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Abstract

The pathogenesis of DLBCL is strongly linked to perturbation of epigenetic mechanisms. The
germinal center (GC) B-cells from which DLBCLSs arise are prone to instability in their cytosine
methylation patterns. DLBCLs inherit this epigenetic instability and display variable degrees of
epigenetic heterogeneity. Greater epigenetic heterogeneity is linked with poor clinical outcome.
Somatic mutations of histone modifying proteins have also emerged as a hallmark of DLBCL. The
effect of these somatic mutations may be to disrupt epigenetic switches that control the GC
phenotype and “lock in” certain oncogenic features of GC B-cells resulting in malignant
transformation. DNA methyltransferase and histone methyltransferase inhibitors are emerging as
viable therapeutic approaches to erase aberrant epigenetic programming, suppress DLBCL growth
and overcome chemotherapy resistance. This review will discuss these recent advances and their
therapeutic implications.

Features of the epigenome relevant to normal B-cell development and
DLBCL pathogenesis

The phenotype of different cell types is determined by epigenetic instructions. These
instructions are encoded by chemical languages that collectively control transcriptional
regulation, RNA splicing, DNA replication, response to environmental stimuli, DNA
damage responses and other functions [1]. Major components of the epigenome include
cytosine modifications, histone modifications and non-coding RNA molecules [1]. Features
such as histone isoform exchange and other DNA associated proteins such as Hp1A and
HMG proteins are emerging as additional epigenetic control mechanisms[2]. Precisely
controlled epigenetic programming is required for normal B-cell development, and DLBCLs
universally feature profound disruption of their epigenomes. This review will focus in
particular on epigenetic changes that occur when resting B-cells are activated to form
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germinal centers (GCs) as well as epigenetic switches that terminate the GC reaction and
induce memory or plasma cell differentiation. Perturbation of GC epigenetic control
mechanisms appears to play a fundamental role in DLBCL pathogenesis.

Several basic considerations must be taken into account when considering the role of the
epigenome in normal B-cells and DLBCL. First, the significance of epigenetic modifications
is strongly linked to the “geography” and topology of the genome[3]. The meaning of
epigenetic modifications such as DNA methylation is profoundly different depending on
where they are located. DNA methylation of CpG rich gene promoters is linked to
transcriptional silencing, whereas cytosine methylation of intragenic regions is linked to
gene activation. In GC B-cells, loss of DNA methylation often occurs at promoters of
functionally relevant genes and transcription factor binding sites [4, 5]. Aberrant DNA
methylation patterning in DLBCL involves specific chromosomal regional patterns as well
as at focal sites proximal to gene promoters [6], suggesting the effect of altered DNA
methylation on DLBCL pathogenesis is location-dependent. DNA methylation of
transcriptional factor binding sites can result in either transcriptional activation or
repression. For example, cytosine methylation of specific residues within the first intron of
the BCL6 locus disrupts binding of CTCF, resulting in transcriptional activation of BCL6 in
lymphoma cells due to loss of the repressor effect of CTCF[7].

Second, the epigenome is endowed with significant plasticity, and different epigenetic marks
have different degrees of plasticity[1]. On the one hand, plasticity enables cells to rapidly
switch from one phenotype state to another as occurs when resting B-cells are activated to
form GCs and when GC B-cells undergo selection after immunoglobulin affinity maturation
to become memory or plasma cells. In this case, epigenetic marks are actively
reprogrammed due to signals from the microenvironment (as described below) and result in
specific changes in gene expression that determine cell phenotype shifts. On the other hand,
plasticity may occur in a more stochastic manner during cell proliferation or exposure to
stress, features that are characteristic of GC B-cells and DLBCLs [4]. Stochastic
redistribution of marks such as cytosine methylation can result in epigenetic heterogeneity
among populations of cells such as GC B-cells[4]. Random switching of epigenetic marks
may confer advantages to particular cells and contribute to their clonal outgrowth,
independent of the presence of somatic mutations. Both directed and stochastic epigenetic
reprogramming are implicated in DLBCL pathogenesis.

