapeutic strategies.

CIN AS A DRIVER OF CLONAL HETEROGENEITY AND
PROGRESSION

Clonal heterogeneity and progression are fueled by genomic
instability, which comes in two flavors—mutational/microsatellite
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instability and CIN. To accumulate large numbers of mutations,
which allow for selection, adaptation and evolution of individual
clones within a tumor, it has long been proposed that, in contrast
to normal cells, cancer cells possess a mutator phenotype
resulting from disruption of genes that maintain genetic stability,
as normal mutation rates cannot account for the number of
mutations found in human cancers.?®?' With regard to AML,
however, newer data argue that the spontaneous mutation rate
in normal hematopoietic cells is low.?> Also, a hypermutator
phenotype seems to be absent in most AML cases.*®

Similar to the mutator phenotype underlying small-scale
mutations, CIN is thought to be increased in certain tumors by
defective microtubule-kinetochore interactions, faulty sister chro-
matid cohesion, telomere dysfunction, aberrant spindle check-
point signaling or supernumerary centrosomes, which cause
merotelic microtubule-kinetochore attachents by clustering of
multiple spindle poles into a bipolar mitotic spindle array
(Figure 2).** Most of these mechanisms converge to produce
lagging chromosomes during anaphase, ultimately leading to
increased whole-chromosome missegregation rates as well as
structural chromosome aberrations by damage to lagging
chromosomes during cytokinesis.®> In addition to the above
evidence for persistent chromosome missegregation in CIN-
positive colorectal cancer cell lines, further support for a role of
CIN in malignant transformation comes from a rare hereditary
disorder called mosaic variegated aneuploidy. This condition is
caused by mutations in the spindle checkpoint gene BUBRT and
leads to CIN with consecutive constitutional mosaicism for
chromosomal gains and losses and subsequent predisposition to
several types of cancer, including AML.24"%°

From a mechanistic point of view, it is interesting to note that
recent cancer genome analyses have discovered a high frequency
of mutations in genes encoding cohesin complex subunits in a
variety of human malignancies, including AML. Cohesin is a multi-
protein complex composed of four core subunits (SMC1A, SMC3,
RAD21, STAG1 or STAG2), which is responsible for sister chromatid
cohesion until its cleavage during mitosis, thereby enabling
faithful segregation of sister chromatids into two daughter cells.>
In addition, cohesin has been reported to be involved in mother-
daughter centriole engagement, mitotic licensing of centriole
duplication by separase-dependent cohesin cleavage and coordi-
nated separation of centrioles and chromatids>'? In 2011,
recurrent inactivating mutations in the cohesin subunit STAG2
were reported in several types of human cancer.'” In this study,
truncating mutations or deletions of STAG2, which localizes to the
X chromosome, were associated with complete loss of STAG2
expression. Whereas knockout of STAG2 in near-diploid HCT-116
cells led to precocious sister chromatid separation and aneuploidy
induction, replacement of mutant STAG2 by the wild-type gene
led to restoration of sister chromatid cohesion and correction of
abnormal mitotic figures and CIN in two glioblastoma cell lines
with mutated STAG2. These data suggested that mutational
inactivation of the cohesin complex represents a major genetic
mechanism underlying the occurrence of CIN and aneuploidy in
human cancers. Subsequently, several studies have identified
mutually exclusive, recurrent mutations in the cohesin compo-
nents SMCITA, SMC3, STAG2 and RAD21 in myelodysplastic
syndrome (MDS) and AML at frequencies between 6 and
13%."92338 As most of the AML cases with cohesin mutations
identified in these studies harbored normal or near-normal
karyotypes, it was speculated that the loss of other functions of
the cohesin complex, such as regulation of gene transcription, and
not its canonical role in sister chromatid cohesion might be
involved in leukemogenesis. In a recent analysis of 1060 patients
with myeloid malignancies, somatic cohesion mutations were
detected in 12% of cases, which were mutually exclusive and
mostly resulted in predicted loss of function.?® Interestingly, deep
sequencing revealed that the majority of these mutations
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Mechanisms of chromosomal instability (CIN). (a) Mitotic cell (DNA stained in blue, a-tubulin in red, y-tubulin, which labels

centrosomes, in green) harboring supernumerary centrosomes that are clustered into two spindle poles, thereby allowing for the formation of
a pseudo-bipolar spindle array. Centrosomal clustering, however, occurs through the formation of a multipolar intermediate that causes
merotelic microtubule-kinetochore attachents (b), which subsequently produce lagging chromosomes during anaphase, ultimately leading to
increased whole-chromosome missegregation (c, d). (c) DNA is stained in blue, a-tubulin in red and CREST, which labels kinetochores, in
greens. (d) Only the CREST staining is displayed. Adopted from Anderhub et al.''

represented secondary events in clonal hierarchy and were most
prevalent in high-risk MDS and secondary AML, where they
appeared to be associated with a poor prognosis. In addition, an
association with trisomy 8 was found, again arguing for a possible
link between cohesin mutations and karyotype aberrations.
Continued investigations will be necessary to define the mechan-
ism(s) by which cohesin mutations contribute to malignant
transformation and understand their contribution, if any, to CIN.

