Clonal evolution inleukemia
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Human leukemias are liquid malignancies characterized by diffuse infiltration of the bone marrow by transformed
hematopoietic progenitors. The accessibility of tumor cells obtained from peripheral blood or through bone marrow
aspirates, together with recent advances in cancer genomics and single-cell molecular analysis, have facilitated
the study of clonal populations and their genetic and epigenetic evolution over time with unprecedented detail.
Theresultsofthese analyseschallenge the classicviewof leukemiaasaclonalhomogeneous diffuse tumorand
introduce a more complex and dynamic scenario. In this review, we present current concepts on the role of clonal
evolution in lymphoid and myeloid leukemia as a driver of tumor initiation, disease progression and relapse. We
also discuss the implications of these concepts in our understanding of the evolutionary mechanisms involved in

leukemia transformation and therapy resistance.

It has been more than 150 years since Charles Darwin imagined that
“whilst this planet has gone cycling on according to the fixed law of
gravity, from so simple a beginning endless forms most beautiful and
most wonderful have been, and are being, evolved.” Now, we know
that tumor cell populations, including leukemia cells, also undergo
Darwinian evolution during their malignant progression. In fact,
recent genetic and epigenetic studies of the life history of leukemia and
other hematological neoplasias have provided important insights into
the role of clonal evolution as a driver of tumor initiation, disease pro-
gression and relapse>-7. These works have revealed a more complex view
of leukemia evolution than the linear architecture originally proposed
by Peter NowellL. Thus, a new model has emerged that describes highly
branched clonal architectures in leukemogenesis from early stages of
disease to relapse. These studies have also validated the idea that sub-
populations of cells with self-renewing properties generate, sustain and
propagate the disease, and, therefore, that they are both key units for
evolutionary selection and the main targets for directed therapies8:.
Thisreview will highlight aseries of recent works describing genomic
and epigenomic evolution during leukemia initiation and relapse,
and as a driver of therapy resistance. We will discuss both lymphoid
leukemias, such as acute lymphoblastic leukemia (ALL) and chronic
lymphocytic leukemia (CLL), and myeloid leukemias, including
acute myeloid leukemia (AML) and chronic myeloid leukemia (CML).
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We will also discuss the epiallelic heterogeneity and dynamics in
the context of leukemia progression and resistance. Finally, we will
address the clinical implications of clonal evolution in disease pre-
vention, risk stratification, evaluation of therapeutic response and
management of therapy resistance.

CLONALEVOLUTIONDURING LEUKEMIAINITIATION

Pre-leukemic mutations and development of pre-leukemic clones
Tumors are an aggregate of diverse populations of cells. Tumor hetero-
geneity originates from and is shaped by clonal evolution, a multistep
process by which random mutations create genetic and epigenetic
diversity that is then the subject of natural selection. In leukemia, clonal
selection is driven by competition between normal hematopoietic stem
cells (HSCs) and early progenitors for resources in the microenviron-
ment during tumor initiation, and later, during disease progression,
selection is driven by competition between leukemic clones.

In the case of familial cancer predisposition syndromes that are
associated with increased risk of leukemia, germline mutations are
the first event contributing to tumor initiation. Prominent examples
include mutations in TP53 in leukemias from individuals with Li—
Fraumeni syndromel9; mutations in the transcription factor RUNX1 in
AML occurring in individuals with familial platelet disorder and who
have a predisposition to acute myelogenous leukemia (FPD/AML)11;
mutations in CEBPA (transcription factor), GATA2 (transcription fac-
tor), ANKRD26 (ankyrin repeat protein) and DDX41 (RNA helicase)
in familial AML12-15; and mutations in PAX5 and ETV6 (transcription
factors) in familial ALL16-18,

Nonfamilial leukemias also have shared mutations that may initi-
ate the cancer. Early studies of ALL occurring in monozygotic twins
revealed the presence of shared disease-causing chromosomal altera-
tions and markers indicative of a common fetal cell of origin for both
leukemias1920, Yet, analysis of the unaffected monozygotic twin sib-
ling of an individual with ALL carrying the ETV6—-RUNX1 fusion
oncogene demonstrated the presence of an immature population of
hematopoietic progenitors with the same ETV6—-RUNX1 fusion and
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BOx 1 Clonal hematopoiesis, aging and leukemia

The development of multiple blood clones associated with increased age was originally identified in individuals without disease and
otherwise unremarkable hematopoietic parameters, but demonstrated skewed X inactivation in the hematopoietic system of females40,
However, it has been only with the recent advent of genomic approaches that the underlying mechanism and clinical significance

of these findings have come to the fore. First, single-nucleotide polymorphism (SNP)-array studies of blood from healthy individuals
detected clonal chromosomal copy-number alterations and uniparental disomy in about 3% of elderly individuals and about 0.5% of
young adults?3:24, Most notably, age-related clonal hematopoiesis (also known as idiopathic clonal hematopoiesis) is associated with an
increased risk of subsequently developing hematologic malignancies?3-26, The identification of TET2 mutations in clonal hematopoiesis
cells in about 6% of women older than 65 with nonrandom X inactivation established a common prevalent genetic mechanism in age-
induced clonal hematopoiesis and myeloid malignancies?’. In addition, whole-exome sequencing analyses have revealed the presence of
clonal mutations in blood in about 10% of individuals over 65 years old, again in association with increased risk of hematologic cancer,
and with frequent involvement of cancer- and leukemia-associated genes—primarily DNMT3A and TET2, but also ASXL1, TP53, SF3B1,
JAK2 and SRSF2 (refs. 25,26). Similarly, about 17% of cases with idiopathic cytopenia of undetermined significance (ICUS) without
dysplasia show clonal hematopoiesis!4l. Recent studies using improved sequencing and analysis methods have suggested that clonal
hematopoiesis is much more frequent than thought in healthy middle-age individuals, thereby making it necessary to distinguish benign

