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Abstract

Chronic lymphocytic leukemia (CLL) is characterized by widespread alterations in the
genetic and epigenetic landscapes which seem to underlie the variable clinical
manifestations observed in patients. Over the last decade, epigenomic studies have
described the whole-genome maps of DNA methylation and chromatin features of CLL
and normal B cells, identifying distinct epigenetic mechanisms operating in tumoral cells.
DNA methylation analyses have identified that the CLL methylome contains imprints of
the cell of origin, as well as of the proliferative history of the tumor cells, with both being
strong independent prognostic predictors. Moreover, single-cell analysis revealed a
higher degree of DNA methylation noise in CLL cells, which associates with
transcriptional plasticity and disease aggressivity. Integrative analysis of chromatin has
uncovered chromatin signatures, as well as regulatory regions specifically active in each
CLL subtype or in Richter transformed samples. Unique transcription factor (TF) binding
motifs are overrepresented on those regions, suggesting that altered TF networks
operate from disease initiation to progression as non-genetic factors mediating the
oncogenic transcriptional profiles. Multi-omics analysis has identified that response to
treatment is modulated by an epigenetic imprint, and that treatments affect chromatin
through the activity of particular set of TFs. Additionally, the epigenome is an axis of
therapeutic vulnerability in CLL, as it can be targeted by inhibitors of histone modifying
enzymes, that have shown promising pre-clinical results. Altogether, this review aims at
summarizing the major findings derived from published literature to distill how altered
epigenomic mechanisms contribute to CLL origin, evolution, clinical behavior, and

response to treatment.



Introduction

Chronic lymphocytic leukemia (CLL) is the most frequent leukemia of the elderly in the
Western world, and shows a highly heterogeneous spectrum of biological and clinical
manifestations [1]. CLL is a paradigmatic model of cancer evolution and diversification
with relevant clinical impact. Once CLL is diagnosed, some patients remain stable for
decades whereas others progress rapidly requiring treatment with recurrent waves of
responses and relapses after becoming resistant to conventional and novel therapies [2-
4]. In some patients, the disease evolves into an aggressive lymphoma with dismal
outcome known as Richter transformation [1]. At the other side of the clinical spectrum,
some CLL patients remain stable for years or even undergo a spontaneous regression
without any treatment [5]. This clinical heterogeneity is underlined by a variety of
biological features. CLL patients can be globally classified into two main groups based
on the level of somatic hypermutation in the variable region of the immunoglobulin heavy
chain (IGHV) locus, which reflects if they are derived from a germinal center experienced
B cell or not. Those patients whose leukemic cells have low or no somatic IGHV
hypermutation (called unmutated- or U-CLL) show a more aggressive behavior than
those with a mutated IGHV locus (named IGHV mutated- or M-CLL) which typically
present a more benign clinical course [6,7]. The landscape of somatic genetic changes
has been thoroughly characterized in CLL. Beyond the classical copy nhumber changes
involving del(13q), del(11q), del(17p) and trisomy 12, present in approximately 80% of
the patients, CLL cells show a very heterogeneous pattern of mutated genes. Next-
generation sequencing (NGS) approaches using large cohort of patients have identified
few recurrent mutations that are present in more than 10% of the patients, being SF3B1,
NOTCH1, ATM and TP53 the most frequently mutated genes, while a large tail of genes
is mutated only in a small fraction of the patients [8-10]. Interestingly, most mutations can
be grouped into specific pathways, including NOTCH signaling (e.g., NOTCH1,FBXW?7),

B-cell receptor and Toll-like signaling (e.g., MYD88, BCOR, ECRZ2), MAPK-ERK



pathways (e.g., MYD88, KRAS), NF-kB signaling (e.g., NFKBIE, EGR2), or general
processes such as DNA-damage and cell-cycle regulation (e.g., ATM, TP53, POT1),
chromatin remodeling (e.g., CHD2, SETD2), and RNA/ribosomal processing (e.g.,
SF3B1, XPO1, MED12) [1]. While the prognostic value of the highly frequent mutations
has been demonstrated, the precise role and clinical impact of many of these mutations

remain to be elucidated.