Third, epigenetic marks are combinatorial[1, 2]. It is tempting to focus on single epigenetic
mark to keep things simple. However the reality of these biochemical instructions is that
they form highly complex and textured regions throughout the genome. The functionality of
these regions depends on the sum of epigenetic marks present at a given location. It may be
difficult to link any particular cytosine or histone modification to specific effects on gene
expression when taken out of context. Indeed comprehensive epigenome mapping studies
have illustrated that combinatorial epigenomic patterning more accurately reveals the
functional significance of epigenetic marks[2]. For example, the combination of repressive
mark H3K27me3 and activation mark H3K4me3 at gene promoters define “bivalent”
chromatin domains that are linked to transcriptional poising (e.g. [8, 9]). Bivalent chromatin
places promoters in a transiently repressed state whereupon genes can be definitively
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repressed if they subsequently lose the H3K4me3 mark or definitively activated if they lose
the H3K27me3 mark[9]. During development genes that determine cell lineage start out as
bivalent poised genes in stem cells and gradually switch to monovalent active or repressed
as cells choose their fate[9]. Bivalent chromatin marks play a key role in establishing the GC
B-cell phenotype and preventing their premature differentiation to plasma cells[10].
Alteration of bivalency at poised promoters affects normal GC B-cell plasma cell
differentiation and results in potential malignant transformation[10]. Another example of
combinatorial effect of histone modifications resides in the control of enhancer elements.
Enhancers are DNA elements that can loop across long distances to come into physical
contact with gene promoters and induce their transcriptional activation. From the epigenetic
standpoint enhancers feature H3K4 mono or dimethylation and absence of H3K4
trimethylation [11, 12]. Enhancers are active if they contain histone H3 lysine 27 (H3K27)
acetylation but are poised and inactive if they lack this mark[13]. Knowledge of the
combination of H3K4 methylation and H3K27 acetylation along with other marks is
required to understand enhancer function and how they may become perturbed in
lymphomas.

These features of the epigenome form the backbone of this review, which will focus
specifically on cytosine methylation and several key histone modifications in DLBCL.
However, additional epigenetic layers such as the three dimensional topology of the
genome, non-coding RNAs, and a much broader diversity of cytosine and histone
modifications are also likely to be critically important. New types of modifications, such as
histone lysine crotonylation, have been discovered[14]. The role of these new modifications
have yet to be defined in normal GC B-cells and malignant DLBCLSs. One final caveat that
must be taken into account when interpreting epigenetic studies is that many histone
modifying proteins can also modify non-histone proteins. Hence it is important to consider
that mutation or altered expression of these enzymes may have many effects independent of
those linked to epigenetic regulation of the genome.

Epigenetic switches controlling the GC reaction

The next section of this review will focus on two epigenetic switching mechanisms that
enable the transient establishment of the GC centroblastic phenotype, both of which are
implicated in DLBCL pathogenesis (Figure 1). The pathogenesis of DLBCL is intimately
linked to the biology of the GC reaction during the humoral immune response. Upon T-cell
dependent activation, resting follicular B-cells follow at least two distinct maturation
pathways. A subset of B-cells immediately undergo immunoglobulin class switch
recombination and differentiate into low affinity plasma cells[15]. Another subset of B-cells
migrate within lymphoid follicles wherein they become centroblasts and form the GC dark
zone. Centroblasts are physically larger than resting B-cells and exhibit irregular nuclei with
lax chromatin. They undergo rapid proliferation, somatic hypermutation of their
immunoglobulin loci and tolerate replicative stress, genomic instability, metabolic
reprogramming, and other stresses[15]. The centroblast phenotype facilitates acquisition of
somatic mutations induced in part through the actions of activation induced cytosine
deaminase (AICDA). In addition to targeting the immunoglobulin loci, AICDA introduces
point mutations at cytosine residues throughout the genome at regions with accessible

Semin Hematol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang and Melnick

Page 4

chromatin and specific sequence features[15]. Acquisition of advantageous somatic
mutations enables malignant transformation of centroblasts. As centroblasts undergo clonal
expansion they encounter and interact with T-cells and follicular dendritic cells in the GC
light zone. Interactions with these cells stops proliferation and induces a second phenotype
shift in B-cells, which become centrocytes[15]. These signaling events select centrocytes
that express high affinity immunoglobulin for survival and differentiation to memory or
plasma cells. Those that have not generated high affinity immunoglobulin undergo apoptosis
or convert back to proliferating centroblasts for additional rounds of somatic mutation.

