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Abstract
Purpose of Review The development and progression of chronic lymphocytic leukemia (CLL), a highly heterogenous B cell malig-
nancy, are influenced by both genetic and environmental factors. Environmental factors, including pharmacological interventions, can
affect the epigenetic landscape of CLL and thereby determine the CLL phenotype, clonal evolution, and clinical outcome. In this
review, we critically present the latest advances in the field of CLL epigenomics/epigenetics in order to provide a systematic overview
of to-date achievements and highlight the potential of epigenomics approaches in light of novel treatment therapies.
Recent Findings Recent technological advances have enabled broad and precisemapping of the CLL epigenome. The identification of
CLL-specific DNA methylation patterns has allowed for accurate CLL subtype definition, a better understanding of clonal origin and
evolution, and the discovery of reliable biomarkers. More recently, studies have started to unravel the prognostic, predictive, and
therapeutic potential of mapping chromatin dynamics and histone modifications in CLL. Finally, analysis of non-coding RNA
expression has indicated their contribution to disease pathogenesis and helped to define prognostic subsets in CLL.
Summary Overall, the potential of CLL epigenomics for predicting treatment response and resistance is mounting, especially
with the advent of novel targeted CLL therapies.

Keywords Chronic lymphocytic leukemia (CLL) . Epigenetics . Epigenomics . DNA methylation . Histone modifications .

Chromatin . Non-coding RNAs

Introduction

Chronic lymphocytic leukemia (CLL), the most common adult
leukemia in the Western world, is viewed as a disease with im-
mense heterogeneity at the clinical, cellular, andmolecular levels.
A multitude of studies have provided insight on how CLL clin-
ical heterogeneity can be reflected on epigenetic signatures at the
DNAmethylation, histone modifications, and non-coding RNAs
levels. Epigenetic patterns can alter as a response to changes in

the (micro)environment, including antigenic stimulus, cross-talk
with other cells, exposure to soluble factors at CLL niche, or as a
result of pharmacological interventions. Investigating epigenetics
and epigenomics can offer not only valuable insights into cell
ontogeny and disease pathogenesis but into underlying mecha-
nisms for clinical and molecular heterogeneity. Furthermore,
identification of epigenetic signatures via epigenome-wide ap-
proaches can assist the shift towards a precision-medicine model
for disease management [1, 2]. Previous research summaries
have documented the key scientific approaches around the
CLL epigenome [3, 4]. In this review, we highlight recent ad-
vances in CLL epigenetics and epigenomics with a focus on
translational potential of key genes/regions, as biomarkers or
drug targets (Fig. 1).

DNA Methylation

Over the last decade, a large body of experimental data has
documented that DNA methylation plays variable functional
roles linked to CLL pathogenesis and disease outcome. Our
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Fig. 1 Overview of CLL epigenetics. Microenvironmental signals shape
to a critical point CLL B cell fate and B cell receptor (BCR) possess a
central role into this translational process. A significant number of
proteins have been reported to be regulated by DNA methylation in
CLL. For instance, ZAP70, TP63, NFATc1, and others (dark grey
boxes) have been found to be upregulated by DNA hypomethylation
(promoter/gene body/cis-regulation) either in CLL as a whole or only in
specific CLL subsets with diverse prognosis. Other molecules such as
KLF4, DUSP22, and various miRs were downregulated and
epigenetically silenced via DNA promoter hypermethylation or gene
body/cis-regulatory element DNA methylation changes (light yellow
boxes). Furthermore, molecules expressed either in the cytoplasm or in
the nucleus such as tumor suppressive microRNAs (i.e., miR-708), long
non-coding RNAs (i.e., CRNDE) and histone-modifying enzymes
(HME) (i.e., EZH2) have been found to be epigenetically dysregulated
in CLL. These molecules act as epigenetic regulators and are either
downregulated or aberrantly overexpressed affecting the downstream
signaling cascade, the epigenome and transcriptome. Interestingly,
aberrant expression and function of various factors have been found to
be actively mediated by HDACs (black boxes) or EZH2 enzymes (light
grey boxes). Through a dynamic process, HMEs (HDAC, EZH2,
SETD2, CHD2 and KDM4) can alter chromatin configuration and TF
dependencies for regulatory areas (i.e., promoters, enhancers). These
epigenetic changes are the catalytic switch for enabling or blocking
gene transcription and not surprisingly, HME inhibition has shown to
be the most promising strategy of epigenetic therapy in CLL. The
figure was created with BioRender.com. AP-1, activator protein 1;
BTK, Bruton’s tyrosine kinase; BCR, B cell receptor; CHD2,

chromodomain helicase DNA-binding protein 2; CLL, chronic
lymphocytic leukemia; CRNDE, colorectal neoplasia differentially
expressed; CD20, B-lymphocyte antigen CD20; CRC, core regulatory
circuit; DNMT, DNA methyltransferase; DUSP22, dual specificity
phosphatase 22; EBF1, early B cell factor 1; EZH2, enhancer of zeste
homolog 2; FOX, forkhead box; HDAC, histone deacetylase;
H3K27me3, histone H3 trimethylation at lysine 27; H3K4me3, histone
H3 trimethylation at lysine 4; H3K9ac, histone H3 acetylation at lysine 9;
H3K9me3 histone H3 trimethylation at lysine 9; H3K27ac, histone H3
acetylation at lysine 27; IL10, interleukin 10; IGF1R, insulin-like growth
factor 1 receptor; IKKb, IκB-kinase β; IP3, inositol 1,4,5-triphosphate;
KDM4, histone lysine demethylase subfamily 4; LEF, lymphoid
enhancer-binding factor; M-CLL, IGHV-mutated CLL subset; MCPH1,
microcephalin; MEK/ERK, mitogen-activated protein kinase/
extracellular receptor kinase pathway; miR, microRNA; MYC,
oncogene carried by the Avian virus, myelocytomatosis; NFATC1,
nuclear factor of activated T cells, cytoplasmic 1; NF-κΒ, nuclear factor
kappa-light-chain-enhancer of activated B cells; NOTCH, neurogenic
locus notch homolog protein; PAX5, paired box protein Pax-5;
PI3K/AKT pathway, phosphoinositide 3-kinase/AKT or protein kinase
B (PKB) pathway; PLCγ, phospholipase C gamma; PKCβ, protein
kinase C beta; SETD2, SET domain containing 2; SYK, spleen
associated tyrosine kinase; TP63, tumor protein 63; TCF, T cell factor;
Wnt, wingless-related integration site; U-CLL, IGHV-unmutated CLL
subset; ZAP70, zeta-chain-associated protein kinase 70; 5′-hmC, 5′-
hydroxymethylcytosine; 5′-mC, 5′-methylcytosine; 5′-UmC, 5′-
unmethylcytosine
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knowledge has expanded from gene promoter DNA methyla-
tion to global high-resolution DNA methylation profiles,
reflecting its role as a pivotal epigenetic alteration and a hall-
mark of malignant cells [5]. Eventually, these mediated meth-
ylation changes shape to a critical point the formation of the
transcriptome and proteome of leukemic cells, thereby affect-
ing their function and fate.

DNA Methylation Patterns Predict Cell of Origin,
Clonal Evolution, and Clinical Outcome

Examining the normal DNA methylation patterns and under-
standing how this stable epigenetic mark works during devel-
opment and ageing processes can provide valuable knowledge
in terms of DNAmethylation dynamics and their involvement
at tumorgenesis. DNA methylation tends to increase with age
at some CpG islands, particularly at Polycomb target genes
and at promoters of tumor suppressor genes (TSG), while loss
of DNA methylation occurs primarily in constitutive-
heterochromatin repeat regions. There is a great deal of evi-
dence that the DNAmethylation seen in cancer and aging may
stem from a small population of cells. It is therefore likely that
the general de novo methylation seen in cancer already exists
in a subpopulation of “normal” cells prior to their transforma-
tion by gene mutation [6, 7]. In line with this, it was shown
that a higher degree of DNA methylation changes are more
commonly found in IGHV-unmutated progressive cases of
CLL [8, 9]. Mainly these changes affect PRC2 target genes
and possibly involve developmental processes shared in com-
mon with the generation of normal memory B cells [9].

Although DNA methylation has been studied in CLL for
almost two decades, only recently epigenetic studies have illumi-
nated aspects of CLL ontogeny and clonal evolution [8]. First,
when Kulis et al. proposed a classification of CLL cases into 3
groups, based on their DNA methylation profiles. Groups were
reported as naive B cell–like, memory B cell–like, and interme-
diate CLL (n-, m-, and i-CLL, respectively), and DNA methyl-
ation patterns were associated with disease outcome and putative
normal counterparts [10]. Subsequently, Martín-Subero’s team
expanded this work with quantitative DNA methylation assays
in two independent CLL cohorts [8]. An epigenetic signature of
five CpGs (Table 1) located in promoter, gene body, and
intergenic regions was identified as a robust biomarker for CLL
classification in three distinct subgroups [10, 32].