Beyond the undisputed role of genetic alterations in the pathophysiology of CLL, decades
of research have demonstrated that cancer cells in general, and CLL cells in particular,
also undergo a widespread epigenetic reconfiguration. Epigenetics encodes a variety of
molecular features that regulate gene expression and provides function to the
information encoded in the genome [11]. The character of a cell is the result of specific
pattern of gene expression, that is controlled by these epigenetic features, and are
directed by transcription factors (TF) that selectively bind DNA regions for transcriptional
activation or repression. The layers of epigenetic regulation include cytosine methylation
at CpG dinucleotides, DNA accessibility, post-translational modifications of histones, and
the three-dimensional network of connections between different regions of the genome.
Over the last decade epigenomic studies have generated whole-genome maps of DNA
methylation, chromatin features and 3D genome interactions in CLL and normal B cells
at different differentiation stages. The goal of this review is to distil the information derived
from these studies, and to summarize how altered epigenomic mechanisms contribute
to CLL origin, clonal evolution, and clinical behavior. A specific focus on the TF networks
driving epigenetic deregulation is reported. Finally, the impact epigenetic modifications
have on the response to current treatments, as well as the therapeutic options that are

derived from epigenetic regulators is discussed.

Epigenetic insights into the cellular origin of CLL.

The cellular origin of CLL has been a subject of intense research and debate, as different

approaches can lead to apparently different interpretations [12,13]. Immunogenetic



studies suggest that M-CLL cells are derived from germinal center experienced B cells,
that have undergone IGHV somatic hypermutation, while U-CLL have matured
independently of a germinal center (GC) reaction. Indeed, transcriptional studies suggest
that U-CLL derives from unmutated mature CD5+ B cells and M-CLL from a low abundant
subpopulation of CD5+/CD27+ post-germinal center B cell [14]. However, it has been
also described that all CLL cells show a common transcriptomic profile resembling a
memory B cell [15]. DNA methylation analysis has much to add to this discussion, as it
is a bona fide epigenetic marker related to cellular identity and gene regulation [16,17].
DNA methylation was initially described as a repressive mark, but it is nowadays
established that its function is broader and depends on the genomic context where
methylated CpGs are present [18,19]. During normal B cell differentiation, the DNA
methylome is extensively modified, and each differentiation stage shows a specific
epigenetic fingerprint [20,21]. In the context of CLL, genome-wide DNA methylation
analyses revealed that most changes seem to be associated with epigenetic imprints of
their putative cell of origin, and thus most differences were observed between M-CLL
and U-CLL cases. However, DNA methylation profiling identified that it was more
appropriate to categorize CLLs into three rather than two subtypes. These epigenetic
CLL subtypes or “epitypes” are NBC-like (n-CLL) or low-programmed CLL (LP-CLL) large
overlapping with U-CLL, MBC-like (m-CLL) or high-programmed CLL (HP-CLL) mostly
composed by M-CLL cases, and an intermediate group (i-CLL) without a clear
association to any specific normal B-cell subpopulation [22,23]. Recent findings have
shown this intermediate group carries borderline immunoglobulin mutation load and
show a bias toward light-chain use, with a high proportion of cases showing IGLV3-21
rearrangements [24]. Moreover, many i-CLL cases carry a mutation induced by SHM that
produced a signal G>C substitution at the splice site between the immunoglobulin VDJ
and constant genes, changing the glycine at position 110 to an arginine (the so-called
R110 mutation). This R110 mutation is known to help trigger an aberrant BCR-BCR

interaction inducing a constant BCR signaling in the cells [25]. The fact that the IGLV3-