a) An epigenetic switch for gene promoters in GC B-cells

As introduced earlier, the establishment of bivalency at key gene promoters is a critical step
for resting B-cells to switch on GC B-cell phenotype, and EZH2 plays an essential role in
this process. Centroblasts feature prominent upregulation of EZH2[16, 17], a histone
methyltransferase that mediates H3K27 mono and di methylation and to a lesser extent
H3K27 trimethylation (H3K27me3). EZH2 is the enzymatic component of Polycomb
Repressor Complex 2 (PRC2), and requires PRC2 subunits EED and SUZ12 for its
enzymatic activity (reviewed in [18]). These other PRC2 subunits are also upregulated in
GC B-cells[16, 17]. Deposition of H3K27me3 at gene promoters induces epigenetic
silencing of transcription at least in part through recruitment of the Polycomb Repressive
Complex 1 (PRC1), which can induce chromatin compaction and suppress RNA polymerase
Il activity among other functions[18]. EZH2 is essential and required for B-cells to form
GCs. Mice engineered to specifically delete EZH2 in their GC B-cells fail to form GCs and
undergo immunoglobulin affinity maturation[10, 19]. The GC function of EZH2 is
dependent on its enzymatic activity since administration of specific EZH2 inhibitors to mice
phenocopies EZH2 knockout[10].

It is well established that EZH2 plays essential roles in embryonic stem (ES) cells. However,
the direct target genes of EZH2 in primary human GC B-cells are only partially overlapping
with those that it binds in ES cells. Strikingly, only the GC specific subset of EZH2 targets
that are preferentially repressed in GC B-cells, indicating that EZH2 functions in a cell-
context specific manner[16]. The mechanism of action of EZH2 in GC B-cells has been
inferred from studies mapping the epigenome of human B-cells. Specifically, it was
observed that EZH2 adds H3K27me3 mark to ~1000 active promoters that are marked by
H3K4me3 in resting B-cells, resulting in the de novo formation of bivalent chromatin
domains and transcriptional silencing[10]. EZH2 induced bivalent chromatin is enriched at
genes required for memory and plasma cell differentiation such as IRF4 and PRDM1[10].
Others are proliferation checkpoint regulators such as CDKNZ1A (p21) and CDKNI1B. EZH2
knockdown or enzymatic inhibition in GC derived DLBCL cells induces re-expression of
these genes with consequent proliferation arrest and induction of plasma cell
differentiation[10]. EZH2 levels decline in centrocytes through mechanisms that remain to
be defined[10]. It is possible that H3K27 demethylases such as KDM6A or KDM6B might
become active at this stage and help to erase bivalent domains. At the same time CD40 and
BCR signaling by T-cells and FDCs strongly induce activation of differentiation and
checkpoint genes[15], thus terminating the transient EZH2 poising effect, presumably
switching bivalent promoters to active state, allowing differentiation to occur.
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EZH2 thus functions as a gene promoter epigenetic switching mechanism that transiently
places the B-cell differentiation and proliferation control program into a poised bivalent
state so that B-cells can proliferate and undergo somatic hypermutation(Figure 1). Bivalent
promoter poising is dynamic and apparently rapidly reversed when B-cells encounter T-cells
and FDCs in the light zone. Notably, it generally believed that bivalent domains become
gradually depleted as cells undergo terminal differentiation[9]. If this is true then GC B-cells
represent an exception to this rule. There are many unanswered questions regarding the
mechanism of action of EZH2 in GC B-cells. For example, EZH2 does not directly bind to
chromatin and it is not known how it is that EZH2 is recruited to a GC-specific set of target
genes. In various cell types EZH2 was shown to be recruited by specific long-noncoding
RNA species[20]. It is possible that GC B-cell IncRNAs might be involved in recruitment.
Another puzzling finding is that core PRC1 components such as BMI-1 are downregulated
in GC B-cells raising the question of how bivalent genes are repressed in these cells[17].
One clue to this question is that the transcriptional repressor BCL6 which is also required for
GC formation binds to many of the EZH2 induced bivalent chromatin domains[21]. Hence
EZH2 may cooperate in some way with BCL6 to mediate repression of bivalent chromatin.
Recent data suggest the joint recruitment of a non-canonical PRC1-like complex by EZH2
and BCL6[22].