Intraclonal heterogeneity and clonal evolution was the ma-
jor focus of Oakes and colleagues, in which DNAmethylation
was assessed by 450 K arrays and next-generation sequencing
[33]. It was shown that only a fraction of CLL cases with
unmutated IGHV genes (U-CLL) and other poor prognostic
markers are characterized by heterogeneity and clonal evolu-
tion at DNA methylation level and correlated with high
subclonal genetic complexity. Their work suggests that the

selection pressure at epigenetic level for high-risk CLL cases
may be linked to the wide variation of driver mutations [33].

Further emphasis on CLL intraclonal heterogeneity and
contribution of the DNA methylome to clonal evolution has
been placed by a whole-genome bisulfite sequencing (WGBS)
and reduced-representation bisulfite sequencing (RRBS) anal-
ysis on a large cohort of primary samples. Landau et al.
showed that intraclonal diversification arises from stochasti-
cally disordered DNA methylation and was linked to low-
level expression and poor clinical outcome, suggesting a role
for DNA methylation in promoting genetic instability and the
survival of the adverse clone [34].

The importance of investigating DNAmethylation status in
specific genomic regions or single CpG sites has been
underscored by a significant number of studies showing the
immense potential for reliable biomarkers which could be
employed for patient stratification. By quantitative methyla-
tion analysis (MassARRAY), Claus and colleagues identified
a single non-promoter CpG (CpG +223) as critical for ZAP70
expression which can serve as a reliable prognostic biomarker
for OS and TFS [35]. Importantly, ZAP70_CpG+233 methyl-
ation was a superior biomarker as opposed to IGHV mutation
status, CD38, or ZAP70 expression levels (Table 1) [35].

In a subsequent study, Oakes et al. identified an epigenetic
signature (methylation maturation score—MMS) of 18 loci,
which confirmed the existence of three distinct CLL subtypes.
The three subtypes—termed high-, intermediate-, low-
programmed CLL (HP-, IP-, LP-CLL)—were suggested to
have arisen from the malignant transformation of normal
counterparts with diverse maturation levels, and thereby dif-
ferent marks per se, prior to clonal evolution [11•]. For in-
stance, the LP-CLL subtype was associated with poor disease
outcome, less maturity, and a germinal-center independent
clonal history. Furthermore, they reported CLL-specific
DNA methylation patterns linked to (i) hypermethylation as
a result of blockage in hypomethylation and highly enriched
for EBF1, BATF/AP-1, RUNX3 binding sites (B cell–
development TFs) and (ii) hypomethylation in regions associ-
ated with B cell–activation TFs, such as NFAT and EGR [11•].

By usingMassARRAY for the 18 loci epigenetic signature,
D’Avola and colleagues investigated associations between the
MMS and sIgM expression/function in 57 cases [12]. They
reported an inverse correlation between sIgM levels and
MMS, and showed that the reduced sIgM and the high
MMS within mutated IGHV CLL cases indicated an indolent
disease subtype [12].

A later study employed pyrosequencing for the 5 CpG—
epigenetic signature discussed above in 135 CLL cases in
order to validate strong prognostic significance by classifying
patients into novel CLL epigenetic subgroups. Furthermore,
stereotyped subset #2 (IGHV3-21/IGLV3-21 expressing
cases) were included in this study and they were classified
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Table 1 An overview of molecules epigenetically dysregulated in CLL, their mechanisms of action and biomarker potential

Epigenetically regulations in CLL and biomarker discovery

Gene/region Epigenetic mechanism Clinical impact References

5 single CpG – epigenetic
signature

DNA methylation in single CpGs Biomarker
CLL classification in three

subgroups
(n-, m-, and i-CLL)

Kulis et al. 2012 [10]
Queiros et al. 2015 [32]
Bhoi et al. 2016 [13]

ZAP70 CpG+223 promoter hypomethylation ↓ TFS/OS Claus et al. 2014 [35]

18-loci signature DNA methylation in single CpGs
↓ s-IgM MMS↑

Biomarker
CLL classification in three

subgroups HP-, IP-, LP-CLL

D’Avola et al. 2016 [12]
Oakes et al. 2016 [11•]

IL10 Distinct epigenetic reprogramming
between CLL subsets

M-CLL: variably methylated regions’
(CLL-VMRs1/2) in gene body < U-CLL

U-CLL: poor outcome
M-CLL: stable course of

disease/anergic cell status

Drennan et al. 2017 [17]

PD-1 ↓ DNA methylation
↑ PD-1 expression

Wu et al. 2016 [18]

MCPH1 M-CLL: binding to ANGPT2–DNMTs
recruitment - epigenetic silencing of
ANGPT2

U-CLL: No binding to ANGPT2—unmethy
lated promoter—expression of ANGPT2

M-CLL: good prognosis
U-CLL: poor prognosis

Kopparapu et al. 2015 [20]

CRY1 and PAX9 Aberrant DNA methylation and mRNA
expression

High risk to treatment initiation
↓TFS/OS

Rani et al. 2017 [21]

DUSP22 Promoter hypermethylation through
NOTCH mutated signaling

Growth and homing of CLL cells Arruga et al. 2017 [24]

LPL 2 distinct promoter methylation profiles:
promoter hypermethylation
promoter hypomethylation

↑ TFS
↓ 75% risk in CLL samples with

hypermethylated LPL promoters

Daugaard et al. 2018 [25]

TP63 ↓ DNA methylation
↑ Expression

Pro-survival factor
Poor prognostic CLL subset #8

Papakonstantinou et al. 2019
[27]

CHD2 Mutated in M-CLL Defective association with active
chromatin

Rodriguez et al. 2015 [38]

NFAT, FOX, and TCF/LEF TF
families

Extensive chromatin rewiring at H3K27ac
active regulatory regions-enhancers

Essential for CLL progression Beekman et al. 2018 [41]
Mallm et al. 2019 [43•]
Pastore et al. 2019 [44]

SETD2 Recurrent deletions and mutations
(TP53 associated)

Dysregulated enzyme related induction
of Histone Modifications

↓ PFS and OS Parker et al. 2016 [48]

HDAC Increased global levels of enzymatic activity ↓ TFS/OS Van Damme et al. 2014 [46]

KDM4 (A,B,C) Dysregulated enzyme related induction
of histone modifications

KDM4A ↑
KDMB ↓
KDMC—not a significant change

Poor prognosis
Adverse cytogenetics

Filiu-Braga et al. 2018 [55]

miR-708 (TSG) Epigenetically silenced via enhancer
hypermethylation

High-risk characteristics in patients Baer et al. 2015 [66]

CRNDE (lncRNA)
AC012065.7 (lncRNA)

Long non-coding RNA hypermethylation
Long non-coding RNA hypomethylation

Inferior outcome Subhash et al. 2016 [71]

↑: upregulation of gene expression /enhanced/increased levels of […]; ↓: downregulation of gene expression levels/enhanced/increased levels of each
condition described, ANGPT, angiopoietin 2; CHD2, chromodomain helicase DNA-binding protein 2; CLL, chronic lymphocytic leukemia; CpG,
cytosine and guanine separated by only one phosphate group; CRY1, cryptochrome circadian regulator 1; CRNDE, colorectal neoplasia differentially
expressed; DNMT, DNA methyltransferase; DUSP22, dual specificity phosphatase 22; FOX, forkhead box; HDAC, histone deacetylase; H3K27ac,
histoneH3 acetylation at lysine 27;HP-CLL, high-programmedCLL; i-CLL, intermediate CLL; IL10, interleukin 10; IP-CLL, intermediate-programmed
CLL; KDM4, histone lysine demethylase subfamily 4; lncRNA, long non-coding RNA; LP-CLL, low-programmed CLL; LPL, lipoprotein lipase; m-
CLL, memory B cell–like CLL;M-CLL, IGHV-mutated CLL subset;MCPH1, microcephalin;MMS, methylation maturation status;miR, microRNA; n-
CLL, naive B cell–like CLL; NFAT, nuclear factor of activated T cells; NOTCH, neurogenic locus notch homolog protein; OS, overall survival; PAX9,
paired box gene 9; PD-1, programmed cell death protein 1; PFS, progression free survival; SETD2, SET domain containing 2; TF, transcription factor;
TFS, treatment-free survival; TP53, tumor protein p53; TSG, tumor suppressor gene; U-CLL, IGHV-unmutated CLL subset; VMR, variably methylated
region; ZAP70, zeta-chain-associated protein kinase 70
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by methylation score as i-CLL subgroups, whereas their clin-
ical classification resembled the n-CLL group [13].