clonal hematopoiesis from malignant clonal hematopoiesis that could drive leukemia transformation42,

immunoglobulin rearrangement as her sibling?L. Notably, this early
clonal population was devoid of additional disease-causing leukemia-
associated genetic lesions present in her sister’s leukemia lymphob-
lasts?l, These observations support the notion that the presence of
ETV6-RUNXT1 is not sufficient to induce leukemia transformation;
rather, the acquisition of additional genetic and/or epigenetic altera-
tions is required. In this context, an inflammatory environment trig-
gered by infection during infancy can drive disease progression by
favoring the expansion of ETV6—RUNX1—positive preleukemic cells
and the accumulation of mutations induced by enzymes involved in
immunoglobulin gene rearrangement and class-switch recombina-
tion, which occur as a result of the immune function of normal cells in
response to infection (Box 1)22. In myeloid malignancies, age-related
clonal hematopoiesis may represent a premalignant state, because
this condition can precede the development of a myeloid tumor and
frequently involves shared mutations in driver genes responsible for
leukemia transformation23-27,

The shape of evolution: branched versus linear

Clonal evolution is an active process that continually shapes the
genomic landscape through the dynamic interplay between emerging
genetic and epigenetic alterations and changing evolutionary pressures.
Genomic analyses of the clonal composition of ETV6-RUNX1-posi-
tive leukemias at diagnosis indicate a branched evolutionary pattern,
with multiple coexisting clones?8. The identification of shared genetic
alterations points to convergent evolution between the clones, but the
genetic alterations could be acquired at variable stages by the clones,
with no fixed determined order28. Similarly, early work tracking sub-
clonal immunoglobulin heavy-chain rearrangements in ALL revealed
a complex and branched pattern of clonal evolution2%:30, Moreover,
copy-number analysis of lymphoblastic leukemia xenografts with the
BCR-ABL1 fusion demonstrated marked genetic diversity between
clones in the leukemia-initiating cell compartment, and subsequent
branched, multiclonal architecture3!. Single-cell and deep-sequenc-
ing analyses of AML have also shown a mix of heterogeneous clonal
populations generated by the continuous acquisition and selection
of convergent and divergent clonal mutations32-34, Recent studies in
other hematological neoplasias, including CLL and myelodysplastic
syndromes (MDS), have confirmed the relevance of a marked genetic
heterogeneity in the generation of complex, dynamic and branched
evolutionary routes during leukemogenesis35-38 (Fig.1).

Initiating versus secondary mutations

Given the requirement of multiple genetic and epigenetic alterations
for a fully transformed leukemia phenotype, it has been proposed
that leukemia must originate from long-lived HSCs, because it would
take time to accumulate these mutations. In fact, normal lymphoid
and myeloid cells were shown to harbor the RUNXI-RUNX1T1
fusion oncogene in an individual with AML in remission 15 years
after treatment3®, which supports the presence of the mutation in
the HSC compartment or in a multilineage progenitor with acquired
self-renewal capacity. Moreover, genetic analysis of normal HSCs
from AML samples has demonstrated the presence of preleukemic,
nontransformed, immunophenotypically normal HSCs that contain
pathogenic mutations in the methyltransferase gene DNMT3A, but
without the nucleophosmin (NPM1) mutations found in association
with the same DNMT3A mutations in AML blasts4°. However, it is
also possible that not all leukemias originate from the HSC com-
partment, because some genetic events—in particular, mutations in
epigenetic regulators—may confer self-renewal properties to more
committed progenitors, facilitating the acquisition of subsequent
secondary mutations and the development of a fully transformed
leukemia population.

In CLL, analysis of normal HSCs revealed genetic alterations in
oncogenes and tumor suppressors outside the known neoplastic B cell
lymphoid compartment4l. In addition, data from xenograft experi-
ments showed that HSCs from individuals with CLL are abnormally
differentiated toward B cells#2. In all, these results support the idea
that clonal evolution from a preleukemic early hematopoietic progeni-
tor with altered generation of B cells may underlie the origin of CLL.
Similar studies in hairy cell leukemia (HCL)—a chronic lymphopro-
liferative disorder characterized by BRAFV600E mutations—further
suggested that chronic lymphoid malignancies are initiated by aber-
rant HSCs*3. Moreover, analysis of intratumoral heterogeneity and
mutational trajectories in MDS—characterized by ineffective hemat-
opoiesis and increased risk of progression to AML—shows that there
is subclonal evolution in the tumor population, with continuous
acquisition of genetic alterations3. Further analysis of AML revealed
that mutations involving epigenetic regulators (such as TET2 or
ASXL1) and splicing factors (such as SF3B1 or SRF2) are predomi-
nant initiating lesions in AML, although they can also be present
as secondary-hit events. Mutations in nucleolar proteins (NPM1),
signaling factors (such as FLT3, JAK2 or CBL), transcription factors
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Figure 1 Different modes of clonal evolution in leukemias. (a) In CLL, the dominant clone after relapse is present in pre-treatment samples, where