b) An epigenetic switch for gene enhancers in GC B-cells

BCL6 protein is absent from resting B-cells and strongly upregulated in GC B-cells[15].
Genomic localization studies revealed that BCL6 is more extensively bound to enhancers
rather than promoters in GC B-cells[21]. In resting B-cells the enhancers that BCL6 binds
when it is expressed in GCs tend to be active, bound by EP300 and enriched for H3K27
acetylation[21]. However upon BCL6 upregulation these enhancers become H3K27
deacetylated, lose EP300 binding and their neighboring genes become repressed. These
enhancers do not lose their H3K4mel or H3K4me2 marks however, which means they
remain epigenetically marked even though “toggled” into a poised configuration by
BCL6[21]. BCL6 mediated enhancer poising involves recruitment of the SMRT and NCOR
corepressor proteins through the BCL6 BTB domain[21]. SMRT and NCOR form a
complex with HDAC3, which in turn mediates H3K27 deacetylation. Accordingly SMRT-
HDAC3 complexes deacetylate H3K27 in a BCL6 dependent manner in GC B-cells. BCL6
binding is also associated with reduction in EP300 enrichment[21]. This may be due to steric
competition but could also be linked to BCL6 mediated direct repression of EP300
expression[23].

BCL6 enhancer poising is rapidly reversible[21]. In GC light zone, CD40 signaling to GC
derived B-cells induces SMRT phosphorylation through ERK, resulting SMRT export to the
cytoplasm, followed by histone acetylation and derepression of BCL6 target genes such as
ATR[24]. Derepression of BCL6 enhancer targets presumably restores DNA damage sensing
checkpoints and enables activation of genes required for B-cells to exit the germinal center
reaction[24]. However, cessation of CD40 signaling results in relocation of SMRT to the
nucleus and restoration of BCL6 repressive activity[24]. It is notable that the set of genes
regulated through the enhancer toggling mechanism are largely different than those
regulated through the promoter epigenetic switch mechanism[21]. Hence these two highly
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dynamic epigenetic switching mechanisms, one based on EZH2 formation of bivalent
chromatin at promoters and the other based on BCL6 mediated H3K27 deacetylation with
maintenance of H3K4mel and H3K4me2 at enhancers, appear to cooperate in transiently
impose the GC phenotype on B-cells until they are switched off in the light zone(Figure 1).

Somatic mutation of epigenetic regulators in DLBCL pathogenesis

a) EZH2

Somatic mutation of epigenetic modifier proteins is a hallmark of DLBCL [25, 26].
DLBCLs tend to have heavy mutation burdens and exhibit considerable intratumoral
heterogeneity. Yet mutation of epigenetic modifiers tend to be widely distributed among
lymphoma cells in individual patients suggesting that they occur at early stages of
lymphomagenesis [27-29]. We present views on the most frequently mutated epigenetic
modifiers in DLBCL which are EZH2, EP300, CREBBP and KMT2D (also known as
MLL4 or MLL2, Figure 2).

Missense mutations of EZH2 occur in 21.7% of patients with GCB type DLBCL but are
absent from ABC-DLBCL[30]. These mutations are always heterozygous and the vast
majority of them affect tyrosine residue 641[30], with only a small percentage affecting
alanine 682 or 692[25], all of which are located within the EZH2 catalytic SET domain.
Enzymatic assays revealed that Y641 mutant EZH2 proteins exhibit a subtle alteration of
their catalytic activity. Whereas wild type EZH2 most efficiently mediates mono and di
methylation of H3K27, the Y641 mutant EZH2 is more efficient at adding a third methyl
group to H3K27[31, 32]. This results in massive accumulation of H3K27me3 in Y641
mutant DLBCL cells. This effect likely requires biochemical cooperation between the wild
type and Y641 mutant EZH2 proteins [10, 31, 32], which may explain why EZH2 Y641
(and alanine 682 or 692) mutations are always heterozygous.

Since EZH2 involves dynamic switching of promoter chromatin bivalency in GC B-cells
[10], it would be logical to predict that a stoichiometric shift in H3K27 methylation activity
of mutant EZH2 would disrupt this delicate balance. Indeed conditional knockin of Y641
mutant EZH2 into GC B-cells induces massive GC hyperplasia presumably through the dual
effects of maintaining centroblast proliferation and blocking terminal differentiation[10].
This is accompanied by massive accumulation of H3K27me3 and concordant profound
silencing of bivalent chromatin at promoters of EZH2 target genes[10]. Furthermore,
expression of Y641 mutant EZH2 cooperates with oncogenes such as BCL2 and MYC to
accelerate lymphomagenesis[10, 33]. Likewise, DLBCL patients with Y641 mutant EZH2
display a GC bivalent gene repression signature. These data establish a new paradigm in
malignant transformation whereby subtle stoichiometric disruption of a bivalent chromatin
epigenetic switch results in development of a malignancy — in this case B-cell lymphomas
(Figure 2). A recent report suggests an additional role of Y641 mutation in disrupting the
interaction of EZH2 with the FBXW1 ubiquitin ligase, which may prevent protein turnover
of EZH2 and further reinforce its actions on H3K27 trimethylation [34].