Georgiadis and colleagues provided evidence that CLL-
like changes at DNA methylation and transcriptome profiles
existed more than 10 years before CLL diagnosis [14]. These
findings suggest that the path from normal counterpart to ma-
lignant transformation and further clonal evolution is a long,
multi-step process, in which DNA methylation can be viewed
not only as a contributor to disease pathogenesis but also as a
tool for understanding pre-malignant evolutionary trajectory.

Recent work by Tomasz K. Wojdacz and colleagues has
further strengthened our knowledge on the clinical signifi-
cance of DNA methylation in CLL [15]. High-throughput
analysis on UK clinical trials’ CLL samples identified DNA
methylation signatures which can be used to divide IGHV-
mutated CLL into clinically relevant subgroups. Last but not
least, investigators reported that the memory-like DNA meth-
ylation subgroup (m-CLL) can work as an independent mark-
er of prolonged survival for patients treated with
chemoimmunotherapy [15].

Overall, independent groups have discovered DNA meth-
ylation signatures which have been confirmed in follow-up
studies and have significantly enhanced our understanding
of CLL heterogeneity, clonal history, and evolution.

DNA Methylation and Transcriptional Regulation
in CLL

Recent studies have advanced our understanding of the inter-
play between hypomethylation and hypermethylation in CLL,
and highlighted their role in altering gene regulation to sup-
port malignant transformation and/or disease progression. In
some cases, DNA methylation-mediated altered gene expres-
sion seems to be linked directly to key CLL pathways, where-
as in other cases, DNAmethylation patterns were identified as
potential biomarkers without clear pathogenetic implications
(Table 1).

In a metanalysis of publically deposited DNA methylation
data, Kushwaha et al. reported regions that were consistently
differentially methylated (hypo- or hyper-C-DMRs) in CLL
[16]. Hypo-C-DMRs were found enriched in regions harbor-
ing TF binding sites related to key signaling pathways (BCR,
p53), whereas hyper- C-DMRs were linked to homeobox- and
TATA box-containing regions [16].

In another study, it was shown that although the core IL10
promoter was largely unmethylated in CLL cases, two gene
body regions (VMRs) exhibited variable methylation in asso-
ciation with IGHVmutation status. IL10 transcript levels were
inversely correlated with DNA methylation of VMRs, but not
the core promoter. VMR2 was located within transcriptional
activation-associated H3K27ac peak regions, and harbored a
functional STAT3 motif. This work underscores the impor-
tance of DNA methylation for gene regulation in regions

outside the promoters [17]. Hypomethylation in a putative
enhancer for PD-1 harboring NFAT and STAT motifs was re-
ported to increase PD-1 expression in CLL-derived CD8+ T
cells. These Tcells also exhibited disease-specific DNAmeth-
ylation patterns, and top differentially methylated regions
were included in CCR6 and KLRG [18].

In the list of genes (Table 1) regulated by DNA methyla-
tion, one should add ET-1, MCPH1, CRY1, and PAX9. DNA
methylation levels of an ET-1 intron inversely correlate with
expression [19]. The MCPH1 was shown to have a tumor-
suppressive function in M-CLL cases via binding to
ANGPT2 promoter, recruitment of DNMTs, and subsequent
silencing of ANGPT2 [20]. In an array-based study, CRY1 and
PAX9 expression was significantly higher in U-CLL, whereas
a single CpG island of PAX9 was linked to IGHV mutation
status. Although validation in external cohorts with quantita-
tive approaches is required, these data suggest that DNA
methylation is important for CRY1 and PAX9 gene regulation,
and may have a prognostic value in CLL [21].

In a different setting, Hanney and colleagues worked with a
Dnmt3aΔ/Δ model. They comparatively assessed global
DNA methylation and gene expression in induced CLL and
peripheral T cell lymphoma (PTCL) tumors, including B-1a
and CD8+ T cells as controls. Interestingly, their analysis re-
vealed a significant overlap between human and mouse
transcriptomes and DNA methylomes [22].

Filarsky et al. reported aberrant DNA methylation for
KLF4 and LILRA4 and provided evidence for a tumor-
suppressive function for KLF4, which can be exerted upon
NOTCH signaling inhibition [23]. Another link between
Notch signaling and aberrant DNA methylation is suggested
by Arruga and colleagues, who reported promoter hyperme-
thylation of DUSP22 in NOTCH1-mutated CLL [24].
Exploiting the CRISPR/Cas9 system in a CLL cell line, they
showed that methylation of DUSP22 is regulated by NICD
through a circuit including DNMT3a, RBPJk, and HDAC1
[24]. Interesting work on a cohort of 112 patients revealed that
the two promoters of LPL show heterogeneous DNA methyl-
ation levels across CLL cases correlated to TFS [25].Wolf and
colleagues showed that aberrant NFATC1 promoter hypome-
thylation was inversely correlated with expression levels, and
that inhibition of NFAT activity increased apoptotic cell rate
[26].

Finally, in a recent study by Papakonstantinou and col-
leagues, TP63 was reported to be hypomethylated and
overexpressed in stereotyped subset #8 CLL cases [27]. By
array-based genome-wide DNA methylation profiling in poor
prognostic CLL cases, the researchers showed that stereo-
typed subset #8 exhibits distinct DNA methylation patterns
as opposed to non-subset IGHV-unmutated CLL cases and
subset #6 cases [27].

Overall, the list of genes that are differentially methylated
at their promoter or non-promoter regulatory regions is
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constantly expanding. However, observations require further
investigation with state-of-the art technologies, validation in
independent cohorts, or proof-of-concept experimental evi-
dence to establish a clear mechanistic view of each gene’s role
in CLL molecular pathogenesis (Table 2).

DNA Hydroxymethylation in CLL

DNA hydroxymethylation was recently discovered as another
important mark with active role in epigenetic reprogramming.
It is the first product from TET-related oxidation in the process
of active demethylation as described in different biological
processes including primordial germ cells and zygotic devel-
opment [28, 29]. Interestingly, several studies have associated
5-hmC with transcriptional activation mediated by enhancers,
both in embryonic and differentiated cells [28, 30]. Like DNA
methylation, hydroxymethylation has also been observed to
be deregulated in various human pathologies such as degen-
erative diseases like Parkinson’s, Alhzeimer’s, and different
cancer types [31, 36]. In the first thorough study exploring 5
hydroxymethylcytosine (5-hmC) in CLL pathogenesis,
Wernig-Zorc et al. reported global loss of 5-hmC and identi-
fied aberrant 5-hmC and 5-mC patterns in gene body regions
[37]. Interestingly, they reported TET enzyme-mediated 5-
hmC enrichment in regulating the differential expression of
three oncogenes: NSMCE1, TUBGCP3, and TUBGCP6 [37].

Chromatin Dynamics and Histone
Modifications

Advances in technologies for epigenome-wide screening pro-
vide insights and competent knowledge to the research com-
munity related to the complex mechanisms of chromatin con-
figuration and dynamic modification of histones. A small
number of studies in that direction—which will now be
discussed—provide the first chromatin accessibility maps, re-
port links to transcription factor networks and affected gene
expression profiles, and above all, underscore the prognostic,
predictive, and therapeutic potential value of chromatin dy-
namics and histone marks in CLL.

Profiling the Regulatory Chromatin Landscape in CLL

The seed for the emerging interest on chromatin in CLL has
been shown by a study reporting a role for CHD2, an impor-
tant chromatin remodeler in CLL pathogenesis. CHD2 was
recurrently mutated in M-CLL and integrative analysis on a
genomic, transcriptomic, and epigenomic level suggested that
CDH2 mutation affects its DNA-binding properties and local-
ization, leading to altered chromatin states [38]. In another
early study, the identification of an SNP (rs539846) located
within a super-enhancer (H3K27ac marks) of BCL2-

modifying factor (BMF) linked it with disruption of a RELA
binding site and decreased BMF expression [39].

The first effort towards large-scale analysis and mapping of
chromatin accessibility in CLL was reported by Rendeiro
et al., who profiled 88 CLL cases by ATAC-seq [40•].
Interestingly, ATAC-seq profiles were distinct between U-
CLL and M-CLL, whereas one or two intermediate subtypes
were revealed, based on chromatin accessibility patterns.
Furthermore, they performed an RNA-seq/ChIPmentation in-
tegrative analysis, including H3K4me1, H3K27ac, and
H3K27me3 histone marks and developed a bioinformatics
pipeline for linking integrated profiles to clinical and molecu-
lar sample annotations. Their analysis revealed a pan-CLL
gene regulatory network which included SP1/2/3, CTCF,
EGR, E2F, and PAX5 factors, as well as subtype-specific net-
works [40•].