CIN IN MYELOID MALIGNANCIES

Aneuploidy, defined as a state of abnormal chromosome number
and a consequence of CIN, has been implicated in tumorigenesis
for many decades and constitutes an important prognostic marker
in many types of malignancies. For example, AML with complex
karyotype, defined as three or more clonal chromosome aberra-
tions in the absence of one of the WHO-designated balanced
rearrangements  (8;21)(q22;922), inv(16)(p13922)/ (16;16)(p13;
q22), 1(15;17)(q22;921), t(9;11)(p22;923), t(v;11)(v;q23), t(6;9)(p23;
q34) and inv(3)(q21926)/t(3;3)(g21;926), is associated with an
exceptionally poor prognosis.***? In contrast, data on the
presence and prognostic relevance of a potentially underlying
CIN have only recently begun to accumulate, as it is technically
challenging to directly measure chromosome missegregation
rates. As a consequence, aneuploidy has frequently but mistakenly
been used as a surrogate marker of CIN, rather than directly
measuring the cell-to-cell variability of chromosome copy
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numbers or the frequency of lagging chromosomes as more
accurate reflections of CIN.**** Although the presence and
prognostic relevance of CIN have been established in colorectal
cancers as described above, only little data on the role of CIN, as
evidenced by gross aneuploidy and pronounced cell-to-cell
variability, are available for hematologic malignancies. As one
example, a higher degree of cell-to-cell variability of chromosome
copy numbers determined by interphase fluorescence in situ
hybridization with centromeric probes was shown to portend a
poor prognosis in MDS.*

EMERGENCE OF MALIGNANT AML CLONES

Preleukemic conditions provide important insights into the
emergence of malignant clones with cytogenetic aberrations as
well as into the contribution of CIN to MDS/AML development.
Fanconi anemia, which is characterized by CIN as a consequence
of defective DNA damage response and mitotic chromosome
segregation,*™* is one example. Affected patients are at high risk
for developing different types of neoplasms. The most frequent
malignancies in Fanconi anemia are MDS and AML, with a
cumulative incidence approaching 33% by 40 years of age.***” In
MDS or AML secondary to Fanconi anemia, gains of chromosome
3q, which lead to overexpression of the EVIT oncogene, and
monosomy 7/del(7q) were detectable in 12/29 and 5/29 patients,
respectively.”® Remarkably, these cytogenetic aberrations were
exclusively found in patients with MDS and AML, but not in
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patients with untransformed Fanconi anemia, implying a con-
tribution to leukemic transformation. In contrast, gains of
chromosome 1q were found at all stages of Fanconi anemia
bone marrow evolution, including cases with isolated hypoplastic
or aplastic anemia. Another study showed that although chromo-
some 3 and 7 aberrations were present in some Fanconi anemia
patients prior to leukemic transformation, virtually all individuals
with these chromosomal abnormalities subsequently developed
MDS/AML.*

Similar to Fanconi anemia, individuals affected by Bloom
syndrome, a genetic disorder caused by mutations in the BLM
RecQ helicase, are predisposed to a wide variety of neoplasms,
including hematologic malignancies. Intriguingly, analogous to
Fanconi anemia, a preferential occurrence of monosomy 7 or
deletions of the long arm of chromosome 7 was found in bone
marrow cells from Bloom syndrome patients with MDS or AML.>°

Progression of aplastic anemia to MDS and AML is also
frequently associated with the appearance of cytogenetic
aberrations.>' Hematopoiesis in aplastic anemia is regarded as
oligoclonal, and the depletion of healthy clones by autoimmunity
predisposes to the expansion of cytogenetically aberrant clones.>?
The most prevalent cytogenetic aberration in aplastic anemia is
monosomy 7, which heralds a poor prognosis and progression to
MDS/AML, similar to the situation in Fanconi anemia described
above; the second most prevalent is trisomy 8, which is
prognostically more favorable.”*>*