it can be detected at low frequency. This relapse-driven clone derives from the original tumor. It shares some early mutations involved in tumor
transformation, but it has also acquired additional mutations in key genes conferring resistance to treatment (red asterisks, late mutations). Frequently
in ALL, the relapse-driven clone is not directly derived from cells in the major clone at diagnosis, but from an ancestral tumor clone. In AML, a linear
pattern of clonal evolution with secondary acquisition of resistance-driving mutations not detectable in the original diagnostic sample has been
described as a mechanism of relapse after FLT3-inhibitor therapy with midostaurin. (b) Half of MPD cases with co-occurring mutations in JAK2 (red
circle) and TET2 (green circle) result from an early JAK2V617F mutation, whereas in the remaining cases, the TET2 alteration occurs first. In TET2-first
cases, the loss of TET2 induces HSC and progenitor cell expansion. The secondary acquisition of JAK2V617F then induces an excess of megakaryocyte
and erythroid cell production. In JAK2-mutant-first cases, this mutation increases the output of megakaryocyte and erythroid cells, which expand upon
the acquisition of a TET2 secondary lesion. Brown shadowed cells indicate progenitors with increased megakaryocyte and erythroid cell output. GMP,
granulocyte-monocyte progenitor. CMP, common myeloid progenitor. MEP, megakaryocyte-erythroid progenitor.
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Figure 2 Clonal hematopoiesis in aging, bone marrow failure syndromes and therapy-related leukemias. (a) In aging, clonal hematopoiesis emerges
from mutations in epigenetic regulators (DNMT3A, TET2 and ASXL1), splicing factors (SF3B1 and SRSF2) and other genes, such as TP53 and

JAK2. The selection driver is the clonal advantage of mutant cells over aging HSCs, and the risk to progression to myelodysplastic syndrome (MDS)
and transformation to acute myeloid leukemia (AML) is low. (b) In individuals with aplastic anemia, clonal hematopoiesis emerges from mutations in
epigenetic regulators plus specific cytogenetic abnormalities (MDS) or from genetic events linked with immune escape in patients with paroxysmal
nocturnal hemoglobinuria (PNH). Both MDS and PNH are clonal disorders and represent independent complications that arise during aplastic anemia
evolution, but they rarely coexist. The clonal-selection driver is the autoimmune attack by cytotoxic T cells of HSCs, and the risk of transformation to
AML is high. (c) Therapy-related myeloid malignancies are characterized by high prevalence of TP53 mutations, and the selection driver for clonal
hematopoiesis is genotoxic stress. In this case, clonal hematopoiesis increases the risk of therapy-related MDS/AML, but there are cases in which direct

clonal evolution does not occur.

(such as RUNX1 or ETV6) and chromosomal alterations (monosomy
7, trisomy 8 or del(5q)) are acquired as secondary events in the natural
history of the disease3844,

Whole-genome sequencing analysis of acute leukemia cases origi-
nating from progression from MDS clonal hematopoiesis (Box 1)
to overt secondary AML (SAML) demonstrated an oligoclonal com-
position at both stages of the disease, and shows that progression
to SAML is characterized by the persistence of an MDS founding
clone, followed by the expansion of new dominant clones with addi-
tional mutations*>. Of note, although most mutations in both MDS
and AML were transitions at CpG dinucleotides, there were more
transversions in patients with SAML who were treated with the DNA
methyltransferase inhibitor decitabine during the MDS phase before
SAML diagnosis. These observations suggest that DNA methylation
biases the type of mutations that can be acquired, and that exposure
to chemotherapy shapes mutational patterns4>. Clonal-architecture
analyses in other hematological neoplasias, such as follicular lym-
phoma, have also confirmed the relevance of mutations in early pro-
genitors for disease development46,

Collectively, these observations suggest that, as HSCs accumulate
mutations over time, genetic alterations that provide a clonal advan-
tage can drive the emergence of clonal hematopoiesis (Fig. 1 and
Box 1). Should additional oncogenic mutations accumulate, these
preleukemic clones can transform into fully malignant populations.
Typical early events in AML include the loss of TET2 or DNMT3A or
the expression of the mutant R132H IDH1, which disrupt DNA meth-
ylation and promote self-renewal and the expansion of HSCs#0:47:48,

Evolutionary pressures in initiation

Therapy-associated AML and MDS following chemotherapy for other
malignancies are characterized by a high prevalence of mutations
in TP53, which were originally attributed to the mutagenic effects

of chemotherapy#®0, However, analyses of normal hematopoietic
progenitor samples collected from these patients before their original
chemotherapy indicate the presence of preleukemic cells harboring
these leukemia-associated TP53 lesions®l. TP53 induces programmed
cell death following genotoxic stress, and loss of both alleles of TP53
induces chemoresistance, which supports a role for selective pres-
sure from chemotherapy-induced DNA damage acting on pre-existing
preleukemic cells in the pathogenesis of therapy-associated myeloid
malignancies. These results and data derived from the analysis of
other genes, mechanistically linked with the acquisition of clonal
dominance (driver genes) in these leukemias, suggest that chemother-
apy contributes to the development of therapy-related myeloid tumors
by promoting the expansion of pre-existing preleukemic clones under
the selective pressure of genotoxic stress51-53 (Fig. 2).

Additional examples of the role of clonal selection in leukemia
initiation are provided by studies of the increase in the number of
cellular clones in blood associated with aging (Box 1) and in bone
marrow failure syndromes. In acquired aplastic anemia, autoreactive
cytotoxic T cells mediate the destruction of HSCs and trigger hemat-
opoietic failure, requiring immunosuppressive therapy or bone mar-
row transplantation®4. Yet, following immunosuppression, individuals
with aplastic anemia frequently have clonal hematopoiesis and are at
increased risk of developing myeloid malignancies and paroxysmal
nocturnal hemoglobinuria (PNH), a bone marrow failure syndrome
with clonal hematopoiesis and hemolytic anemia®s.