A recent pioneer analysis of the reference CLL epigenome,
together with extensive analysis of regulatory chromatin land-
scape, sheds light on important knowledge gaps in CLL
epigenomics. Interestingly, it showed that chromatin dynam-
ics mirrored normal B cell maturation and regulatory elements
were de novo reprogrammed in CLL or associated with CLL
subtypes. In general, U-CLL harbored more active and open
chromatin than M-CLL. Among de novo-active regions in
CLL, an enrichment for NFAT, FOX, and TCF/LEF binding
sites was reported, highlighting their functional and therapeu-
tic potential. Finally, a link between genetic alterations and
chromatin configuration was observed for MYD88 mutations
and trisomy 12 [41].

Another recent important study delved further into the CLL
epigenome and provided novel insights for CLL enhancer
landscape and transcription factor dependencies. Ott and col-
leagues reported CLL-specific enhancer-related core regulato-
ry circuits (CRCs) [42•]. Super enhancers were found to me-
diate CRCs, including “usual suspects”such as CXCR4,
CD74, PAX5,CD5,KRAS, and BCL2. Further functional work
showed that PAX5 is a core regulator of CLL super enhancers,
which regulates cell survival, whereas BET inhibitors block
the super enhancer CRCs and promote apoptosis in vitro and
in vivo [42•].

A significant advance in our knowledge of CLL
epigenomics has arisen from a comprehensive study which
dissected the aberrant epigenetic circuitry in CLL [43•].
Mallm and colleagues reported that CLL-specific chromatin
features included (i) localized changes at regulatory enhancer
and promoter elements and (ii) large-scale chromatin reorga-
nization (> 1 Mb). In analogy to other cancers, partially meth-
ylated domains (PMDs) linked to repressive chromatin and
gene silencing was a CLL trait demarcated by CTCF.
Authors further reported a CLL-specific TF network based
on aberrant chromatin features, which included key epigenetic
molecules (i.e., SIN3, NuRD, SWI/SNF). H3K4me3 marks
were found to be redistributed in CLL alongside nucleosome
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gain at promoters and extensive changes of enhancer activity.
Finally, a CLL-specific network centered around TFs
targeting 17 central binding motifs was presented, describing
gaining for NFAT, TCF4, and LEF1motifs, and loss for EBF1
and AP-1 motifs in CLL.

A deeper understanding of the relationship between intra-
leukemic epigenetic and transcriptional diversity has been
achieved via recent integrative analysis of CLL’s epigenetic
landscape. Pastore and colleagues reported corrupted coher-
ence across different layers of the CLL genome and epige-
nome. An extensive chromatin rewiring at H3K27ac marks,
mediated in particular by NFAT and TCF/LEF, was observed.
These H3K27ac peaks showed hypomethylation at super en-
hancers regions, resulting preferentially in intermediate
DNAme levels. H3K27me3-marked genes were incompletely
silenced through the formation of PRC2 complex, reflecting to
a set of dynamic changes on chromatin states tested.
Interestingly, mutually exclusive (H3K27ac/ H3K27me3) his-
tone marks were co-mapped. This work suggests intra-
leukemic diversity is linked to stochastic cell activation of
alternate gene programs, and leads to an admixture of cells
with diverging identities [44].

All in all, the last few years’ high-impact research studies
have provided valuable resources related to the CLL chroma-
tin landscape, including the until recently understudied his-
tone modifications. These studies have significantly strength-
ened our knowledge of links between CLL phenotype, clinical
outcome, and aberrant features of the CLL epigenome beyond
the DNA methylome.

Histone-Modifying Enzymes: Targets for Therapy

Since the dysfunction of histone-modifying enzymes (HME)
has been linked to human cancer initiation and progression,
the CLL research community has placed significant emphasis
on investigating HME. While initial studies have focused on
canonical HME functions (catalyzing histone modifications),
a few recent studies have explored the nonenzymatic roles of
HME in transcriptional regulation [45].

An early study reported that the global levels of histone
deacetylase (HDAC) can be an independent prognostic mark-
er for treatment-free (TFS) and overall survival (OS) [46].
Later, Zhou and colleagues reported global histone H3/H4
hypoacetylation, H3K9 hypermethylation, and overexpres-
sion of SIRT1 and EZH2 in CLL patients [47], whereas
Parker et al. discovered recurrent deletions and mutations (~
7%) of the histone methyltransferase SETD2 [48].

In another study, the association between NOTCH1 muta-
tions and low CD20 expression was suggested to be HDAC-
mediated. Interestingly, HDAC inhibition by Valproic acid
was shown to upregulate both MS4A1 and CD20 [49]. Later
work tested the in vivo efficancy of valproate in del13q/
NOTCH1wt CLL patients. Although in vivo treatmentT
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resulted in global H3K9ac, it did not induce CD20 expression.
In contrast, in vitro treatment of E95 CLL cell line resulted in
CD20 upregulation. This finding was attributed to simulta-
neous induction of H3K9ac and EZH2-mediated H3K27me3
by valproate at the CD20 promoter in vivo, highlighting the
need for combinatorial therapies [50].

Independent studies showed that expression of HDAC6 is
upregulated in patient samples, cell lines, and euTCL1 trans-
genic mice. These findings, as well as functional in vivo
HDAC6 inhibition, underlined the potential therapeutic value
of HDAC6 inhibition for CLL treatment. Furthermore, it was
shown that coadministration of an HDAC6 inhibitor
(ACY738) with BTK inhibitor Ibrutinib displayed synergistic
cell death and improved overall survival compared with either
single agent in vivo [51].

EZH2 appears to be an HME of great interest. An early
study showed that EZH2 is overexpressed in poor prognostic
CLL cases and correlated with H3K27me3, whereas EZH2
inhibition in vitro promoted apoptosis [52]. Recently, inhibi-
tion of EZH2 in combination with PI3K inhibition (Idelalisib)
has been reported to effectively minimize both canonical and
non-canonical EZH2 functions [53]. Furthermore, the onco-
genic potential of EZH2 via its antiapoptotic effect was shown
to be regulated by microenvironmental signals [54].

Finally, a recent study by Filiu-Braga et al. explored the
role of other HMEs, namely the KDM4 histone demethylase
family. Interestingly authors linked KDM4B and KDM4C ex-
pression to poor prognostic CLL patient subgroups [55].

Although all aforementioned studies have indicated an im-
portant role of HME in CLL, there is a therapeutic potential in
light of combinatorial therapies (i.e., BCR signaling inhibitors
and HME inhibitors) which is not yet systematically explored.
Given the significant number and diversity of HME, together
with canonical and recently emerging non-canonical functions
[45], it is now evident that in-depth understanding of HME-
specific functions is perquisite for designing a successful epi-
genetically relevant combinatorial therapy.

BCR Targeted Therapies and the Epigenome

B cell receptor signaling pathway inhibitors (BCRi) have
shifted the treatment paradigm in CLL over the last 5 years
[56]. Dissection of the epigenomic and transcriptomic land-
scape of CLL in parallel with the advent of new therapies
targeting key biological pathways has led to an opportunity
for a more pharmaco-epigenomics based approach in CLL
research, which has recently emerged as a field with great
potential for understanding treatment resistance.

To that end, a pioneering study by Schmidl et al. shed light
on the epigenetic remodeling profiles in association with BTK
inhibition. The team employed a systematic and innovative
approach from matched CLL patients pre- and post-
Ibrutinib, to identify treatment-specific vulnerabilities for drug

combinations to overcome Ibrutinib resistance. They scanned
the epigenetic cell state and regulatory profiles by ATAC-seq
and combined the data with single-cell chemosensivity anal-
ysis, which included 131 drugs. Interestingly, Ibrutinib in-
duced a significant loss (92%) of accessible regions, while
fewer cases (8%) gained chromatin accessibility upon treat-
ment. At a pathway level, downregulation of NF-κΒ and BCR
signaling as well as specific enrichment for proteasome regu-
lation and autophagy was reported. The study reported an
ibrutinib-induced gain of CLL cell selectivity for proteasome
inhibitors, PLK1 inhibitors, and mTOR inhibitors, and sets the
ground for novel combinatorial therapies [57•].

Another recent work by Holmes et al. elucidates the
ibrutinib-induced changes in chromatin configuration of
CLL. Authors report a remarkable loss of both H3K27ac
and H3K27me3 marks together with EZH2 expression after
14 days treatment [58]. The IR-induced lymphocytosis tended
to be quicker in treatment-naïve (TN) and delayed in relapsed-
refractory (RR) patients. Interestingly, this delay was linked to
H3K4me3 maintenance at PRC2 targets only in RR patients
arguing for a mechanism of partial reprogramming that takes
place during the process of relapse. Overall, these findings
suggest a mechanism that CLL cells deploy to adaptively re-
spond to Ibrutinib by histone hypomethylation and therefore
passage from a proliferative state into quiescence [58].