Do functional differences between mutational and chromoso-
mal evolution exist and, if so, what are the respective contribu-
tions of mutational versus chromosomal evolution to the
emergence of malignant clones and clonal heterogeneity in
myeloid malignancies? It has previously been reported that a low
mean telomere length of leukocytes at the time of diagnosis of
aplastic anemia is associated with increased risk of relapse, clonal
evolution with progression to MDS/AML and decreased overall
survival.”®> New data from the same group now revealed that while
cells from aplastic anemia patients with clonal evolution showed
marked progressive telomere attrition during the period preced-
ing development of monosomy 7, only two out of 13 patients
acquired mutations in myeloid cells, as determined by targeted
sequencing of 125 candidate genes recurrently mutated in AML
and MDS.*® These findings led to the conclusion that in aplastic
anemia, telomere shortening, rather than accumulation of point
mutations in hematopoietic cells, precedes aneuploidy and
malignant transformation at an early stage of leukemogenesis.
Therefore, at least in the context of MDS/AML secondary to
aplastic anemia, telomere shortening and subsequent CIN rather
than the accrual of oncogenic mutations seem to pave the way
toward malignancy. Similarly, data describing average and
individual telomere lengths in MDS and AML showed that the
transition from MDS to AML is characterized by increased
telomere shortening and chromosomal abnormalities.®” Also, in
AML, particularly in abnormal karyotype AML, TERT mutations
involving the telomere repair complex have been described.>®
Biologically, it has been suggested that dysfunctional telomeres
limit the stem cell pool, which favors the selection of stem cells
with deficient DNA damage response prone to CIN. Furthermore,
critically short telomeres can fuse with other ‘free ends’ and thus
promote further genomic instability.>*°

Together, these data clearly argue for the acquisition of
cytogenetic aberrations as one step toward the evolution of the
malignant phenotype in MDS/AML, which is in tune with the
retrospective detection of the t(8;21)(q22;q22) on Guthrie cards of
newborns who developed AML later in life, indicating the need for
further genetic ‘hits’ to trigger the leukemic phenotype.®’ In a
report by Stark et al.®? two monozygotic twins, who were both
diagnosed with AML M7 at the age of 22 months, displayed
trisomy 21 in their leukemic blasts, suggestive of a common
intrauterine origin of the leukemia. Remarkably, one of the twins
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harbored an additional del(20q), whereas the other had acquired
additional trisomy 8, both of which have to be considered as
secondary events indicative of clonal evolution. This case is highly
reminiscent of the twin studies by the Greaves group in pediatric
acute lymphoblastic leukemia,®® which typically observed an early
—likely initiating—preleukemic mutation, which was acquired
prenatally and was detectable on neonatal blood spots of both
twins, and subsequent—Iikely progression-related—genetic hits
in the leukemic cells of the diseased twin.

Other studies on adult AML with t(8;21)(g22;922) showed
detectable levels of the resulting RUNXT-RUNXTTT fusion transcript
in normal myeloid cells as well as in highly purified hematopoietic
stem cells from patients in long-term remission.®*°¢ Similarly,
other cytogenetic abnormalities, including inv(16)(p13g22), t(6;9)
(p23;934), t(17;20) and add(2)(q37) have been found in hemato-
poietic stem and progenitor populations of patients with AML in
complete remission.®” In addition, recent work has identified,
aside from mutations in DNMT3A, IDH2, ASXL1 and IKZF1, the inv
(16)(p13922) to occur in preleukemic hematopoietic stem cells %8
These findings illustrate that chromosomal aberrations can
contribute to the earliest events in the transformation process,
and that the stepwise acquisition of karyotypic aberrations
contributes to the development of MDS/AML similar to what has
been well established at the mutational level for acute lympho-
blastic leukemia and MDS/AML.**""!

As opposed to the concept of tumorigenesis as a stepwise
evolutionary process, a phenomenon called chromothripsis has
recently been introduced as an additional mechanism of
karyotype evolution.”?> In chromothripsis, a chromosome is
shattered into multiple pieces during a single catastrophic event.
Typically, numerous genomic rearrangements cluster to one or
few chromosomes or even a single chromosome arm. This
phenomenon, which might be responsible for structural chromo-
some aberrations especially in AML with complex karyotype
abnormalities, has been detected in cases of TP53-mutated AML
by single-nucleotide polymorphism arrays and was suggested
to be of independent prognostic significance.”> However, its
frequency as well as its contribution to chromosomal aberrations
and prognosis of AML have yet to be determined.