21R"0 mutation is mediated by the SHM which associates with a GC reaction adds
evidence to the idea that i-CLL cases are derived from a GC-experienced B cell. In
summary, the integration of the DNA methylation profiles with the SHM status of the
immunoglobulin genes has shed light on the origins of CLL. During their maturation
process B cells circulate through the dark and light zones of the GC where they
proliferate while enhancing their affinity to the antigen, until they are selected to leave.
In this process B cells undergo several rounds of immunoglobulin genes mutagenesis
but also a strong DNA methylation imprint [21, 26]. Thus, we can envision that n-CLL/LP-
CLL are derived from GC-inexperienced cells, as they have no GC imprint at the
mutagenic or DNA methylation levels; while m-CLL/HP-CLL show high SHM load and
strong epigenetic programming and thus reflect they may derive from a B cell selected
to leave a GC reaction after several maturation cycles. In this scenario, i-CLL could
reflect a cell that has been positively selected early in the CG reaction, and thus show
moderate SHM and intermediate DNA methylation pattern. Remarkably, from a clinical
point of view the different cellular origins of the three epitypes are associated with distinct

clinical features.
Epigenetic features help to predict CLL prognosis

Several studies have confirmed that the epigenetic classification into 3 CLL epitypes
outcompetes the clinical prognosis using classical immunogenetic categorization [27-
30]. These studies have confirmed n-CLL/LP-CLL have poorer prognosis and shorter
time to first treatment, followed by i-CLL cases that show an intermediate prognosis, and
being the m-CLL/HP-CLL the cases with better prognosis, and longer time to first
treatment [27]. This DNA methylation-based classification could be implemented in the
clinical setting, as this mark has been proven to be stable over time, and shows similar
patterns in peripheral blood and lymph node samples [31,32]. Moreover, a prediction
model using only five CpG sites was enough to successfully classify samples into the

three epitypes [27]. However, recent studies have identified that the i-CLL cases can be



further divided into two prognostic groups based on the presence or absence of the
IGLV3-21R""" mutation. Those i-CLL cases harboring an IGLV3-21Rr"" mutation are more
aggressive and behave similarly to n-CLL/LP-CLL, while those lacking the mutation
resemble the more indolent m-CLL/HP-CLLs [33]. Further studies are needed to
determine if a DNA methylation classification that will also consider the R110 mutation

has an added prognostic value to the standard /GHV gene profiling.

Beyond the classical role of DNA methylation as a gene regulator, an accumulative body
of evidence supports the concept that methylation changes in late-replicating DNA
regions do not have a direct impact on the expression of nearby genes but can be used
to assess the accumulative number of cell divisions [34,35]. During mitosis cells
accumulate hypomethylation in heterochromatic regions with low-CpG, and
hypermethylation in high-CpG content regions marked with H3K27me3 chromatin states,
known to be targets of the Polycomb repressive complex. This may be used as a mitotic
clock to define the proliferative history of the cells [36]. In the context of normal and
neoplastic B cells the epigenetically determined cumulative mitoses (epiCMIT) clock was
developed, which is built considering both hyper- and hypo-methylation levels [32]. In
normal B-cell maturation, the epiCMIT gradually augments as B cells proliferate, an
increase that is particularly marked in highly proliferative GC B cells. Thus, the highest
epiCMIT is observed in terminally differentiated plasma cell (PC), which do not proliferate
but the mitoses accumulated throughout B cell maturation are imprinted in its DNA
methylome. In neoplastic B cells, however, the interpretation is less trivial and must be
divided into two components: the epiCMIT of the cell of origin, and the epiCMIT acquired
during the neoplastic transformation and progression. Thus, considering the cell of origin
for each of the CLL epitypes, a high epiCMIT was strongly associated with a worse
prognosis, using time to first treatment as an endpoint variable. Additionally, using the
epiCMIT as a continuous variable showed a highly significant independent prognostic

impact in the context of other major prognostic factors including IGHV status and TP53



alterations [32]. The use of DNA methylation as a clinical surrogate of the proliferative
history of a cell, and not its current proliferative status at the time of sampling, is
particularly important. In the routine diagnostic setting, CLL cells are obtained from
peripheral blood, where cells are quiescent, and not from lymph nodes where cells do
proliferate under the adequate microenvironmental stimuli. Thus, the analysis of the
epiCMIT in these samples will reflect the accumulated mitosis that had taken place in the
proliferative compartment, despite being measured using quiescent cells, providing an
easy-to-implement diagnostic tool to estimate clinical the clinical risk of each individual

case.