Clonal hematopoiesis in aplastic anemia emerges from pre-existing
HSCs that are present at the time of diagnosis and contain muta-
tions in genes also implicated in the development of MDS and AML,
including BCOR, BCoRL1, ASXL1 and DNMT3A56. The emergence
of multiple independent mutant clones with different mutations
in the same gene suggests that they arise as a result of Darwinian
selection, and not by genetic drift from a reduced pool of surviving



BOx 2 Epigenetic marks

Epigenetic mechanisms allow genetically identical cells to achieve different stable phenotypes by facilitating the transcription of specific
genome regions, through changes in chromatin organization9!. Epigenetic marks include DNA and histone modifications, which form

an intricate network of mutually reinforcing or counteracting signals. The most prominent DNA epigenetic mark involves CpG cytosine-5
methylation (5mC), but there are also other changes, such as hydroxylation, formylation and carboxylation. Several methods are available
to map 5mC patterns on a genome-wide scalel43. The most comprehensive coverage of 5mC at single-base level is obtained by shotgun
sequencing of bisulphite-treated DNA. Other methods include enzymatic digestion with methylation-sensitive restriction enzymes

and 5mC capture by methylated DNA-binding proteins, followed by DNA sequencing. Methyl-DNA immunoprecipitation is another
approach in which extracted DNA is cleaved, denatured and precipitated using an antibody to 5mC, and then the precipitated
fragments are sequenced.

Chromatin structure is also heavily influenced by histone modifications that delimitate functional elements in mammalian genomes.
Large-scale mapping of histone-modification patterns by using methods such as chromatin immunoprecipitation followed by sequencing
(ChIP-seq) has allowed the characterization of the chromatin structure determinants across the genome, in diverse cell types and under dif-
ferent conditions. Thus, DNA is packaged into nucleosomes, which vary in histone composition and histone modifications, such as histone
H3 lysine 9 trimethylation (H3K9me3). Active promoters are commonly marked by H3K4me2, H3K4me3 and H3K4 acetylation (H3K4ac).
Transcribed regions are enriched for H3K36me3 and H3K79me2 and active enhancers are relatively enriched for H3K4me1, H3K4me2
and H3K27ac, whereas repressed genes are usually associated with H3K9me2, H3K9me3 and H3K27me3 marks. All these epigenetic
marks involving DNA methylation and histone modifications are dynamically adapted to the changing conditions during clonal evolution of

leukemia, and they directly contribute to the development of this process.

HSCs. Progression to MDS and AML is associated with accumulat-
ing cytogenetic abnormalities—such as monosomy 7 and trisomy
8—and accelerated telomere attrition57.%8, In some cases, cells that
have undergone clonal hematopoiesis harbor mutations in PIGA and
uniparental disomy for the short arm of chromosome 6 (6pUPD), two
genetic events linked with escape from autoimmunity, rather than
with progression to malignant transformation. Loss of specific HLAs
involved in the presentation of antigens driving autoimmune response
against the HSC compartment allows the clones with the disomy for
6pUPD to escape from the attack of cytotoxic T cells59.60, In agree-
ment with immune pressure driving the evolution of these clones, and
although the precise mechanism for immune escape of PIGA-mutated
clones in aplastic anemia is unclear, it seems that the loss of some
glycosylphosphatidylinositol-anchored proteins may impair immune
recognition of HSCs61.62 (Fig. 2).

In Fanconi anemia—the most frequent cause of bone marrow fail-
ure syndrome—the chromosomal fragility arising from the defect in
the FA/BRCA DNA-repair pathway confers a very high predisposition
to MDS and AML. In this case, transformation into MDS and AML
is associated with the onset of somatic chromosomal translocations
involving, frequently, 1q, 7q, 3q (involving EVI1) and 21q (involv-
ing RUNX1)83. Another example of clonal evolution with leukemia
predisposition in the context of defective hematopoiesis is provided
by neutropenia syndromes caused by mutations in ELANE, HAX1
and WAS (encoding neutrophil elastase, an apoptosis inhibitor and
an actin polymerization activator, respectively)64-66, Treatment with
granulocyte-colony-stimulating factor (CSF3) is effective for these dis-
eases®”. However, about 20% of patients eventually develop a myeloid
malignancy harboring mutations in the CSF3 receptor gene®, which
suggests that increased CSF3 signaling provides a selective advantage
driving clonal expansion®9. Of note, these mutations are present in
many cases without evidence of transformation, and they can antecede
by months or years the development of a myeloid malignancy?.

Order of mutation and clonal evolution

The order of mutation acquisition may strongly influence the disease
phenotype, its clinical characteristics and the response to therapy?..72,
Studies in MDS and related hematological neoplasms suggested
that early driver mutations affecting specific genes dictate future

evolutionary trajectories of disease, with distinct clinical outcome.
Further studies in myeloproliferative neoplasms—such as poly-
cythemia vera and essential thrombocytemia—confirmed that the
order in which mutations are acquired influences clonal evolution and
clinical features. These myeloproliferative neoplasms show high prev-
alence of the JAK2V617F mutation, which, in 10% of cases, co-occurs
with a TET2 mutation’2. In half of these cases, the JAK2 mutation
can be detected at an early stage, whereas in the remaining samples,
TET2 is the earlier initiating mutation and, yet, in both situations,
both single- and double-mutant clones could be detected, indicat-
ing that in both situations, double-mutant clones do not effectively
outcompete single-mutant populations. TET2-first samples have
increased numbers of common myeloid progenitors, whereas JAK2-
first cases show a predominance of megakaryocyte and erythrocyte
progenitors’2, TET2 mutations in TET2-first cases induce the expan-
sion of HSCs and progenitor cells, but do not contribute to excess
megakaryocyte and erythroid cells in the absence of a cooperating
JAK2 mutation?2, By contrast, JAK2V617F-mutated HSCs and pro-
genitors generate increased numbers of erythroid and megakaryo-
cyte cells, but expand only upon the acquisition of a TET2 secondary
mutation’2. With regard to the influence of the mutation on clinical
outcome, patients in whom the JAK2V167F mutation is acquired first
more often presented with polycythemia vera rather than essential
thrombocytemia, and had increased risk of thrombosis and increased
sensitivity to JAK2 inhibition with ruxolitinib in in vitro assays’2.