EZH2 mutation also occurs in up to 12% of patients with follicular lymphoma (FL), which
like DLBCL, originates from GC B-cells[27]. The same study revealed that 29% of the
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transformed FLs carried EZH2 mutations. However EZH2 is never mutated in ABC-
DLBCLs. The reason for this may be that EZH2 represses the same germinal center exit
CDA40 and NFKkB target genes that drive the unique phenotype of ABC-DLBCLs. Indeed
EZH2 shRNA or inhibition with small molecules does not seem to suppress the growth of
most ABC-DLBCL cell lines[10]. On the other hand, EZH2 is expressed in most GCB type
DLBCLs regardless of somatic mutation. Given the role of EZH2 in normal GC B-cells it
might be expected that GCB-DLBCLs could be addicted to this protein as a lineage factor.
Indeed wild type EZH2 GCB-DLBCLs are also biologically dependent on EZH2 for their
proliferation and differentiation state[10]. Patients with GCB-DLBCL and expressing high
levels of WT EZH2 also displayed a GC bivalent gene repression signature similar to EZH2
Y641 mutant patients[10]. EZH2 thus plays a central role in imposing the centroblast
transcriptional program and biological features characteristic of GCB-DLBCL.

b) EP300 and CREBBP

EP300 and CREBBP are members of the KAT3 family of histone acetyl transferases
(HATS). Their major potential substrates are H3K18 and H3K27 given that the global
acetylation levels of these two lysine residues are substantially reduced in Ep300 and
Crebbp double null mouse fibroblasts [35]. Mutations in both genes are common in
DLBCLs. Since H3K27ac is strongly associated with active enhancers, it is conceivable that
these mutations may disrupt normal GC B-cell enhancer network.

Somatic mutations of EP300 were first identified in DLBCL cell lines [36] and shown to
occur in up to 5-10% of DLBCL cases [23, 25, 26, 37]. Mutations are usually heterozygous
and generally result in truncations or disruption of the HAT domain giving rise to a
catalytically dead enzyme that may or may not have dominant negative activity. In addition,
5% of DLBCLs contained monoallelic deletions spanning the EP300 locus[37]. Truncated
EP300 facilitates the growth of lymphoma cell lines and disrupts the transcriptional activity
of REL[36]. EP300 is a direct target gene of BCL6 and expression of dominant negative
EP300 or an EP300 inhibitor could rescue DLBCL cells from withdrawal of BCL6 [23].
Hence EP300 may function as a tumor suppressor protein in DLBCL. It is interesting to
speculate that one mechanism through which EP300 loss of function could contribute to
lymphomagenesis is by reinforcing enhancer repression via BCL6-SMRT complexes. Since
EP300 mediates enhancer H3K27 acetylation [13] and seems to compete with BCL6-SMRT
complexes [21], it is plausible that its loss of function would leave BCL6-SMRT-HDAC3
complexes unopposed and tilt the stoichiometric balance of histone modification towards
deacetylation. Thus EP300 mutation might represent a perturbation in epigenetic switching
of enhancers in GC B-cells preventing termination of the BCL6 transcriptional program.