Understanding clonal evolution through epigenetic profiling

Cancer epigenomes have been long appreciated to differ from their normal tissue
counterparts. Furthermore, an intra-tumoral heterogeneity in the genetic and epigenetic
layers has been described to cooperate in the evolutionary course of tumors. Although
the DNA methylation is relatively stable over time, there is growing evidence of DNA
methylation show an intra-tumoral heterogeneity, something that also plays a role in the
evolution of the disease. It has been described that DNA methylation patterns in
neoplastic B cells are more heterogeneous than in normal B cells, and that it also
associates with a worst prognosis. CLL cells acquire DNA methylation in local sites in a
stochastic manner, creating an “epigenetic noise”, which generate a plasticity that may
facilitate tumor evolution, allowing cancer cells a greater degree of population diversity
[37]. Furthermore, the integration of single cell DNA methylation analysis, single cell gene
expression and genomic alterations allowed to trace the history of CLL cells and showed
that intra-tumoral methylation correlates with genetic subclonal complexity [38]. Growing
populations of CLL cells become diversified by stochastic changes in DNA methylation,
in a process known as “epimutations”. The analysis of epimutations indicated that CLL
cells undergo a rapid drift after initial steps of clonal expansions, giving rise to the early

presence of subclones that expand the plasticity of the disease [38]. This plasticity allows



the competition between clones that will adapt to the changing microenvironment. In
summary, the high degree of DNA methylation noise cooperates with transcriptional

plasticity, and associates with unfavorable clinical outcomes.

Recently the evolution from CLL to Richter transformation (RT) has been studied at the
single cell level. Surprisingly, evidence suggesting that RT subclonal diversification took
place at least 19 years before the clinical manifestation of RT was identified [48]. These
early seeds share genetic and transcriptional features of the expanded RT subclone,
characterized by a BCR signaling pathway downregulation and an upregulation of the
oxidative phosphorylation pathway [47]. The underlying mechanisms of this large time
lapse before the subclone expansion and clinical manifestation of RT are currently not
understood. In an attempt to understand this transcriptomic evolution from CLL to RT
genome-wide profiles of DNA methylation, chromatin activation (i.e., histone H3 lysine
27 acetylation, H3K27ac) and chromatin accessibility (ATAC-seq) were also analyzed.
The DNA methylome of RT mainly reflected the naive and memory-like B cell derivation
of their CLL counterpart. Chromatin activation and accessibility were remarkably different
upon transformation, and further detailed studies are needed to identify if epigenetic

plasticity is also playing a role in the process of subclonal selection to RT [47].

Epigenetic dysregulation contributes to CLL pathogenesis.

CLL has been the subject of several genome-wide studies characterizing chromatin
accessibility, histone modifications and 3D interactions together with transcriptional
profiling [39-43]. Interestingly, the integration of several of these layers of epigenetic
regulation has revealed that CLL cells do have a unique chromatin activation signature,
that is distinct from normal B cells at any differentiation stage. This unique repertoire of
CLL-specific active regulatory regions (i.e., with increased H3K27ac) is also shows
decreased DNA methylation, increased chromatin accessibility and local 3D interactions,
and consequently increased expression of associated genes, including surface receptor

signaling and lymphoid organ development related genes [41]. For example, they target



regulatory elements of genes such as LEF1, CTLA4, FMOD or TCF4, known to be
involved in CLL pathogenesis [45]. Remarkably, the activation of these regulatory regions
does not seem to be independent of each other, as their DNA sequence is enriched for
binding sites of specific transcription factor families such as NFAT, FOX and TCF/LEF1.
In keeping with this finding, other independent studies in CLL have also reported that
regulatory regions with increased H3K27ac are enriched in binding sites of the same TF
families [40,42,43]. This pattern is shared between M-CLL and U-CLLs, and therefore,
seems to be a signature of CLLness, which contrasts with the extreme genetic
heterogeneity observed in CLL patients. This indicates that leukemia evolution is linked
to chromatin programming, from inactive regions in normal B cells to active enhancers
in CLL and suggests that this onco-epigenetic process is an early essential event during

leukemogenesis.