In angioimmunoblastic T cell lymphoma—a tumor of transformed
follicular T cells—TET2 and DNMT3A mutations emerge as early events
and can be found in non—T cell hematopoietic populations, whereas the
G17V mutation in the small GTPase RHOA, which is characteristic of
these aggressive lymphomas, is restricted to the T cell compartment,
supporting an instructive role in lineage specification’3. Detailed lon-
gitudinal reconstruction of the evolutionary histories of other blood
neoplasias will help to further define the order and constraints in which
early driver events are acquired, and how they influence the character-
istics of subsequent mutations, as well as disease pathogenesis.

The interplay between genetic and epigenetic evolution
Epigenetic changes substantially contribute to the dynamics of the
evolutionary process, which drives the pervasive diversification of



the nascent leukemic cells’76 (Fig. 3 and Box 2). These epigenetic
modifications are somatically heritable and, similar to gene-cod-
ing mutations, are subjected to selection forces in a Darwinian
fashion that finally results in the expansion of the most fit cell vari-
ants. Notably, DNA-methylation alterations in leukemia and related
blood cell malignancies are several orders of magnitude more fre-
quent than genetic changes, and thus have enormous potential to
contribute to the acquisition of clonal heterogeneity?7-82, Individuals
with AML have substantial epiallele (specific DNA-methylation pat-
tern of a genetic locus) diversity at diagnosis and at relapse when
compared to normal controls8?, Likewise, whole-methylome analy-
sis of childhood B-precursor ALL samples has shown that there is
a tendency toward hypomethylation in relapsed tumors83, whereas
higher epiallele burden in AML, CLL and CML is associated with
more aggressive disease and worse clinical outcomes’6:84-86, These
findings suggest that leukemogenesis is associated with broad,
dynamic methylation reprogramming on which evolutionary pres-
sure can act during the establishment and progression of the disease,
or during disease treatment.

The broad diversity of epigenetic regulators with genetic altera-
tions in virtually all leukemia types and subtypes87-91 supports the
prominent role of epigenetic changes in promoting tumor initiation,
and in clonal evolution during disease progression and in response
to therapy. The precise molecular mechanisms underlying this epi-
genomic rewiring linked to clonal evolution of leukemia cells are
unclear. Several studies have suggested that epigenetic reprogram-
ming may be connected with the genomic mutational landscape of
leukemias. Thus, high levels of methylation heterogeneity in CLL cor-
relate with genetic subclonal complexity8492, and BCR-ABL1 expres-
sion in CML cells is sufficient to trigger aberrant DNA methylation
and thus potentially contributes to leukemia evolution93,

Further evidence for genetic—epigenetic cross-talk during clonal
evolution in leukemia is provided by the fact that somatic muta-
tions acquired at disease initiation in epigenetic regulators—such as
TET2—cooperate with genetic alterations linked to progression (such
as FLT3 mutations) to synergistically reprogram the DNA methyl-
ome%, However, recent comparative genomics and epigenomics stud-
ies in AML have revealed that genetic and epigenetic diversification
occur with distinct kinetics and often follow independent pathways8,
Some individuals with AML show high epiallele diversity and low
somatic mutation burden in their leukemia cells at diagnosis, whereas
others present with high somatic mutation and lower epiallele bur-
dens, suggesting the occurrence of epigenetically driven as compared
to genetically driven modes of tumor heterogeneity in this disease,
with some intermediate situations8..

Global epigenetic heterogeneity in leukemias may be due to
a stochastic and dynamic response of tumor cells to a variety of
environmental stresses occurring during leukemogenesis or after
chemotherapy treatment. These stochastic changes in DNA methyla-
tion affect large regions of the epigenome of cancer cells, destabiliz-
ing the nuclear architecture and facilitating selection for traits that
provide survival and growth advantages to these cells against the
selective pressure imposed by the changing microenvironments?.
However, it is also possible that certain genetic mutations could
trigger epigenome reorganization and disordered DNA methyla-
tion at specific loci. For example, in AML, epigenetic heterogeneity
may be mediated through localized expression of lineage-specific
transcription factors in HSCs%, whereas in B cell malignancies,
it might be associated with the function of activation-induced
cytosine deaminase®6,
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Figure 3 Contribution of epigenetics to clonal evolution in leukemia. Each
subclone has both a mutational and an epigenetic signature, depicted
using stars and circles, respectively. During clonal diversification,
epigenetic signatures can evolve, perhaps driven by mutations in
epigenetic-remodeling factors. After treatment (selection), the epigenetic
signature associated with the fittest clone is expanded and may evolve.

In summary, and regardless of the involved mechanisms, it seems
that epigenetic heterogeneity has an important clinical and functional
effect on leukemia and is an important component of nongenetic
mutational strategies used by leukemia cells during their evolutionary
trajectories in search of the maximum fitness.

Clonal selection and targeted therapies

A turning point in the natural history of disease occurs with the initia-
tion of treatment. Cytotoxic chemotherapy and targeted treatments
impose a major selection pressure on leukemia clones, override most
other evolutionary selection factors and become a major determinant
of clonal evolution (Fig. 1). The effects of therapy in clonal evolution
are most evident in the analyses of samples from individuals who have
relapsed after treatment with specific targeted agents that inhibit a
single factor.