PROGRESSION OF MALIGNANT AML CLONES

The contribution of chromosomal aberrations to clonal progres-
sion is well established in MDS. In a study addressing cytogenetic
evolution in MDS, 40/153 (26.1%) patients acquired secondary
cytogenetic abnormalities even prior to transformation to AML
with a median follow-up of 45.2 months.”* Interestingly, acquisi-
tion of del(5q) was typically detected in early MDS, whereas
monosomy 7, del(7q) and del(17p) were frequently seen in
patients with advanced MDS. Results were similar in another
cohort with 18/85 (21.2%) patients experiencing cytogenetic
evolution, particularly those with an elevated blast percentage
and a higher International Prognostic Scoring System risk score.”
In both studies, cytogenetic evolution was shown to increase the
risk of clinical progression and death.

Along the same lines, recent work has shed light on the role and
the consequences of evolution of monosomy 7 in myeloid
malignancies. Monosomy 7 and del(7q) are among the most
common chromosomal abnormalities in patients with AML and
MDS. In contrast to several other monosomies, where large parts
of the respective chromosome are not actually lost but can be
found in marker and/or ring chromosomes by Spectral Karyotyp-
ing and Multiplex-fluorescence in situ hybridization, monosomy 7
is associated with loss of the chromosomal material in most cases.
For this reason, the negative prognostic impact of isolated del(7q)
may be less pronounced as compared with monosomy 7.7/
A recent study now suggests that complete monosomy 7 represents
the terminal stage of karyotype evolution during MDS progression
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with del(7g) and subsequent formation of a ring chromosome 7
being intermediate stages, which would also explain their better
prognosis.”® In this scenario, ring chromosome 7 formation seems
to result from telomere erosion in del(7q) cells. Ring chromosomes
themselves are known to be unstable and prone to become lost
during cell division.”

Core-binding factor (CBF) AMLs are cytogenetically defined by
the presence of a t(8;21)(q22;922) or an inv(16)(p13922)/t(16;16)
(p13;922) and associated with favorable outcome.® Although two
large studies by the British Medical Research Council and the
Cancer and Leukemia Group B concluded that additional
chromosomal aberrations do not impact on prognosis in CBF
AML,2%82 newer results suggest that loss of the Y chromosome is
associated with shorter overall survival in t(8;21)(g22;922) patients,
whereas trisomy 22 prolonged relapse-free survival in inv(16)
(p13q22) AMLE

As mentioned above, AML with complex karyotype is associated
with extremely poor outcome. Similarly, monosomal karyotypes,
defined by the presence of one single autosomal monosomy in
association with at least one additional autosomal monosomy or
one structural chromosomal abnormality excluding marker and
ring chromosomes, are associated with a dismal prognosis and
seem to add prognostic information, even in complex karyotype
AML2* One important peculiarity of C class malignancies is their
strong association with TP53 mutations, consistent with TP53
deficiency causing CIN.'* Alternatively, 17p13, the chromosomal
region where TP53 is located, might constitute one of the non-
random but common targets of chromosomal aberrations, as
recently suggested.'® In any case, it has been shown by several
groups that TP53, which is otherwise only rarely affected in AML, is
the most frequently altered gene in complex as well as
monosomal karyotype AML. TP53 aberrant cases display a higher
degree of karyotypic complexity and an exceptionally dismal
outcome®8® As among 234 complex karyotype AML cases
analyzed, TP53 mutations as determined by DNA sequencing
were more frequent (141/234 cases (60%)) than TP53 losses as
determined by array-CGH analysis (94/234 cases (40%)),%° it might
be concluded that TP53 loss of function indeed causes CIN, with
subsequent development of complex karyotype alterations, rather
than being a consequence of it.

Additional evidence supporting a prognostic role of CIN in
clonal evolution in myeloid malignancies comes from interphase
fluorescence in situ hybridization data on CD34-positive bone
marrow cells from patients with MDS (Figure 3). Although only a

comparatively small cohort of patients has been analyzed,
elevated CIN levels, as determined as fractions of cells with
numbers of individual chromosomes deviating from the normal
diploid status, were associated with both poor prognosis and AML
evolution, with high-level CIN being detectable antecedent to
clinical deterioration.** In conclusion, CIN is a driving force of MDS
progression.