Moreover, some studies evaluated the coordination between different layers of
epigenetic regulation. Unexpectedly the co-occurrence of typically mutually exclusive
activating (H3K27ac) and repressing (H3K27me3) histone modifications was observed
in CLL cells. The co-mapping of these marks has been observed in stem cells reflecting
cellular heterogeneity due to admixture of different differentiation stages. This finding
suggests epigenetic diversification is operating also in CLL, as a mix of cells with
diverging epigenetic identities are found [43]. This may result in permissive chromatin
states across cells, leading to greater cell-to-cell transcriptional variation. Similarly, while
in normal B cells the combination of repressive H3K27me3 mark with the decrease of
active marks such as H3K4me3 and H3K27ac generally associates with a uniform
transcriptional repression output, in CLL these genes were associated with variable
expression levels [43], indicating higher transcriptional plasticity and dysregulation.
Thus, as it was proposed for DNA methylation [37], chromatin modifications could also

contribute with intra-tumoral heterogeneity and subclonal evolution in CLL.



In addition to chromatin patterns shared globally by all CLL cases, studies have also
identified clear distinct landscapes of chromatin accessibility and histone modifications
between U-CLL and M-CLL subtypes [39, 41] When the differential chromatin regions
were analyzed in the context of normal B cell subpopulations, different patterns were
observed. First, patterns of de novo altered (i.e., not modulated in normal B cell
maturation) chromatin accessibility in U-CLL or M-CLL were associated with transcription
factor (TF) motifs markedly different from each other and from CLL as a whole [41,42].
Second, regions linking M-CLL to GC-experience cells (i.e., MBC), and U-CLL to GC-
inexperienced cells (i.e., NBC) were observed. And third, M-CLL and U-CLL also show
differences in regions showing different modulation patterns during normal B cell
maturation. For instance, and unexpectedly, a fraction of the regulatory regions
specifically active in U-CLL cases recapitulate a signature of active enhancers found in
proliferative normal B cells (i.e., GCBC) [41]. This suggests U-CLLs may hijack some

epigenetic mechanisms associated with the normal B cell proliferative mechanisms.

Distinct transcription factor networks drive the altered CLL epigenome

Taking advantage of the large epigenomic information derived from CLL primary cells,
several studies aimed to identify the TFs involved that may mediate such epigenetic and
transcriptional dysregulation. Interestingly, several independent studies pinpoint similar
TFs candidates as potential drivers of the unique CLL activation of regulatory regions,
including NFAT, TFC/LEF1 and FOX TF families [40-43]. Additionally, NFAT specific
binding motif is found also enriched at the CLL specific hypomethylated regions, not
shared by any other lymphoid malignancies or normal B cells [32]. Moreover, studies
looking at genetic predisposition of CLL have identified SNPs that have a significant
association with CLL development [46]. Some of this SNP are located within TF binding
sites, and the presence of the risk allele may be related to an altered TF binding affinity.
In particular, the SNPs that associates with higher risk of CLL development remarkably

showed an increased binding affinity for the NFAT, TCF/LEF and FOX TF families [46].



By constructing the CLL-specific TF regulatory network using regulatory regions defined
by H3K27ac and chromatin accessibility profiling, a study was able to identify the critical
TFs nodes related to CLL active enhancers. Among the most highly connected CLL TFs
identified there where TF known to be involved in B-cell differentiation such as IRF family
members (i.e., IRF8, IRF2) and PAX5, together with MYC, FOXP1, RARA, and ETS1
[40]. CRISPR-Cas9 screening of the top TF candidates using CLL cell lines identify that
transcription circuits mediated by PAX5, MYC, RARA, IKZF3 and IKZF1 were essential
for CLL cell survival, being PAX5 knock-out the one that conferred a most severe growth
disadvantage [40]. The use of cell lines for this screening may have masked other TFs
vulnerabilities that could be operating in primary cells, such as NFAT or LEF1, that are

not essential in the Epstein-Barr transformed cellular models used.