Leukemia lymphoblasts from patients with CML who relapse after
treatment with imatinib—a tyrosine-kinase inhibitor targeting the
BCR-ABL1oncoprotein—typically harbor mutationsinthe BCR-ABL1
oncogene that abrogate kinase inhibition97. Notably, imatinib-resistance
driving mutations can be detected in subclones pretreatment in most
cases, supporting the notion that the selection of pre-existing resist-
ance populations, and not ongoing acquisition of kinase-domain
mutations, drives disease progression and relapse®. Treatment with
second (dasatinib and nilotinib)- and third (bosutinib, ponatinib)-
generation kinase inhibitors can overcome many of the imatinib-
resistance-driving mutations®. Yet, treatment with these inhibitors
can select for a different set of resistance-drivingallelest00,

Similarly, individuals with CLL treated with ibrutinib—a Bruton
tyrosine kinase (BTK) inhibitor that abrogates B cell receptor signal-
ing—have BTK mutations in their leukemic cells upon relapse that
specifically block ibrutinib binding®0%, or PLCG2 mutations, which
activate BCR-signaling independently of BTK192, Similarly to kinase-
inhibitor resistance in CML, BTK-resistance-associated mutations can
be detected as minor subclones present before treatment initiation,
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supporting a role for Darwinian selection of pre-existing resistant
subclones in disease progression103.104, In addition, the treatment of
FLT3-mutated AML with the multi-target kinase inhibitor midostau-
rin often results in disease progression, owing to emerging clones har-
boring FTL3-kinase-domain mutations that impair drug binding and
kinase inhibition105, Similarly, the treatment of acute promyelocytic
leukemia—a type of AML driven by expression of the PML-RARA
fusion gene—uwith arsenic trioxide, which induces degradation of the
PML-RARA oncoprotein, results in the emergence of cells with muta-
tions in the arsenic-binding B2 domain of PML, in the ligand-binding
domain of RARA or in both106,

Mechanisms of escape and resistance to immunotherapy
Cellular therapy using adoptively transferred T cells armed with chi-
meric antigen receptors (CAR-T) targeting CD19 has strong antitu-
mor activity in a variety of B cell malignancies207, with high rates of
complete remission in relapse and B-precursor ALL that is refractory
to treatment108-110 and yet, relapse and resistance are an emerging
clinical problem111, Under the selective pressure of cytotoxic T cells
recognizing a single surface antigen, leukemia cells could escape by
downregulating expression of the target antigen. However, CD19 is
required for B-precursor leukemia growth and imposes a barrier for
immunotherapy escape by mere antigen deletion12, Relapse after
anti-CD19-directed CAR-T cell therapy is often driven by leuke-
mia lymphoblasts expressing alternatively spliced forms of CD19,
which are still functional in promoting proliferation but are devoid
of the exon encoding the CAR-binding epitope!13. Persistent CD19
CAR-T cell immune pressure can also induce an epigenetic lineage
switch coupled with the loss of CD19 expression as a mechanism

of resistance. This seems to be particularly relevant in mixed-line-
age leukemia-rearranged (MLLr) infant lymphoblastic leukemias, in
which CD19 CAR-T therapy can induce selection of populations with
myeloid features accompanied by loss of CD19 expression114.115,

A similar phenotypic switch to AML has been observed in an
individual with MLLr relapsing after CD19 targeted therapy with a
CD3-CD19 bispecific antibody16, and is probably favored by the
characteristic mixed lymphoid-myeloid transcriptional program
of MLLr ALL17. A related reprogramming mechanism of immune
escape has been reported in a patient with Richter syndrome, a form
of high-grade lymphoma transformed from CLL, who progressed fol-
lowing CAR-T cell therapy with the development of a plasmablastic
lymphoma with the loss of CD19 and emergence of a CD19-negative
CLL population118,

Mechanisms of resistance to cytotoxic combination
chemotherapy

In the context of multiagent combination chemotherapy, the patterns
of mutations selected at relapse vary in different diseases. Analysis
of paired diagnostic and relapse ALL samples indicates that relapses
emerge primarily from an ancestral clone related to, but different
from, the main leukemia population present at diagnosis6.28.31,119-121,
Moreover, relapsed ALL is highly genetically heterogeneous, probably
reflecting the complex regimen of combination chemotherapy used in
the treatment of this disease, which includes glucocorticoids, antime-
tabolites, microtubule-spindle poisons and DNA-damaging agents.
Yet, analysis of matched diagnosis and relapsed ALL samples shows
frequent mutations in CREBBP and other epigenetic regulators!21-123,
as well as in oncogenic signaling factors with a particularly high
prevalence of activating mutations in the neuroblastoma RAS viral
oncogene homolog (NRAS), and kirsten rat sarcoma viral oncogene
homolog (KRAS) genes!21.123,

Notably, some mutations are clearly linked to chemotherapy resist-
ance at the mechanistic level. With regards to treatment with glu-
cocorticoids, mutations in the glucocorticoid-receptor gene NR3C1
or in TP53, which would impair glucocorticoid response and DNA-
damage-induced apoptosis, respectively, are commonly found in ALL
at relapse. Nevertheless, the most prominent genetic event in ALL
at relapse is the presence of gain-of-function mutations in NT5C2
present in some B-precursor ALL and T-ALL cases at relapse!24:125,
NT5C2 encodes a cytosolic nucleotidase responsible for the dephos-
phorylation and export of purine nucleoside monophosphates, an
activity that antagonizes the effects of 6-mercaptopurine, a central
drug used in the maintenance phase of ALL therapy. Consistently,
relapse-associated NT5C2 mutations are linked to early relapse and
progression under therapy and induce resistance to 6-mercaptopurine
when expressed in ALL cells124125, |n addition, activating mutations
in PRPS1—which encodes the enzyme responsible for the entry step in
purine and pyrimidine synthesis—drive resistance to 6-mercaptopu-
rine by blocking the incorporation of this drug to the salvage pathway
of purine biosynthesis!26. Mutations in NT5C2, PRPS1 and CREBBP
are selected for at relapsel?1.123, By contrast, most other mutations
associated with ALL at relapse show a heterogeneous pattern of clonal
evolution. Thus, activating mutations in KRAS and NRAS —presentin
about 40% of relapsed ALL cases—are sometimes retained or acquired
at the time of relapse, whereas, in other cases, they are present at
diagnosis but lost at relapse. This phenomenon is probably related to
the frequent subclonal nature of these mutations, the context-specific



effects on their interaction with other mutations, and their variable
influence in response to chemotherapy, with increased sensitivity to
spindle-poison drugs and increased resistance to methotrexate and
glucocorticoids121.127.128,