Somatic mutations of CREBBP, a HAT protein with structural similarities to EP300, are
even more frequent, occurring in 18-23% of DLBCL cases with a preference to GCB-
DLBCL [25, 37]. About half of these mutations are inactivating mutations, including
nonsense mutations, frameshift insertions and deletions of base pairs, and splicing variants.
Similar to the case of EP300, these mutations tend to be heterozygous and either eliminate
or perturb the HAT domain. Up to 11% DLBCL cases also exhibit monoallelic deletion of
the CREBBP locus[37]. It is not yet clear if somatic mutation of CREBBP and EP300
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constitute the same lesion, since these proteins have both overlapping and non-overlapping
functions. However, in a large DLBCL cohort, only two cases harbored genetic alterations
of both genes[37], arguing the mechanisms of which CREBBP or EP300 lesions lead to
lymphomagenesis may be distinct to each other. Moreover, it is not yet clear whether
CREBBP is relevant to the BCL6 enhancer mechanism described above. In additional to
histone acetylation, it is important to note that CREBBP and EP300 may acetylate more than
1000 non-histone proteins. For example, in vitro experiments suggest that loss of CREBBP
and EP300 HAT activity might impair acetylation of TP53 and BCL6[37]. Reduced TP53
acetylation would be predicted to attenuate its activity, whereas in contrast reduced BCL6
acetylation might enhance its functionality. Thus mutant CREBBP might be difficult to
ascribe to any single function in DLBCL pathogenesis (Figure 2).

KMT2D is a histone methyltransferase that primarily mediates H3K4 monomethylation to
regulate gene enhancers and as such mediates epigenetic activation of gene expression[38,
39]. KMT2D forms a complex with KMT2C and the H3K27 demethylase UTX[40].
Germline somatic mutations of KMT2D and UTX are the cause of congenital Kabuki
syndrome, which features intellectual disability, short stature and various other
manifestations[41]. Somatic missense and nonsense mutations of KMT2D occur in
approximately 23-27% of DLBCL patients and in most cases are heterozygous[25, 26, 42].
Zhang et al reported that KMT2C, which forms complex with KMT2D, was the most
frequently mutated gene in their cohort of DLBCL cases (of note is that KMT2D was not
included in the exome capture library used in this study), further confirming the important
role of this complex in DLBCL pathogenesis[43]. Many of KMT2D lesions result in
mutation or truncations predicted to affect the catalytic SET domain. These mutations may
result in loss of function or dominant negative effect in B-cells. Although KMT2D is
expressed in follicular and GC B-cells, its role in B-cells is not yet described. Given
KMT2D and UTX were linked to cell proliferation and invasiveness in solid tumors[44, 45],
it seems plausible that KMT2D may form part of an enhancer switching mechanism
governing critical functions during B-cell development, including B-cell proliferation,
migration and trafficking. Disruption of KMT2D early in the pathogenesis of DLBCL would
be expected to cause loss of function of enhancers linked these processes (Figure 2).

The contribution of aberrant cytosine methylation to DLBCL pathogenesis

GC B-cells display massive redistribution of cytosine methylation as compared to resting
follicular B-cells consisting mostly of promoter hypomethylation[4, 5]. There is a trend for
these changes to be inversely correlated with gene expression in these cell types and among
these are genes with potentially significant functions in cell proliferation and survival, such
as UHRF2 and IKBKE[4]. DNA methylation is catalyzed by the DNMT1, DNMT3A and
DNMT3b enzymes. Among these the DNMT3A protein is strongly downregulated in GC B-
cells[4], which could potentially explain some of the focal hypomethylation observed in GC
B-cells. In contrast, DNMT1 is strongly upregulated in GC B-cells and is required for the
development of GCs in mice[4]. Given that DNMT1 plays crucial roles during replication
both in maintaining DNA methylation and genomic integrity it is possible that both of these
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roles are relevant in the GC context. Indeed, DNMT1 hypomorph mice displayed an
increase in DNA damage in their remnant GC B-cells[4].

DNA demethylation in GC B-cells could also occur through induction of AICDA. Cytosine
deaminases including AICDA directly demethylate cytosine residues through base excision
repair replacing methylated cytosines with unmethylated nucleotides. This activity of
AICDA plays crucial roles in germ cell and induces pluripotent cell epigenetic
reprogramming [46-49]. In GC B-cells, sites of hypomethylation are enriched for AICDA
binding motifs. In vitro experiments in B-cells failed to confirm an effect for AICDA in
demethylation[50]. However, examination of DNA methylation profiles in Aicda knockout
mice revealed striking loss of the expected cytosine methylation redistribution by Aicda in
GC B-cells[51]. Hence it seems that in addition to its role in somatic hypermutation, AICDA
also plays a significant role in epigenetic changes in the GC.

Perturbation of cytosine methylation profiles is a universal event in DLBCL[52, 53].
Hypermethylation and silencing of specific genes has been widely reported in DLBCL, and
some of these (e.g. such as CDKN2A) may have prognostic significance (e.g. as reviewed
recently in[54]). The GCB and ABC DLBCL subtypes exhibit distinct DNA methylation
patterns[52] and can be classified according to cell of origin based on a 16 gene DNA
methylation classifier.