Recent work has evaluated clonal heterogeneity of primary AML
cells using conventional karyotyping of metaphases to detect
cytogenetic subclones.®” This analysis of subclonal architecture
offers insights into cytogenetic evolution. Assessing the cytoge-
netic data from two large randomized clinical trials, subclone
formation was detectable in 33% of aberrant karyotypes at first
diagnosis. Though this phenomenon was detectable in all
cytogenetic categories, it was particularly frequent in patients
with high-risk karyotype aberrations including complex aberrant,
monosomal or del(17p) karyotypes, where subclone frequencies of
69%, 67% and 65% were observed, respectively. For karyotypes
with defined subclones, oncogenetic ancestral trees were devel-
oped in analogy to studies in acute lymphoblastic leukemia. For
AML patients with two subclones, a ‘mother-daughter’ pattern
was by far the most prevalent, where the daughter subclone
harbored an extra cytogenetic aberration in addition to those
present in the mother clone. Also, in some cases with two defined
subclones, sister clones of common genetic origin were observed,
though the presumed common ancestor clone was no longer
detectable and appeared to have been outgrown. If three or more
subclones were detectable, they typically aligned themselves into
a branched rather than a linearly successive ancestral tree pattern.
The striking similarity of these oncogenetic tree models in AML
with those established in ALL®*7° emphasizes that the concept
of clonal evolution by genetic diversification and subsequent
selection of subclones is similar in acute lymphoblastic leukemia
and AML. In conclusion, these subclone patterns suggest that
leukemogenesis in AML is a stepwise process. Typically, daughter
subclones carry additional cytogenetic aberrations, which confer a
more aggressive phenotype and a selection advantage, permitting
the cytogenetically more evolved daughter subclone to outgrow
the mother clone. This concept is illustrated in CBF leukemias,
where t(8;21)(q22;922) and inv(16)(p13g22) can be regarded as
the primary cytogenetic events at the root of the ancestral tree
owing to their universal presence in all subclones, and where
additional cytogenetic aberrations detected in some of the
subclones are well-known secondary abnormalities, such as

Figure 3.

>

Chromosomal instability (CIN) in CD34-positive cells of an MDS patient in longitudinal follow-up. CIN is measured by hybridization

with centromeric interphase FISH probes for chromosomes 6 and 7 stained in red and green, respectively. Though time points are only
1 month apart, CIN has markedly increased from (a) to (b), moving chromosome numbers from a diploid status in (a) to mono-, tri- and
tetrasomies in (b). Interestingly, in this case increasing CIN preceded transformation into AML by 4 months, indicating that CIN is a driving
force of clonal evolution and leukemia progression. Adopted from Heilig et al.**
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mother clone

subclone formation

additional aberration
in full clone

a b

46,XY 1(8;21)[20] 46, XY 1(8:21)[15]

46,XY,1(8;21),del(9q)[5]

c d
46,XY t(8;21)[5]
46,XY,1(8;21),del(9q)[15]  46,XY,1(8;21),del(99)[20]

Figure 4. Stepwise clonal evolution by sublcone formation in CBF AML. The mother clone (a) harbors the CBF translocation—in this case
t(8;21)(q22;922)—as the initiating event. Then a daughter subclone with an additional aberration arises (b)—in this schematic case del(9q)—,
and by proliferative advantage begins to outgrow (c) and replace (d) the mother clone. Thus, this model considers subclone formation (b, ) as
a transitory step toward a more evolved clone carrying an additional aberration (d). This concept is implied by the finding that the additional
aberrations that set apart the subclones in CBF leukemias (b, c) are the same aberrations known to occur as concomitant full clone aberrations
(d): loss of a gonosome, del(9q) and del(7q) in (8;21)(q22;q22) AML; and trisomy 22, trisomy 8 and del(7q) in inv(16)(p13q22) AML.*’

trisomy 22 in inv(16)-positive AML (Figure 4). No longitudinal
studies assessing subclone architecture over time as proof of this
evolutionary concept have been reported yet, though the clinical
case of a cytogenetically more evolved minor daughter subclone
outgrowing the mother clone within 3 months has been reported
for a pediatric AML patient with Down syndrome.®® The authors
interpret this case as an example of rapid clonal evolution and the
transitory nature of clonal chromosomal aberrations.

Remarkably, detection of cytogenetic subclones was predictive
of a poor prognosis in non-CBF leukemias, particularly in
karyotypes classified as composite karyotypes owing to their
pronounced clonal heterogeneity.!” From a biological point of
view, subclone formation may increase the risk for the emergence
of chemotherapy-resistant subclones.®® This might explain why
AML patients with cytogenetic subclones benefit in particular from
allogeneic transplantation, an immune-based treatment approach
thought to be less amenable to drug-resistance development by
clonal evolution.