Non-coding RNAS

The emerging role of non-coding RNAs (ncRNAs) in gene
regulation and pathogenesis of numerous malignancies has
been underscored by previous key reviews [59–61]. Studies
exploring the molecular background and mechanisms mediat-
ed either through microRNAs (miRs) or long, non-coding
RNAs (lncRNAs) showed that these molecules possess sig-
nificant regulatory roles and influence to a critical point the
epigenetic portrait of CLL. From a clinical standing, the clin-
ical significance of microRNAs (miRs) in CLL has been well
documented [62, 63], whereas more recent studies shed light
on other types of non-coding RNAs.

In 2016, Bottoni et al. identified a set of miRNAs which
directly downregulateBTK expression in CLL [64]. In a group
of 83 patients, the HDAC complex was recruited to miR pro-
moters to silence their expression. HDAC inhibition increased
miR promoter H3K4me3 and decreased BTK protein levels.
This work suggests that HDACi therapies may target Ibrutinib
resistant CLL via miR-based epigenetic silencing of BTK-
associated miRNAs [64].

The miR-34b/c (part of the TP53 network) has been shown
to be epigenetically silenced in cancer. In CLL, miR-34b/c
shared promoter (with BTG4) is aberrantly hypermethylated
in almost half of CLL cases. Promoter DNA methylation
levels inversely correlated with expression and transfection
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of microRNA-34b/c genes into HG3 CLL cells increased ap-
optosis underlying their tumor-suppressive role, which is epi-
genetically silenced in CLL [65].

Based on previous findings for aberrant promoter DNA
methylation of miR-708 in CLL, Baer C et al. explored the
effects and pathway of downstream targets related to its
tumor-suppressor function [66]. Remarkably, they found that
miR-708 strongly interacted and inhibited NF-κΒ signaling,
and therefore expression of target genes through endogenous
repression of IKKβ. Overall, this tumor-suppressive function
was found to be reversed in CLL and mostly in U-CLL subset
as hypermethylation of a distinct enhancer located down-
stream of miR-708 promoter drove the CLL cell to an
epigenetic-mediated silenced state. Hence, this effect led to
lower miR-708 expression, and was associated with high-
risk characteristics in CLL patients [66].

Another example for miR transcriptional inhibition is miR-
3151. A tumor-suppressor role has been proposed for this
miR. In CLL specifically, miR-3151 promoter was mostly
hypermethylated and demethylation treatment resulted in
miR-3151 expression, subsequent tumor suppression and en-
hanced apoptosis via downregulation of a MEK/ERK
PI3K/AKT signaling [67].

In another study,miR-26A1was epigenetically repressed in
CLL via promoter hypermethylation. HighermiR-26A1meth-
ylation was linked to poor prognosis; therefore, a tumor-
suppressive role was suggested for miR-26A1. miR-26A1 ex-
pression inversely correlated with the oncogenic driver EZH2
in vitro, further supporting a tumor-suppressive function of
this miR [68]. Also, a later study reports an inverse correlation
between EZH2 and miR-26A1 expression in CLL lymph node
samples [69].

A large-scale study byRochetti and colleagues investigated
lncRNA expression in a cohort of 217 CLL patients and re-
ported 24 lncRNAs as being deregulated in CLL [70].
Concurrently, a significant percentage of CLL-specific differ-
entially methylated genes were mapped to lncRNAs. Two
nove l lncRNAs (hype rme thy l a t ed CRNDE and
hypomethylated AC012065.7) were further validated and cor-
related with an inferior outcome [71]. Finally, another study
suggested a tumor-suppressive role for lncRNA BM742401 in
CLL via enhanced apoptosis. Interestingly, BM742401 ex-
pression was regulated by promoter DNA methylation [72].

Conclusion

CLL epigenomics has witnessed a rapid growth, very much
linked to recent technological advances. The transition from
array-based methods to whole-genome sequencing and
single-cell approaches has been followed by an exponential
growth of high-throughput data generation and high-impact
publication in the field. This growth has had a large impact

on the understanding of epigenetic mechanisms and shed
plenty of light onto CLL ontogeny and subset characteriza-
tion, including novel prognostic considerations.

From the global DNA methylome studies to single CpG
biomarker discoveries, and from histone modification map-
ping to non-coding RNA contribution to leukemogenesis, epi-
genetics has emerged beyond doubt as a key element of cur-
rent CLL translational research.

In the near future, CLL epigenomics could involve more
single-cell approaches, as those may help us to better tackle
intraclonal epigenomic diversification and understand emerg-
ing treatment resistance. The dissection of the epigenome of
non-leukemic cells is yet another important direction, along
with the characterization of the epigenomes of the various
cellular components of the CLL niche. The impact of epige-
netic treatments on non-CLL cells and how these affect the
cross-talk between CLL cells and the microenvironment is a
question that also remains to be systematically explored by
epigenomic analyses.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflicts of
interest associated with this manuscript.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.
Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance

1. Berdasco M, Esteller M. Clinical epigenetics: seizing opportunities
for translation. Nat Rev Genet. 2019;20(2):109–27. https://doi.org/
10.1038/s41576-018-0074-2.

2. Jones PA, Issa JP, Baylin S. Targeting the cancer epigenome for
therapy. Nat Rev Genet. 2016;17(10):630–41. https://doi.org/10.
1038/nrg.2016.93.

3. Mansouri L, Wierzbinska JA, Plass C, Rosenquist R. Epigenetic
deregulation in chronic lymphocytic leukemia: clinical and biolog-
ical impact. Semin Cancer Biol. 2018;51:1–11. https://doi.org/10.
1016/j.semcancer.2018.02.001.

4. Guieze R, Wu CJ. Genomic and epigenomic heterogeneity in
chronic lymphocytic leukemia. Blood. 2015;126(4):445–53.
https://doi.org/10.1182/blood-2015-02-585042.

Curr Genet Med Rep (2019) 7:214–226 223

https://doi.org/10.1038/s41576-018-0074-2
https://doi.org/10.1038/s41576-018-0074-2
https://doi.org/10.1038/nrg.2016.93
https://doi.org/10.1038/nrg.2016.93
https://doi.org/10.1016/j.semcancer.2018.02.001
https://doi.org/10.1016/j.semcancer.2018.02.001
https://doi.org/10.1182/blood-2015-02-585042


5. Issa JP. Aging, DNA methylation and cancer. Crit Rev Oncol
Hematol. 1999;32(1):31–43.

6. Klutstein M, Nejman D, Greenfield R, Cedar H. DNAMethylation
in cancer and aging. Cancer Res. 2016;76(12):3446–50. https://doi.
org/10.1158/0008-5472.CAN-15-3278.

7. Michalak EM, Burr ML, Bannister AJ, Dawson MA. The roles of
DNA, RNA and histone methylation in ageing and cancer. Nat Rev
Mol Cell Biol. 2019;20(10):573–89. https://doi.org/10.1038/
s41580-019-0143-1.

8. Oakes CC, Martin-Subero JI. Insight into origins, mechanisms, and
utility of DNA methylation in B-cell malignancies. Blood.
2018;132(10):999–1006. https://doi.org/10.1182/blood-2018-02-
692970.

9. Smith EN, Ghia EM, DeBoever CM, Rassenti LZ, Jepsen K, Yoon
KA, et al. Genetic and epigenetic profiling of CLL disease progres-
sion reveals limited somatic evolution and suggests a relationship to
memory-cell development. Blood Cancer J. 2015;5:e303. https://
doi.org/10.1038/bcj.2015.14.

10. Kulis M, Heath S, Bibikova M, Queiros AC, Navarro A, Clot G,
et al. Epigenomic analysis detects widespread gene-body DNA hy-
pomethylation in chronic lymphocytic leukemia. Nat Genet.
2012;44(11):1236–42. https://doi.org/10.1038/ng.2443.

11.• Oakes CC, Seifert M, Assenov Y, Gu L, Przekopowitz M, Ruppert
AS, et al. DNA methylation dynamics during B cell maturation
underlie a continuum of disease phenotypes in chronic lymphocytic
leukemia. Nat Genet. 2016;48(3):253–64. https://doi.org/10.1038/
ng.3488. Identification of an epigenetic signature (MMS),
description of three distinct subgroups (HP-, IP-, LP-CLL),
and characterization of CLL-specific DNA methylation
patterns.

12. D’Avola A, Drennan S, Tracy I, Henderson I, Chiecchio L,
Larrayoz M, et al. Surface IgM expression and function are associ-
ated with clinical behavior, genetic abnormalities, and DNA meth-
ylation in CLL. Blood. 2016;128(6):816–26. https://doi.org/10.
1182/blood-2016-03-707786.

13. Bhoi S, Ljungstrom V, Baliakas P, Mattsson M, Smedby KE,
Juliusson G, et al. Prognostic impact of epigenetic classification
in chronic lymphocytic leukemia: the case of subset #2.
Epigenetics. 2016;11(6):449–55. https://doi.org/10.1080/
15592294.2016.1178432.