Notably, de novo altered chromatin accessibility in U-CLL or M-CLL was associated with
markedly different transcription factor (TF) motifs. Interestingly, regions gaining
accessibility in U-CLL, the most aggressive subtype, were enriched in binding motifs of
IRF, STAT1/2, AP-1, FOXP1, and GFI1 TFs, among others [41]. Many of these TFs are
involved in cell cycle regulation and are, in part, operative in proliferative B cell
subpopulations, suggesting U-CLL may exploit specific molecular mechanisms present
in normal B cell subpopulations to achieve higher proliferation. Moreover, the chromatin
activation and accessibility of Richter transformed samples has been described to be
significantly different when compared to non-transformed CLL cells from the same
patient [47]. The unique active regions found in Richter transformed cells were enriched
in TF families different to those known to modulate the epigenome of CLL. Among them,
the top was TEAD4, MAZ and E2F TF motifs, involved in oxidative phosphorylation and
cell cycle [47]. The exact role of these TFs play in disease progression and
transformation is mostly unexplored. Further research shall determine their role in the
initiation and maintenance of CLL chromatin dysregulation, and whether their inhibition

may represent a suitable therapeutic path.



Treatment response and CLL epigenetic regulation

Multi-omics analysis is also a powerful strategy for dissecting the molecular response to
targeted therapies and allows to define the temporal order of the induced changes and
unravel underlying regulatory programs. The integrative sequential analysis of scRNA-
seq and ATAC-seq in CLL samples during ibrutinib treatment identified that treatment
very rapidly induces the decrease of NF-Kb TF binding. This was followed by the
reduction of the regulatory activity of TFs involved in B cell development (such as EBF1,
FOXM1, IRF4, PAX5 and PU.1). This decrease was accompanied by the downregulation
of CLL-specific signatures, and a decrease of the CD5 and CD19 surface marker levels,
indicating a broad erosion of CLL cell identity. The sustained ibrutinib therapy resulted in
the acquisition of a quiescence-like gene signature including downregulation of CXCR4
and ZFP36L2, with known functions in senescence and quiescence in hematopoietic
cells. Most interestingly, single cell analyses allowed to identify patient-specific
signatures present prior to treatment that could predict patient response to treatment
[44]. Similarly, another study reported that prolonged ibrutinib treatment induces a global
reduction of specific histone modifications such as H3K27ac and H3K27me3. Significant
differences were found between samples from treatment-naive patients or those that
were resistant/refractory to other therapies before starting the ibrutinib regimen.
Interestingly, resistant/refractory patients show a significant number of promoters that
maintain a bivalency (i.e., H3K4me3 and H3K27me3) while, in treatment naive samples,
these promoters were fully silenced. This suggest that previous treatments left an
epigenetic memory which could play a role in the decrease of their sensitivity to ibrutinib
[48]. Furthermore, it was described that during ibrutinib treatment most of the regulatory
regions that underwent significant changes in chromatin accessibly do so by becoming
less accessible, suggesting an effect of ibrutinib on chromatin repression. Although this
loss of chromatin accessibility was shared by all patients studied, some degree of

patient-to-patient heterogeneity was observed. Regions with reduced accessibility were



CLL-specific regulatory regions marked by H3K4me1, and moreover, the binding motifs
of PU.1/IRF8, TCF, EGR and NF-kb TFs were significantly enriched within them [49].
These genomic regions were linked to BCR and NF-kb signaling pathways, as well as
DNA replication, which were previously shown to be affected by this treatment [50]. In
contrast, those regions that increase chromatin accessibility upon ibrutinib treatment
were associated with proteasome regulation and autophagy, among others. The
combination of this chromatin data with chemosensitivity profiling identified an ibrutinib-
induced gain of CLL cell selectivity for proteasome inhibitors, PLK1 inhibitors (which may
target FoxO signaling) and mTOR inhibitors [49]. In these lines, chemo- and chemo-
immunotherapies have been described to also affect the epigenome [51,52]. Through
the sequential study of CLL samples pre-treatment and post-relapse to chemo-
immunotherapy a global hypomethylation was observed, when compared with memory
B cells [52]. Importantly recurrent DNA methylation changes were not observed at cohort
levels, but through case-specific analysis, as was reported previously [26,31]. Those
genomic regions that became hypomethylated pre-treatment and after relapse were
enriched for the binding of GATA, STAT, HOX and FOX TFs. The EGR2 and E2F4 TF
binding sites were associated with regions hypermethylated at relapse, suggesting a
direct connection with relapse mechanisms [52]. A separate study identified differentially
methylated regions followed chemotherapy, of which 31 were CLL specific. Among them
methylation of the HOXA4, SLCO3A1 and MAFB locus was associated with a reduced

response to treatment [51].