The pattern of evolution at relapse is less well defined in other
hematologic tumors than in ALL (Fig. 1). In MDS, analysis of the
cells associated with disease progression after treatment has indicated
a role for both linear and branching evolution. In this case, treatment
with nonmyeloablative drugs—such as lenalidomide, 5-azacitidine or
temsirolimus—induced fluctuations in the bone marrow oligoclonal
composition, yet hematopoiesis remained clonal, as a result of the
expansion of either the main clonal population, a minor subclone or
a new clonal population not detected before the onset of therapy?38.

In AML, early cytogenetic studies of paired samples at diagnosis
and relapse demonstrated that most leukemia cases with chromo-
somal alteration remained cytogenetically stable or acquired addi-
tional chromosomal alterations at relapse; only a few patient samples
at relapse presented with karyotypes unrelated to that of their cor-
responding diagnostic sample!29, This model was further supported
by analysis of copy-number alterations, which verified the close
relationship between AML cells at relapse with the major leukemia
population detected at diagnosis!30. Whole-genome sequencing of
diagnosis—relapse pairs further established that AML relapses are the
result of clonal persistence and linear evolution in most cases, with
only a fraction of AML relapses originating from an ancestral yet
highly related subclonal population32. In this context, some muta-
tions (NPM1, IDH1, IDH2, DNMT3A, ASXL1, TET2 and MLL-partial
tandem duplication) and most acquired copy-number alterations
and copy-neutral loss of heterozygosity events are retained at relapse,
which supports a role at the early stages of disease development in the
pathogenesis of AML. Other mutations that are present at diagnosis,
suchasthosein CEBPA, FLT3, RUNX1,BCORLI or KRAS, canocca-
sionally be lost at relapsel31-133,

Finally, in CLL, most driver mutations are subclonal at diagno-
sis35, and the progression of CLL after therapy has been associated
with linear evolution (35/59 cases), branched clonal evolution (21/59)
cases and, exceptionally (2 cases), with no apparent genetic evolution
evident in whole-exome-sequencing mutation data3. In this disease,
early driver chromosomal alterations (tri(12), del(13q) and del(11q))
remained stably clonal, and TP53 mutations, del(17p) and IKZF3
mutations showed increases in variant frequency indicative of positive
selection, whereas mutations in SF3B1 and ATM were equally likely to
show increased or decreased clonal frequency following therapy36.

Clinical implications

The recognition of genetic and epigenetic heterogeneity in leukemia
and the realization of an important role of clonal hematopoiesis and
clonal evolution in tumor initiation, disease progression and relapse
have profound implications for the diagnosis and treatment of these
blood malignancies (Fig. 4). Increased risk of developing a hemato-
logical neoplasia in individuals with age-related clonal hematopoiesis
may support the need for close monitoring (Box 1). Nevertheless, the
cumulative risk of developing leukemia resulting from these factors
is relatively low, which highlights the need for identifying improved
biomarkers for the detection of those cases at higher risk of transfor-
mation. In this regard, we need to precisely assess whether mutations
associated with the size of the mutant clone and the dynamics of
clonal hematopoiesis correlate with a higher risk of leukemia trans-
formation. Notably, the presence of age-related clonal hematopoiesis
with a candidate driver mutation may not confer an elevated risk of

developing leukemia over the presence of clonal hematopoiesis per
se. By contrast, when clonal hematopoiesis is found in the context of
aplastic anemia, the presence of BCOR-, BCORL1- or PIGA- mutated
clones is associated with favorable response to immunosuppressive
therapy, whereas clones with epigenetic-factor mutations (DNMT3A
and ASXL1) are associated with worse response to immunosuppres-
sion, show higher risk of progression to MDS and AML and con-
fer inferior overall survival®®. Detailed evaluation of the predictive
value of quantitative (kinetics of clonal expansion) and qualitative
(increased clonal heterogeneity or acquisition of new genetic altera-
tions) changes in clonal composition in the context of age-associated
clonal hematopoiesis and aplastic anemia will be required to establish
their relevance in prognosis. Therapeutic interventions beyond ‘watch
and wait’ in patients with high risk of leukemia transformation may
include chemoprevention using drugs that promote enhanced myeloid
differentiation or even treatment with targeted therapies specifically
designed to antagonize the effect of driving mutations and curtail the
selective advantage of the expanding hematopoietic clone.