14. Georgiadis P, Liampa I, Hebels DG, Krauskopf J, Chatziioannou A,
Valavanis I, et al. Evolving DNA methylation and gene expression
markers of B-cell chronic lymphocytic leukemia are present in pre-
diagnostic blood samples more than 10 years prior to diagnosis.
BMC Genomics. 2017;18(1):728. https://doi.org/10.1186/s12864-
017-4117-4.

15. Wojdacz TK, Amarasinghe HE, Kadalayil L, Beattie A, Forster J,
Blakemore SJ, et al. Clinical significance of DNA methylation in
chronic lymphocytic leukemia patients: results from 3 UK clinical
trials. Blood Adv. 2019;3(16):2474–81. https://doi.org/10.1182/
bloodadvances.2019000237.

16. Kushwaha G, Dozmorov M, Wren JD, Qiu J, Shi H, Xu D.
Hypomethylation coordinates antagonistically with hypermethyla-
tion in cancer development: a case study of leukemia. Hum
Genomics. 2016;10(Suppl 2):18. https://doi.org/10.1186/s40246-
016-0071-5.

17. Drennan S, D'Avola A, Gao Y, Weigel C, Chrysostomou E, Steele
AJ, et al. IL-10 production by CLL cells is enhanced in the anergic
IGHV mutated subset and associates with reduced DNA methyla-
tion of the IL10 locus. Leukemia. 2017;31(8):1686–94. https://doi.
org/10.1038/leu.2016.356.

18. Wu J, Xu X, Lee EJ, Shull AY, Pei L, Awan F, et al. Phenotypic
alteration of CD8+ T cells in chronic lymphocytic leukemia is as-
sociated with epigenetic reprogramming. Oncotarget. 2016;7(26):
40558–70. https://doi.org/10.18632/oncotarget.9941.

19. Martinelli S, Maffei R, Fiorcari S, Quadrelli C, Zucchini P, Benatti
S, et al. The expression of endothelin-1 in chronic lymphocytic
leukemia is controlled by epigenetic mechanisms and extracellular
stimuli. Leuk Res. 2017;54:17–24. https://doi.org/10.1016/j.
leukres.2016.12.006.

20. Kopparapu PK, Miranda C, Fogelstrand L, Mishra K, Andersson
PO, Kanduri C, et al. MCPH1 maintains long-term epigenetic si-
lencing of ANGPT2 in chronic lymphocytic leukemia. FEBS J.
2015;282(10):1939–52. https://doi.org/10.1111/febs.13245.

21. Rani L, Mathur N, Gupta R, Gogia A, Kaur G, Dhanjal JK, et al.
Genome-wide DNA methylation profiling integrated with gene ex-
pression profiling identifies PAX9 as a novel prognostic marker in
chronic lymphocytic leukemia. Clin Epigenetics. 2017;9:57. https://
doi.org/10.1186/s13148-017-0356-0.

22. Haney SL, Upchurch GM, Opavska J, Klinkebiel D, Appiah AK,
Smith LM, et al. Loss of Dnmt3a induces CLL and PTCL with
distinct methylomes and transcriptomes in mice. Sci Rep. 2016;6:
34222. https://doi.org/10.1038/srep34222.

23. Filarsky K, Garding A, Becker N, Wolf C, Zucknick M, Claus R,
et al. Kruppel-like factor 4 (KLF4) inactivation in chronic lympho-
cytic leukemia correlates with promoter DNA-methylation and can
be reversed by inhibition of NOTCH signaling. Haematologica.
2016;101(6):e249–53. https://doi.org/10.3324/haematol.2015.
138172.

24. Arruga F, Gizdic B, Bologna C, Cignetto S, Buonincontri R, Serra
S, et al. Mutations in NOTCH1 PEST domain orchestrate CCL19-
driven homing of chronic lymphocytic leukemia cells by modulat-
ing the tumor suppressor gene DUSP22. Leukemia. 2017;31(9):
1882–93. https://doi.org/10.1038/leu.2016.383.

25. Daugaard I, Hussmann D, Kristensen L, Kristensen T, Kjeldsen TE,
Nyvold CG, et al. Chronic lymphocytic leukemia patients with
heterogeneously or fully methylated LPL promotor display longer
time to treatment. Epigenomics. 2018;10(9):1155–66. https://doi.
org/10.2217/epi-2018-0020.

26. Wolf C, Garding A, Filarsky K, Bahlo J, Robrecht S, Becker N,
et al. NFATC1 activation by DNA hypomethylation in chronic lym-
phocytic leukemia correlates with clinical staging and can be
inhibited by ibrutinib. Int J Cancer. 2018;142(2):322–33. https://
doi.org/10.1002/ijc.31057.

27. Papakonstantinou N, Ntoufa S, Tsagiopoulou M, Moysiadis T,
Bhoi S, Malousi A, et al. Integrated epigenomic and transcriptomic
analysis reveals TP63 as a novel player in clinically aggressive
chronic lymphocytic leukemia. Int J Cancer. 2019;144(11):2695–
706. https://doi.org/10.1002/ijc.31999.

28. Branco MR, Ficz G, Reik W. Uncovering the role of 5-
hydroxymethylcytosine in the epigenome. Nat Rev Genet.
2011;13(1):7–13. https://doi.org/10.1038/nrg3080.

29. Messerschmidt DM, Knowles BB, Solter D. DNA methylation dy-
namics during epigenetic reprogramming in the germline and pre-
implantation embryos. Genes Dev. 2014;28(8):812–28. https://doi.
org/10.1101/gad.234294.113.

30. Serandour AA, Avner S, Oger F, Bizot M, Percevault F, Lucchetti-
Miganeh C, et al. Dynamic hydroxymethylation of deoxyribonu-
cleic acid marks differentiation-associated enhancers. Nucleic
Acids Res. 2012;40(17):8255–65. https://doi.org/10.1093/nar/
gks595.

31. Jeschke J, Collignon E, Fuks F. Portraits of TET-mediated DNA
hydroxymethylation in cancer. Curr Opin Genet Dev. 2016;36:16–
26. https://doi.org/10.1016/j.gde.2016.01.004.

32. Queiros AC, Villamor N, Clot G, Martinez-Trillos A, Kulis M,
Navarro A, et al. A B-cell epigenetic signature defines three bio-
logic subgroups of chronic lymphocytic leukemia with clinical im-
pact. Leukemia. 2015;29(3):598–605. https://doi.org/10.1038/leu.
2014.252.

33. Oakes CC, Claus R, Gu L, Assenov Y, Hullein J, ZucknickM, et al.
Evolution of DNA methylation is linked to genetic aberrations in

Curr Genet Med Rep (2019) 7:214–226224

https://doi.org/10.1158/0008-5472.CAN-15-3278
https://doi.org/10.1158/0008-5472.CAN-15-3278
https://doi.org/10.1038/s41580-019-0143-1
https://doi.org/10.1038/s41580-019-0143-1
https://doi.org/10.1182/blood-2018-02-692970
https://doi.org/10.1182/blood-2018-02-692970
https://doi.org/10.1038/bcj.2015.14
https://doi.org/10.1038/bcj.2015.14
https://doi.org/10.1038/ng.2443
https://doi.org/10.1038/ng.3488
https://doi.org/10.1038/ng.3488
https://doi.org/10.1182/blood-2016-03-707786
https://doi.org/10.1182/blood-2016-03-707786
https://doi.org/10.1080/15592294.2016.1178432
https://doi.org/10.1080/15592294.2016.1178432
https://doi.org/10.1186/s12864-017-4117-4
https://doi.org/10.1186/s12864-017-4117-4
https://doi.org/10.1182/bloodadvances.2019000237
https://doi.org/10.1182/bloodadvances.2019000237
https://doi.org/10.1186/s40246-016-0071-5
https://doi.org/10.1186/s40246-016-0071-5
https://doi.org/10.1038/leu.2016.356
https://doi.org/10.1038/leu.2016.356
https://doi.org/10.18632/oncotarget.9941
https://doi.org/10.1016/j.leukres.2016.12.006
https://doi.org/10.1016/j.leukres.2016.12.006
https://doi.org/10.1111/febs.13245
https://doi.org/10.1186/s13148-017-0356-0
https://doi.org/10.1186/s13148-017-0356-0
https://doi.org/10.1038/srep34222
https://doi.org/10.3324/haematol.2015.138172
https://doi.org/10.3324/haematol.2015.138172
https://doi.org/10.1038/leu.2016.383
https://doi.org/10.2217/epi-2018-0020
https://doi.org/10.2217/epi-2018-0020
https://doi.org/10.1002/ijc.31057
https://doi.org/10.1002/ijc.31057
https://doi.org/10.1002/ijc.31999
https://doi.org/10.1038/nrg3080
https://doi.org/10.1101/gad.234294.113
https://doi.org/10.1101/gad.234294.113
https://doi.org/10.1093/nar/gks595
https://doi.org/10.1093/nar/gks595
https://doi.org/10.1016/j.gde.2016.01.004
https://doi.org/10.1038/leu.2014.252
https://doi.org/10.1038/leu.2014.252


chronic lymphocytic leukemia. Cancer Discov. 2014;4(3):348–61.
https://doi.org/10.1158/2159-8290.CD-13-0349.