According to the European LeukemiaNet definition, ~20% of
patients with t(8;21)(q22;922) and about 10% of patients with inv
(16)(p13922)/t(16;16)(p13;g22) or t(15;17)(q22;921) would be
considered to have a complex karyotype because they harbor
two or more secondary aberrations in addition to their respective
primary translocation or inversion. However, as discussed above,
with the exception of the loss of the Y chromosome in t(8;21)(q22;
q22) patients and trisomy 22 in inv(16)(p13g22) AML, several
studies have documented that in these cytogenetic subgroups
increased karyotypic complexity does not affect clinical outcome
comparable to other patients with three or more chromosomal
aberrations.2%82839 |nterestingly, the above-mentioned work®’
has shown that in AML, cytogenetic subclone formation as a
measure of clonal heterogeneity is particularly frequent and
pronounced in adverse-risk patients with complex aberrant,
monosomal and abnl(17p) karyotypes.8'#*8%°T |n contrast, in
CBF leukemias, subclone formation was less frequent with
composite karyotypes as an indicator of high-level CIN being
virtually absent. From these data it may be concluded that, at least
in part, complex karyotype AMLs carry a poor prognosis not
because they harbor a fixed number of chromosomal
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abnormalities but rather because they are highly chromosomally
unstable, thereby allowing for selection, adaptation and evolution
via clonal heterogeneity.

The role of cytogenetic subclone formation was also analyzed in
a recent study on MDS and AML patients with del(5q).”
Cytogenetic subclones were detectable in 233/573 (40.7%) of
MDS and 345/627 (55.0%) of AML patients harboring del(5q).
Notably, subclone formation was more frequent in patients with
unbalanced rearrangements of 5q than in patients with interstitial
del(5q), reflecting increased genetic instability in the former
group. Similar to the findings by Bochtler et al.®’ in this analysis,
subclone formation in MDS—though not in AML—conferred an
inferior prognosis.

RECURRENCE OF MALIGNANT AML CLONES

Molecular diagnostic tools have yielded much insight into the
mechanisms underlying disease relapse in AML. In their pioneer-
ing work, Ding et al.3® suggested two patterns of relapse: either
the founding clone at first diagnosis recurred after acquiring
additional aberrations, or a subclone of the founding clone gave
rise to relapse after overcoming chemotherapy by gaining
additional mutations. Accordingly, this study established clonal
diversification as one mechanism for disease recurrence. The
following rules appear to apply to the relapse clone: (i) AML at
relapse is clonally related to the primary AML at first diagnosis.
Relapse clones share genetic features already present initially. The
emergence of genetically truly unrelated clones is considered
exceptional. If a genetically unrelated clone is found, a second
independent disease, especially therapy-related MDS or AML,
should be considered rather than relapse of the primary disorder.
(ii) Typically, AML is genetically more evolved at relapse than at
first diagnosis with higher genetic complexity at relapse being
observed both at the molecular and cytogenetic level.3*?* For
example, in a study by Kronke et al.”* the mean number of CNVs
and uniparental disomies per case significantly increased from
0.28 at first diagnosis to 1.06 at relapse. This is in tune with older
cytogenetic data, which had demonstrated a karyotype change
from first diagnosis to relapse in 39-68% of patients with the

© 2015 Macmillan Publishers Limited



Clonal diversity and progression in AML -
T Bochtler et al @

1249

acquisition of additional cytogenetic aberrations (53-70%) as the
prevailing pattern.®>” On the contrary, clonal de-evolution with
loss of cytogenetic aberrations (13-17%) or both phenomena
combined (14-33%) was less frequent. (iii) It is not necessarily the
most expanded subclone that evolves into the relapse clone;
initially minor subclones can give rise to relapse as well.*
(iv) In this model, mutations first noticed at relapse might be true
de novo aberrations. Alternatively, they could have been present in
a minor subclone at first diagnosis that escaped detection but has
expanded at relapse.”® (v) In some cases, relapse can be traced
back to a clone ancestral to the initial leukemic clone, meaning
that relapses can arise from an initially coexisting preleukemic
clone as well.?%*%? Of note, these principles of clonal evolution
and relapse are reminiscent of the patterns described in ALL by
the pioneering work of the Greaves and Mullighan groups,®7%1%°
suggesting that they are not specific for AML, but apply to acute
leukemias in general.

Numerous studies in AML have juxtaposed cytogenetic and
molecular markers at first diagnosis versus relapse to align them
on a trajectory from early, disease-initiating events to late,
cooperating events leading to disease progression and relapse.
The underlying hypothesis is that stable markers present at first
diagnosis and relapse are early, initiating events, whereas markers
gained at relapse are regarded as late and progression- related.
The scenario of a marker lost at relapse would suggest its
appearance shortly before leukemia outbreak at first diagnosis
and would put it in a middle position of the leukemia trajectory.