Then, upon transformation, we need to know whether increased
levels of genetic and epigenetic heterogeneity are associated with out-
come. Clonal heterogeneity in AML has not been related to prognosis,
yet increased epigenetic heterogeneity may be associated with poorer
outcomes8. In CLL, high levels of locally disordered methylation at
promoters—a measure of both epigenetic heterogeneity and clonal
evolution—are associated with adverse clinical outcomes84134, Thus,
itis likely that the prognostic value of specific genetic alterations may
depend on their clonal or subclonal representation, which opens up the
possibility of developing an algorithm for predicting a patient’s relapse
risk from the analysis of subclonal dynamics of the disease before treat-
ment. However, perhaps the most powerful strategy for improved
prognostic evaluation might be the implementation of new tools for
the analysis of minimal residual disease (MRD). In ALL, quantitative
differences in MRD levels are strongly associated with prognosis and
may correlate with relapse risk35. Accordingly, genomic profiling and
evaluation of clonal composition and dynamics in serial MRD samples
may improve the predictive value of these analyses. Likewise, the iden-
tification of MRD clonal populations harboring genetic variants associ-
ated with chemotherapy resistance may facilitate the development of
tailored therapies aimed at curtailing the emergence of relapse.

Conclusions, controversies and future directions

In the present era of genomic revolution, clonal evolution represents
an inconvenient truth in leukemia and other human malignancies.
We can efficiently sequence the genomes of patients with leukemia,
discover specific mutations and propose personalized therapies, but
this cartography-based genomic approach is seriously compromised
by the multilayered plasticity and tireless adaptive behavior of tumor
cells. Arguably, if we move from an impressionist view of the leuke-
mia landscape to a close-up portrait of individual cells captured by
leading resolution methods, we will likely demonstrate that every
leukemic cell is unique and distinct from all the others that make up
that particular hematological neoplasia.

Fortunately, recent progress in different areas suggests that, among
this apparent chaos, there is some order waiting to be deciphered. The
advent of new technologies, such as single- cell sequencing methods, to
analyze intratumor heterogeneity236, together with in vivo and in vitro
functional analyses of genes associated with this process, is facili-
tating the definition of the molecular determinants and underlying
mechanisms of clonal evolution in leukemia®. The currently available
global picture of leukemia indicates that multi-clonal heterogeneity is



virtually universal in all blood malignancies. The clonal architecture
of each leukemia is the result of the continuous emergence of genetic
and epigenetic variants under selection by competition for microen-
vironment interactions and by administered therapies.

However, beyond this general overview, our knowledge of the
dynamics of clonal diversification and the cooperative or competi-
tive forces that finally determine the rise and fall of the evolving sub-
clones is limited. One can envision this process as parallel to that of
quasi-species evolution of unicellular infectious microorganisms that
struggle for their existence under limited resources in a dynamic envi-
ronment, and under selection by the host immune system. Likewise,
our ability to predict the evolutionary trajectories and the relative
biological and clinical relevance of different subclones is limited,
thereby hampering our opportunities to develop anticipation-based
chemotherapy strategies®.

Deep-sequence analysis of multiple longitudinal samples collected
during disease course and patient treatment could help clinicians to
evaluate the comparative dynamics of different subpopulations, and
their respective abilities to contribute to the effective repopulation of
leukemic niches. Further understanding of the clonal evolutionary
process that occurs in individuals with leukemia will also contribute
to clarifying the role of therapy as a driver of clonal diversification, as
well as to allow the development of innovative treatments that could
limit the Darwinian-selection-driven resilience of the disease. The
development of these therapies will have to address questions on what
is the more appropriate scheduling for combinatorial approaches that
target both early clonal genetic lesions and branch mutations aris-
ing during the diversification process. Immunotherapy offers much
promise as a transversal therapeutic approach covering multiple clonal
populations. Indeed, CAR-T cell therapies, bispecific T cell-engager
antibodies—such as blinatumomab—and immune-checkpoint inhibi-
tors—such as nivolumab—have already offered promising results for
the treatment of different relapsed and/or refractory hematological
neoplasias!3’. Lastly, new immunotherapy approaches aimed at tar-
geting the adaptive neoantigen landscape generated by the evolving
clones may offer additional therapeutic opportunitiesio7,

Many of the studies discussed in this article are based on exome
data, but this approach fails to capture the complete clonal archi-
tecture of leukemias, and it lacks the comprehensiveness of whole-
genome sequencing and the depth of targeted sequencing approaches.
Furthermore, although epigenetic changes add another even more
variable layer to the molecular complexity of clonal evolution, it is
yet unclear whether epigenetic alterations are a mere epiphenomenon
secondary to mutations and structural chromosomal alterations, or
whether they play an active part themselves in the evolutionary proc-
ess. Likewise, the cell of origin and the relevant cellular compart-
ment for clonal diversification and selection—stem cells as opposed
to early or committed precursors—remain to be fully clarified for
many leukemias. Although in some cases founder mutations may
occur in HSCs, it is also possible that some genetic events—in par-
ticular, mutations in epigenetic regulators—may confer self-renewal
properties to more committed progenitors. Yet, this is an area for
which direct experimental data are limited. Additional caution in
defining and answering this question is also warranted by recent stud-
ies redefining the hierarchy of hematopoietic differentiation and the
process of lineage commitment138.139, | arger studies using single-
cell analysis, whole-genome sequencing with substantial coverage,
and deep, targeted resequencing of large series of leukemia samples
are needed to best define both the cell of origin and the dynamics of
malignant evolution, as well as the precise structure of evolutionary

trees. Additional, large-scale and highly sensitive studies will also be
required to evaluate the prevalence of age-related clonal hematopoi-
esis in healthy individuals and to identify robust markers predictive
of leukemia transformation.

In summary, leukemia cells struggle for their existence and explore
their particular ‘garden of forking paths’ through clonal evolutionary
processes that are, in essence, Darwinian. However, there is no gran-
deur in this view of life, because the fierce competition for space and
resources of leukemic cells under multiple environmental pressures
continuously generates new entities that seriously compromise the
life of patients with leukemia. Hopefully, the pervasive advance in the
understanding of these complex evolutionary histories occurring in
the course of a human lifetime may finally lead to new clinical strate-
gies for a more effective control of blood malignancies.
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