34. Landau DA, Clement K, Ziller MJ, Boyle P, Fan J, Gu H, et al.
Locally disordered methylation forms the basis of intratumor
methylome variation in chronic lymphocytic leukemia. Cancer
Cell. 2014;26(6):813–25. https://doi.org/10.1016/j.ccell.2014.10.
012.

35. Claus R, Lucas DM, Ruppert AS, Williams KE,Weng D, Patterson
K, et al. Validation of ZAP-70 methylation and its relative signifi-
cance in predicting outcome in chronic lymphocytic leukemia.
Blood. 2014;124(1):42–8. https://doi.org/10.1182/blood-2014-02-
555722.

36. Al-Mahdawi S, Virmouni SA, Pook MA. The emerging role of 5-
hydroxymethylcytosine in neurodegenerative diseases. Front
Neurosci. 2014;8:397. https://doi.org/10.3389/fnins.2014.00397.

37. Wernig-Zorc S, Yadav MP, Kopparapu PK, Bemark M,
Kristjansdottir HL, Andersson PO, et al. Global distribution of
DNA hydroxymethylation and DNA methylation in chronic lym-
phocytic leukemia. Epigenetics Chromatin. 2019;12(1):4. https://
doi.org/10.1186/s13072-018-0252-7.

38. Rodriguez D, Bretones G, Quesada V, Villamor N, Arango JR,
Lopez-Guillermo A, et al. Mutations in CHD2 cause defective as-
sociation with active chromatin in chronic lymphocytic leukemia.
Blood. 2015;126(2):195–202. https://doi.org/10.1182/blood-2014-
10-604959.

39. Kandaswamy R, Sava GP, Speedy HE, Bea S, Martin-Subero JI,
Studd JB, et al. Genetic predisposition to chronic lymphocytic leu-
kemia is mediated by a BMF super-enhancer polymorphism. Cell
Rep. 2016;16(8):2061–7. https://doi.org/10.1016/j.celrep.2016.07.
053.

40.• Rendeiro AF, Schmidl C, Strefford JC, Walewska R, Davis Z,
Farlik M, et al. Chromatin accessibility maps of chronic lympho-
cytic leukaemia identify subtype-specific epigenome signatures
and transcription regulatory networks. Nat Commun. 2016;7:
11938. https://doi.org/10.1038/ncomms11938. First large-scale
profilling of chromatin acessibility in CLL and identification
of subtype-specific regulatory networks and chromatin
patterns.

41. Beekman R, Chapaprieta V, Russinol N, Vilarrasa-Blasi R,
Verdaguer-Dot N, Martens JHA, et al. The reference epigenome
and regulatory chromatin landscape of chronic lymphocytic leuke-
mia. Nat Med. 2018;24(6):868–80. https://doi.org/10.1038/
s41591-018-0028-4.

42.• Ott CJ, Federation AJ, Schwartz LS, Kasar S, Klitgaard JL, Lenci
R, et al. Enhancer architecture and essential core regulatory circuit-
ry of chronic lymphocytic leukemia. Cancer Cell. 2018;34(6):982–
95 e7. https://doi.org/10.1016/j.ccell.2018.11.001. Histone
acetylation and chromatin accessibility analyses reveal
enhancer signatures in CLL.

43.• Mallm JP, Iskar M, Ishaque N, Klett LC, Kugler SJ, Muino JM,
et al. Linking aberrant chromatin features in chronic lymphocytic
leukemia to transcription factor networks. Mol Syst Biol.
2019;15(5):e8339. https://doi.org/10.15252/msb.20188339.
Descriptive characterization of CLL-specific chromatin feature
mapping and TF network dependencies.

44. Pastore A, Gaiti F, Lu SX, Brand RM, Kulm S, Chaligne R, et al.
Corrupted coordination of epigenetic modifications leads to diverg-
ing chromatin states and transcriptional heterogeneity in CLL. Nat
Commun. 2019;10(1):1874. https://doi.org/10.1038/s41467-019-
09645-5.

45. Aubert Y, Egolf S, Capell BC. The unexpected noncatalytic roles of
histone modifiers in development and disease. Trends Genet.
2019;35(9):645–57. https://doi.org/10.1016/j.tig.2019.06.004.

46. Van Damme M, Crompot E, Meuleman N, Mineur P, Dessars B, El
Housni H, et al. Global histone deacetylase enzymatic activity is an
independent prognostic marker associated with a shorter overall

survival in chronic lymphocytic leukemia patients. Epigenetics.
2014;9(10):1374–81. https://doi.org/10.4161/15592294.2014.
969628.

47. Zhou K, Zhang Q, Liu Y, Xiong Y, Wu S, Yang J, et al. Aberrant
histone modification in CD19(+) B cells of patients with chronic
lymphocytic leukemia. Onco Targets Ther. 2017;10:1173–9.
https://doi.org/10.2147/OTT.S121301.

48. Parker H, Rose-Zerilli MJ, Larrayoz M, Clifford R, Edelmann J,
Blakemore S, et al. Genomic disruption of the histone methyltrans-
ferase SETD2 in chronic lymphocytic leukaemia. Leukemia.
2016;30(11):2179–86. https://doi.org/10.1038/leu.2016.134.

49. Pozzo F, Bittolo T, Arruga F, Bulian P, Macor P, Tissino E, et al.
NOTCH1mutations associate with low CD20 level in chronic lym-
phocytic leukemia: evidence for a NOTCH1 mutation-driven epi-
genetic dysregulation. Leukemia. 2016;30(1):182–9. https://doi.
org/10.1038/leu.2015.182.

50. Scialdone A, Hasni MS, Damm JK, Lennartsson A, Gullberg U,
Drott K. The HDAC inhibitor valproate induces a bivalent status of
the CD20 promoter in CLL patients suggesting distinct epigenetic
regulation of CD20 expression in CLL in vivo. Oncotarget.
2017;8(23):37409–22. https://doi.org/10.18632/oncotarget.16964.

51. Maharaj K, Powers JJ, Achille A, Deng S, Fonseca R, Pabon-
Saldana M, et al. Silencing of HDAC6 as a therapeutic target in
chronic lymphocytic leukemia. Blood Adv. 2018;2(21):3012–24.
https://doi.org/10.1182/bloodadvances.2018020065.

52. Papakonstantinou N, Ntoufa S, Chartomatsidou E, Kotta K,
Agathangelidis A, Giassafaki L, et al. The histone methyltransfer-
ase EZH2 as a novel prosurvival factor in clinically aggressive
chronic lymphocytic leukemia. Oncotarget. 2016;7(24):35946–
59. https://doi.org/10.18632/oncotarget.9371.

53. Kosalai ST, Morsy MHA, Papakonstantinou N, Mansouri L,
Stavroyianni N, Kanduri C, et al. EZH2 upregulates the
PI3K/AKT pathway through IGF1R andMYC in clinically aggres-
sive chronic lymphocytic leukemia. Epigenetics. 2019. https://doi.
org/10.1080/15592294.2019.1633867.

54. Chartomatsidou E, Ntoufa S, Kotta K, Rovida A, Akritidou MA,
Belloni D, et al. Inhibition of EZH2 and immune signaling exerts
synergistic antitumor effects in chronic lymphocytic leukemia.
Blood Adv. 2019;3(12):1891–6. https://doi.org/10.1182/
bloodadvances.2018030262.

55. Filiu-Braga LDC, Serejo TRT, Lucena-Araujo AR, Neves FAR, de
Carvalho JL, Rego EM, et al. Unraveling KDM4 histone
demethylase expression and its association with adverse cytogenet-
ic findings in chronic lymphocytic leukemia. Med Oncol.
2018;36(1):3. https://doi.org/10.1007/s12032-018-1226-0.

56. Bosch F, Dalla-Favera R. Chronic lymphocytic leukaemia: from
genetics to treatment. Nat Rev Clin Oncol. 2019:1–18. https://doi.
org/10.1038/s41571-019-0239-8.

57.• Schmidl C, Vladimer GI, Rendeiro AF, Schnabl S, Krausgruber T,
Taubert C, et al. Combined chemosensitivity and chromatin profil-
ing prioritizes drug combinations in CLL. Nat Chem Biol.
2019;15(3):232–40. https://doi.org/10.1038/s41589-018-0205-2.
An innovative combinational approach of epigenetic and
regulatory profiling with cellular and phenotypic profiling for
prioritizing drugs and targetable pathways for ibrutinib-based
therapy.