Several recent molecular studies have illustrated the succession
of molecular markers along the evolution path of AML. In this
chronological hierarchy, DNMT3A mutations are an archetypical
early event at the very root of leukemogenesis. It can be reliably
detected in initial and relapse sample pairs. In a study by Kronke
et al,®* DNMT3A mutations were the most stable marker retained
in 97% of relapse cases. Interestingly, DNMT3A mutations are also
detectable in remission samples with mutated allele frequencies
similar to or even higher than at first diagnosis. In addition, as
stated before, mutations in DNMT3A have recently been directly
shown to occur in preleukemic hematopoietic stem cells.%%'°" This
suggests that these mutations are acquired early as preleukemic
events in hematopoietic stem cells or myeloid precursors and
form a reservoir for disease recurrence.

By comparison, NPM1—though regarded as a stable founder
mutation and accordingly recognized as provisional entity in the
WHO classification—was only retained in 91% of relapse
samples.”® In this study, mutant NPM1 was lost in five patients,
typically with late relapses and a poor response to salvage
chemotherapy. Interestingly, the relapse clones in these five
patients had consistently retained their DNMT3A mutations.
Therefore and although the sequence of mutation acquisition is
not uniform for all patients, NPM1 mutations appear to evolve
later in the ancestral tree than DNMT3A mutations. In the
chronological succession of molecular markers, TET2 mutations
rank next behind NPM1, since at first diagnosis they are frequently
detectable only in subclones, and at relapse their allele frequency
was shown to decrease.'®?

At the other end of the spectrum, FLT3 internal tandem
duplication (FLT3-ITD) mutations are late cooperating events, as
they are absent from preleukemic clones® and frequently lost or
newly gained at relapse.'®® In the concept of cooperating,
proliferation-enhancing class | and differentiation-abrogating class
Il mutations in AML pathogenesis'®*'°® FLT3-/TD mutations fall
into the former category, implying that proliferation-enhancing
mutations are typically late events in leukemogenesis heralding
progression.'®’

In a study by Parkin et al.,'® 28 AML sample pairs from patients
who achieved remission and subsequently relapsed were
analyzed for a comprehensive set of mutations. Mutations in
DNMT3A, NPM1, IDHT and 2, ASXL1, TET2 and MLL partial tandem
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duplications were grouped as stable and thus presumably
initiating events, whereas FLT3-ITD mutations and alterations of
RUNX1, CEBPA, KRAS and BCORL1 were classified as late cooperat-
ing events. The categorization of markers into early and late
events by the assessment of relapse clones is very consistent with
results from a study by Welch et al.>* who overlaid the genotype
of AML M3 with its PML-RARA fusion as prototypical initiating
event for comparison with sequencing data from the AML M1
subtype. Mutations exclusively detectable in AML M1 genomes,
such as NPM1, DNMT3A, IDH1/2, TET2 and ASXL1, were classified as
initiating events, whereas mutations detectable in both the AML
M1 and M3 subtypes, such as FLT3-ITD and WTT mutations, were
regarded as late cooperating events.

Remarkably, the stepwise acquisition of mutations follows a
non-random pattern, not only with regard to the chronology of
their acquisition but also regarding the type of mutations. For
example, DNMT3A, NPM1 and FLT3-ITD mutations frequently co-
occur and also cluster in RNA expression and DNA methylation
screens,'®® whereas others, such as NPM1 and CEBPA mutations,
are almost mutually exclusive.'® As recently reviewed by Grove
and Vassiliou, the initiating mutation thus determines the
probability and type of secondary mutations on the path to overt
leukemia and relapse.'®”

Similar data for cytogenetic aberrations are scarce, owing to
considerably less sensitive detection methods. Cytogenetic
aberrations present at first diagnosis have been shown to be
reliably preserved at relapse, strengthening their role as truly
initiating events.'® As reviewed above, acquisition of further
cytogenetic aberrations is a common phenomenon at AML
relapse. However, the precise role of individual chromosomal
aberrations is less clear than that of individual gene mutations. In
a study by Schmidt-Hieber et al,”” additional chromosomal
aberrations at relapse frequently involved chromosomes 1, 3
and 4, whereas Garson et al.”® frequently observed trisomies 8 and
21. Bacher et al.®® reported on trisomy 8 as well, and in addition
found gains of 11q, 15q or 17q and losses of 5g and
9g. Regarding prognosis, karyotype changes per se appeared to
have no impact on overall survival after relapse in these studies,
with the exception of acquisition of additional structural chromo-
some 1 abnormalities, which seemed to confer a poor prognosis.”’
In a more recent study, aberrations newly acquired at relapse
recurrently involved tumor suppressor genes at 12p13 (ETV6),
11p13 (WTT), 17p (TP53) and a gain of 1123 (MLL).>*