A better understanding of the source of inter-patient heterogeneity is a prerequisite for
improved cancer therapy. Through a multi-omics approach combining genomic, DNA
methylation, transcriptomic and ex vivo drug response phenotype with unsupervised
machine learning methods, a recent study has identified a risk signature, called “CLL
progressive drive” (CLL-PD). In multivariable Cox regression such CLL-PD was a

significant and independent predictor of overall survival and time to treatment. The CLL-



PD associates with lymphocyte doubling rate, global hypomethylation, accumulation of
driver genomic aberrations and response to pro-proliferative stimuli. Interestingly, CLL-
PD was linked with an increased activity of mTOR, MYC and OXPHOS pathways [53],

suggesting targeting these pathways may be a potential therapeutic option.

Epigenetic regulators as a therapeutic target for CLL

Although DNA hypomethylating agents are currently approved for the treatment of some
myeloid neoplasms, initial trials in CLL showed discouraging results [54.55]. However,
an accumulating body of evidence indicates that inhibition of histone modifying enzymes
may represent a more effective axis of epigenetic vulnerability to be exploited
therapeutically in CLL. In keeping with the increased histone acetylation identified in CLL
cases, the use of bromodomain and extra-terminal inhibitors (BET) has been explored
[40,56]. BET family of proteins are transcriptional regulators that bind to acetylated
histones and recruit the transcriptional machinery to control gene expression.
Interestingly, CLL cell lines were most clearly affected by BRD4 CRISPR-knock out than
by the elimination of other BRD family members [40]. BRD4 associates with all active
promoters and a significant fraction of active enhancers, and its inhibition has shown a
selective anticancer activity in several preclinical models [57]. The use of a pan-BET
inhibitor JQ1 inhibited cell proliferation of CLL primary cells and cell lines, and reduced
tumor burden in xenografted mice [40]. Furthermore, the novel small molecule BET
inhibitor PLX51107 showed to be highly selective against BRD4 and demonstrated
potent antitumor activity in CLL preclinical models. This effect was driven by the
disruption of BRD4-bound enhancers, including the regulatory regions of the MIR21,

IL4R, IL21R, IKZF3, IKZF1, mir155 and TCL1A genes [56].

Enhancer of zeste homolog 2 (EZH2) is the catalytic subunit of the Polycomb repressive
complex (PRC2), which induces gene repression through H3K27me3. EZH2 is
upregulated in the proliferation centers of CLL lymph nodes [58] and its expression is

regulated by the proliferative signals coming from the tumor microenvironment [59].



EZH2 overexpression is associated with clinical aggressiveness [60]. Particularly in U-
CLL cases, EZH2 direct binding to PI3K pathway genes leading to an enhanced activity
of the pathway [61]. Thus, the use of EZH2 inhibitors (i.e., GSK126 and GSK343) in
preclinical settings in combination with ibrutinib, idelalisib and/or venetoclax induced a

significant reduction of cell viability [59].

The histone deacetylases HDAC1 and HDAC2 form the catalytic core of numerous
regulatory complexes. In CLL high HDAC activity is linked to inferior survival [62] and
had been demonstrated to drive the silencing of several microRNAs [63]. A recent study
has profiled the genome-wide occupancy of HDAC1 in CLL cells and demonstrated that
in parallel to its activity as a transcriptional repressor, it is also recruited to a small number
of super enhancers together with BRD4, operating as transcriptional activator of a set of
genes involved in survival, BCR signaling and immune dysfunction (e.g., CXCR4, PAX5,
IKZF3 and BLK). HDAC pharmacological inhibition abolished both activation and
repressive functions of HDAC1 [64]. Interestingly, using the aggressive in vivo CLL model
Eu-TLC1 it has been shown that HDACG inhibition exerts immunomodulatory effects on
CLL cells, via the reduced surface expression of programmed death-ligand 1 (PD-L1)
and lowered interleukin-10 (IL-10) expression. Following this discovery, the combination
of HDACG inhibitor ACY738 with PD-1/PD-L1 blockade augments antitumor efficiency in

the Eu-TCL1 model [65].