58. Holmes KB, Sadreev II, Rawstron AC, Munir T, Westhead DR,
Hillmen P, et al. Ibrutinib induces chromatin reorganisation of
chronic lymphocytic leukaemia cells. Oncogenesis. 2019;8(5):32.
https://doi.org/10.1038/s41389-019-0142-2.

59. Bracken CP, Scott HS, Goodall GJ. A network-biology perspective
of microRNA function and dysfunction in cancer. Nat Rev Genet.
2016;17(12):719–32. https://doi.org/10.1038/nrg.2016.134.

60. Uszczynska-Ratajczak B, Lagarde J, Frankish A, Guigo R, Johnson
R. Towards a complete map of the human long non-coding RNA

Curr Genet Med Rep (2019) 7:214–226 225

https://doi.org/10.1158/2159-8290.CD-13-0349
https://doi.org/10.1016/j.ccell.2014.10.012
https://doi.org/10.1016/j.ccell.2014.10.012
https://doi.org/10.1182/blood-2014-02-555722
https://doi.org/10.1182/blood-2014-02-555722
https://doi.org/10.3389/fnins.2014.00397
https://doi.org/10.1186/s13072-018-0252-7
https://doi.org/10.1186/s13072-018-0252-7
https://doi.org/10.1182/blood-2014-10-604959
https://doi.org/10.1182/blood-2014-10-604959
https://doi.org/10.1016/j.celrep.2016.07.053
https://doi.org/10.1016/j.celrep.2016.07.053
https://doi.org/10.1038/ncomms11938
https://doi.org/10.1038/s41591-018-0028-4
https://doi.org/10.1038/s41591-018-0028-4
https://doi.org/10.1016/j.ccell.2018.11.001
https://doi.org/10.15252/msb.20188339
https://doi.org/10.1038/s41467-019-09645-5
https://doi.org/10.1038/s41467-019-09645-5
https://doi.org/10.1016/j.tig.2019.06.004
https://doi.org/10.4161/15592294.2014.969628
https://doi.org/10.4161/15592294.2014.969628
https://doi.org/10.2147/OTT.S121301
https://doi.org/10.1038/leu.2016.134
https://doi.org/10.1038/leu.2015.182
https://doi.org/10.1038/leu.2015.182
https://doi.org/10.18632/oncotarget.16964
https://doi.org/10.1182/bloodadvances.2018020065
https://doi.org/10.18632/oncotarget.9371
https://doi.org/10.1080/15592294.2019.1633867
https://doi.org/10.1080/15592294.2019.1633867
https://doi.org/10.1182/bloodadvances.2018030262
https://doi.org/10.1182/bloodadvances.2018030262
https://doi.org/10.1007/s12032-018-1226-0
https://doi.org/10.1038/s41571-019-0239-8
https://doi.org/10.1038/s41571-019-0239-8
https://doi.org/10.1038/s41589-018-0205-2
https://doi.org/10.1038/s41389-019-0142-2
https://doi.org/10.1038/nrg.2016.134


transcriptome. Nat Rev Genet. 2018;19(9):535–48. https://doi.org/
10.1038/s41576-018-0017-y.

61. Li W, Notani D, Rosenfeld MG. Enhancers as non-coding RNA
transcription units: recent insights and future perspectives. Nat Rev
Genet. 2016;17(4):207–23. https://doi.org/10.1038/nrg.2016.4.

62. Yeh CH, Moles R, Nicot C. Clinical significance of microRNAs in
chronic and acute human leukemia. Mol Cancer. 2016;15(1):37.
https://doi.org/10.1186/s12943-016-0518-2.

63. Van Roosbroeck K, Calin GA.MicroRNAs in chronic lymphocytic
leukemia: miRacle or miRage for prognosis and targeted therapies?
Semin Oncol. 2016;43(2):209–14. https://doi.org/10.1053/j.
seminoncol.2016.02.015.

64. Bottoni A, Rizzotto L, Lai TH, Liu C, Smith LL, Mantel R, et al.
Targeting BTK through microRNA in chronic lymphocytic leuke-
mia. Blood. 2016;128(26):3101–12. https://doi.org/10.1182/blood-
2016-07-727750.

65. Deneberg S, Kanduri M, Ali D, Bengtzen S, Karimi M, Qu Y, et al.
microRNA-34b/c on chromosome 11q23 is aberrantly methylated
in chronic lymphocytic leukemia. Epigenetics. 2014;9(6):910–7.
https://doi.org/10.4161/epi.28603.

66. Baer C, Oakes CC, Ruppert AS, Claus R, Kim-Wanner SZ,Mertens
D, et al. Epigenetic silencing of miR-708 enhances NF-kappaB
signaling in chronic lymphocytic leukemia. Int J Cancer.
2015;137(6):1352–61. https://doi.org/10.1002/ijc.29491.

67. Wang LQ, Wong KY, Rosen A, Chim CS. Epigenetic silencing of
tumor suppressor miR-3151 contributes to Chinese chronic lym-
phocytic leukemia by constitutive activation of MADD/ERK and
PIK3R2/AKT signaling pathways. Oncotarget. 2015;6(42):44422–
36. https://doi.org/10.18632/oncotarget.6251.

68. Kopparapu PK, Bhoi S, Mansouri L, Arabanian LS, Plevova K,
Pospisilova S, et al. Epigenetic silencing of miR-26A1 in chronic
lymphocytic leukemia andmantle cell lymphoma: Impact on EZH2
expression. Epigenetics. 2016;11(5):335–43. https://doi.org/10.
1080/15592294.2016.1164375.

69. Szurian K, Csala I, Marosvari D, Rajnai H, Dezso K, Bodor C, et al.
EZH2 is upregulated in the proliferation centers of CLL/SLL lymph
nodes. Exp Mol Pathol. 2018;105(2):161–5. https://doi.org/10.
1016/j.yexmp.2018.07.009.

70. Ronchetti D, Manzoni M, Agnelli L, Vinci C, Fabris S, Cutrona G,
et al. lncRNA profiling in early-stage chronic lymphocytic leuke-
mia identifies transcriptional fingerprints with relevance in clinical
outcome. Blood Cancer J. 2016;6(9):e468. https://doi.org/10.1038/
bcj.2016.77.

71. Subhash S, Andersson PO, Kosalai ST, Kanduri C, Kanduri M.
Global DNA methylation profiling reveals new insights into epige-
netically deregulated protein coding and long noncoding RNAs in
CLL. Clin Epigenetics. 2016;8:106. https://doi.org/10.1186/
s13148-016-0274-6.

72. Wang LQ, Wong KY, Li ZH, Chim CS. Epigenetic silencing of
tumor suppressor long non-coding RNA BM742401 in chronic
lymphocytic leukemia. Oncotarget. 2016;7(50):82400–10. https://
doi.org/10.18632/oncotarget.12252.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Curr Genet Med Rep (2019) 7:214–226226

https://doi.org/10.1038/s41576-018-0017-y
https://doi.org/10.1038/s41576-018-0017-y
https://doi.org/10.1038/nrg.2016.4
https://doi.org/10.1186/s12943-016-0518-2
https://doi.org/10.1053/j.seminoncol.2016.02.015
https://doi.org/10.1053/j.seminoncol.2016.02.015
https://doi.org/10.1182/blood-2016-07-727750
https://doi.org/10.1182/blood-2016-07-727750
https://doi.org/10.4161/epi.28603
https://doi.org/10.1002/ijc.29491
https://doi.org/10.18632/oncotarget.6251
https://doi.org/10.1080/15592294.2016.1164375
https://doi.org/10.1080/15592294.2016.1164375
https://doi.org/10.1016/j.yexmp.2018.07.009
https://doi.org/10.1016/j.yexmp.2018.07.009
https://doi.org/10.1038/bcj.2016.77
https://doi.org/10.1038/bcj.2016.77
https://doi.org/10.1186/s13148-016-0274-6
https://doi.org/10.1186/s13148-016-0274-6
https://doi.org/10.18632/oncotarget.12252
https://doi.org/10.18632/oncotarget.12252

	Advances in Epigenetics and Epigenomics in Chronic Lymphocytic Leukemia
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	DNA Methylation
	DNA Methylation Patterns Predict Cell of Origin, Clonal Evolution, and Clinical Outcome
	DNA Methylation and Transcriptional Regulation in CLL
	DNA Hydroxymethylation in CLL

	Chromatin Dynamics and Histone Modifications
	Profiling the Regulatory Chromatin Landscape in CLL
	Histone-Modifying Enzymes: Targets for Therapy
	BCR Targeted Therapies and the Epigenome

	Non-coding RNAS
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