Among MDS patients with del(5q) treated with lenalidomide,
29% and 42% progressed to overt AML 3 and 5 years after the
start of therapy, respectively.''® In these patients, cytogenetic
clonal evolution seems to have at least contributed to leukemic
transformation, as 13 of 15 patients displayed additional
cytogenetic aberrations at progression to AML, among them nine
with a complex karyotype. The prevailing additional aberrations
were del(17p) as well as trisomies of chromosomes 8 and 21. The
conclusion of the authors that inactivation of TP53 on chromo-
some 17p is a critical early event in del(5g) MDS clonal evolution is
also corroborated by another recent study showing that small
subclones with TP53 mutations are present already at initial
diagnosis of del(5q) MDS and markedly expand following
lenalidomide treatment.'"" Thus, lenalidomide treatment appears
to drive the selection of TP53 mutant subclones and their relative
expansion versus other clones.

Whereas the studies above focused on relapse samples, the
study by Parkin et al.'®® also investigated primary refractory
AML cases by single-nucleotide polymorphism array-based
genomic profiling and sequencing of recurrently mutated
genes. Here, two scenarios were observed: in some patients, the
genetic repertoire of persistent blasts was identical compared with
initial diagnosis, with the predominating clone having remained
unaltered; in other patients, genetic aberrations were lost,
suggesting a coexistence of chemosensitive and chemoresistant
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subclones.'®® Notably, no evolution toward a genetically more
advanced clone was observed in these primary refractory cases.

EMERGENCE OF THERAPY-RELATED SECONDARY AML CLONES

As mentioned above, TP53 mutations are intimately linked to the
development of CIN. It has been long known that in therapy-
related AML, which is associated with an increased incidence of
chromosomal aberrations and poor prognosis, TP53 mutations are
far more frequent than in de novo AML.""? Excitingly, it has now
been reported that in therapy-related AML patients, hematopoietic
progenitor cells harboring TP53 mutations seem to be present
prior to chemotherapy exposure, with heterozygous loss of TP53
providing a competitive selection advantage to TP53 wild-type
hematopoietic cells after chemotherapy.''® These findings have
been revealed by next-generation sequencing of bone marrow
specimens and leukapheresis products harvested before or at the
time of treatment of the primary cancer and many years
before the advent of therapy-related AML. It can be concluded
that TP53 mutations are early events in the evolution of therapy-
related AML that precede and likely contribute to the high
incidence of cytogenetic abnormalites found in this disorder, as
discussed above for de novo AML with complex/monosomal
karyotypes.

CONCLUSIONS

In MDS/AML, the concept of genetic clonal evolution has strong
clinical implications. First, the cytogenetic and molecular markers
acquired on the path to leukemia yield prognostic information
and have become the basis of risk stratification-based therapies.
As reviewed above, risk stratification can be further refined by
accounting for clonal diversity. Second, aberrations acquired at
clonal progression like FLT3-ITD or c-KIT mutations offer the
prospect of targeted therapy. Third, the model of clonal evolution
has shaped our understanding of treatment strategies and is
currently translated into the development of novel therapeutic
concepts. For example, the detection of tumor heterogeneity has
given insights into mechanisms of treatment resistance with
selection of resistant subclones. This has provided a rationale for
‘hitting hard and early’ combination treatment approaches, which
aim at eliminating the malignant clone before further genetic
diversification sets in. Also, this concept lends strong support to
the idea of developing treatment strategies that target early driver
lesions present in all tumor cells and might explain the sobering
results currently obtained with FLT3 inhibitors. Likewise, it has
inspired the development of immune-based therapies, which are
presumed to be less susceptible to resistance owing to genetic
diversification. The evolution toward a genetically more complex
clone at relapse also mirrors the clinical experience that treatment
at relapse is less promising, also arguing in favor of aggressive
first-line treatment to forestall relapses. In conclusion, in AML the
concept of genetic clonal evolution is closely intertwined with
diagnostic algorithms, risk stratification and treatment strategies.
This has made AML a model disease to study genetic clonal
diversity and progression.
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