Arecent study has also used the Eu-TCL1A mice model to evaluate the role of the lysine-
specific histone demethylase 1A (KDM1A or LSD1) in CLL aggressivity and as a potential
therapeutic target. KDM1A forms part of different complexes and actively removes
methyl groups from mono- or di-methylated lysine 4 or 9 on histone 3 (H3K4/K9me1/2)
working as modulator of gene expression. Interestingly, the KDM1A"S" gene expression
signature associates with a more CLL aggressiveness. In keeping with this, the Kdm1a
knock-down or pharmacological inhibition led to an increased histone methylation and

CLL cell apoptosis, both in vitro and in vivo [66].



Conclusions and future perspectives.

The profound analysis of bulk multi-layered epigenome in large cohorts of patients has
provided valuable insights into the cell of origin and pathogenic mechanisms of CLL.
Recent single-cell epigenetic and transcriptional profiling is adding clues on intraclonal
heterogeneity as well as the clonal evolution taking place during disease development
and in response to treatment. Altogether, this knowledge has increased our
understanding of the molecular complexity underlying the initiation and progression of
CLL. Epigenomic profiling has been able to identify TF families as potential regulators of
these oncogenic mechanisms, but the exact role these TFs play in disease progression
and transformation is mostly unexplored. Further research efforts shall develop in vitro
models that preserve patient-specific characteristics while allowing to perform functional
characterization of these TFs candidates. This research has the potential to identify novel
disease vulnerabilities and therapeutic targets, that shall lead to the development of more
effective treatments. In those lines, the inhibition of the chromatin modifying machinery
in CLL has shown promising results in pre-clinical studies. Upcoming studies shall
integrate new and previous knowledge on the mechanisms behind CLL epigenetic
dysregulation, to move forward towards an individualized understanding of the disease,
to develop personalized strategies for risk-assessment, treatment and clinical

management.
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Figure legends

Figure 1. DNA methylation as a molecular mark to trace cell origin and clonal
evolution. (A) Figure shows the dynamics of DNA methylation during normal B cell
differentiation and leukemogenesis. DNA methylation patterns reflects both cell of origin
and proliferative history of the tumor cells. The normal B cell differentiation entails
widespread DNA methylation with a high degree of methylation programming occurring
during germinal center reaction. Upon malignant transformation cells retain the
methylation specific of their cell of origin, and develop a new oncogenic profile. (B)
Boxplot represent the concept of the epiCMIT score, including DNA methylation changes
coming from the cell of origin or the neoplastic development. (C) Kaplan-Meier curve
exemplify the association between CLL subtypes and time to treatment, taking into
account the DNA-methylation profiles and the IGLV3-21R110 mutation. NBC: Naive B
cells. GCBC: Germinal center B cells. MBC: Memory B cells. PC: Plasma cells. n-CLL:
naive-like CLL. i-CLL: intermediate CLL. m-CLL: memory-like CLL. LP-CLL: low
programmed CLL. HP-CLL: high programmed CLL.

Figure 2. Distinct TF binding sites are found in leukemic associated chromatin
activation signatures. Chromatin profiling studies have identified that a particular de
novo active chromatin signature is found in CLL cases as a hole, as well as subtype- and
Richter transformed-specific signatures. The most significantly TFBS associated with
each group are summarized in the figure. Specific TFBS are also found in regions
harboring SNPs associated with CLL development. The top TFs whose knock-out in cell
lines confer growth disadvantages are shown. TFBS: transcription factor binding sites.
NBC: Naive B cells. GCBC: Germinal center B cells. MBC: Memory B cells. M-CLL: IGHV
mutated. U-CLL: IGHV unmutated. RT: Richter transformation.

Figure 3. Epigenetic drugs in CLL. Figure summarizing the data derived from
pharmacological targeting epigenetic regulators in CLL, including in vitro and in vivo pre-
clinical studies.
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Figure 3
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