One of the most striking features of DLBCLSs is their epigenetic heterogeneity (Figure 3).
Individual DLBCL patients exhibit markedly heterogeneous DNA methylation patterning
among their lymphoma cells[6]. DLBCL was the first disease where epigenetic
heterogeneity was shown to be clinically relevant[6]. DNA methylation diversity might
increase the likelihood of a given patient containing clones epigenetically programmed to
better tolerate exposure to chemotherapy. Indeed, those patients with higher epigenetic
heterogeneity had inferior clinical outcomes after RCHOP therapy[6]. The putative
significance of epigenetic clonality was further reinforced by the finding that relapsed
DLBCLs display reduced epigenetic heterogeneity, consistent with selection for
chemotherapy resistant clones[55]. Importantly, epigenetic heterogeneity was not associated
with genetic clonality at relapse suggesting that genetic and epigenetic clonality are not
necessarily linked and may have independent biological significance[55]. Finally, DLBCL
patients can be classified based on their degree of DNA methylation variability. Cohorts of
patients with highest variability indices also display inferior survival after RCHOP
therapy[56].

These observations raise the question of what might be the source of epigenetic
heterogeneity in DLBCLs. Examination of methylomes of primary human GC B-cells
revealed a significant increase in DNA methylation heterogeneity as compared to resting B-
cells[4, 6]. Hence epigenetic variability is a property inherent to the cell of origin of DLBCL
and simply becomes more exaggerated in the tumors (Figure 3). Sites of epigenetic
variability in normal GC B-cells and DLBCL are enriched for putative AICDA binding
sites[4, 6]. Aicda knockout GC B-cells display less variability than their wild type
counterparts[51]. Hence the continuous presence of AICDA induced cytosine turnover may
be an important contributing factor to this phenomenon. Sites of epigenetic variability are
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also enriched in binding sites for the epigenetic regulatory factor CTCF[6]. Notably, Ctcf
heterozygous mice are prone to develop B-cell lymphomas[57]. Pre-malignant tissues of
Citcf heterozygous mice exhibited hotspots of focal cytosine methylation variability[57].
Finally, sites of cytosine methylation and H3K27me3 are mutually exclusive in normal GC
B-cells[16]. In contrast cytosine methylation and H3K27me3 tend to overlap in
DLBCLs[16] and hypermethylated genes in DLBCL partially overlap with EZH2
targets[53]. The genomic distribution of H3K27me3 is highly variable among DLBCL cell
lines [10, 58]. It is therefore possible that variation in cytosine methylation could be linked
to deregulated functions of EZH2. Other potential influences on epigenetic heterogeneity
could be linked to age and proliferative rate of B-cells. However the magnitude of such
effects was shown to not be concordant with the degree of DNA methylation heterogeneity
in DLBCLs[6].

Epigenetic targeted therapy for DLBCL

Translating knowledge of epigenetic mechanism into effective therapy is a major challenge.
Epigenetic therapy is by definition geared towards reprogramming tumor cells as opposed to
inducing cytotoxic effects. Hence traditional pre-clinical and clinical parameters developed
to evaluate chemotherapy drugs are not necessarily appropriate for guiding the deployment
of drugs targeting epigenetic mechanisms. Dosing, timing and sequencing of epigenetic
drugs must be guided by relevant pharmacodynamic markers. Many of the drugs described
as “epigenetic targeted therapy” have numerous non-epigenetic off target effects. DLBCL
cell lines are epigenetically distinct from primary human DLBCLs and may have limited
suitability to predict the activity of these drugs against primary human tumors. Finally,
epigenetic programming is combinatorial and targeting only one modification may not be
sufficient to reverse tumor associated epigenetic abnormalities. Nonetheless the increasing
availability of small molecules targeting epigenetic modifiers and improved methods for
pre-clinical assessment and biomarker discovery will increasingly facilitate rational
translation of such therapies (Table 1).

There is a compelling rationale for testing DNA methyltransferase inhibitors (DNMTi) as
targeted therapy for DLBCL.: i) DLBCLSs are highly proliferative and DNMTi require cell
replication to hit their target; ii) relatively short exposure to drug should allow its excellent
incorporation into the DNA of tumor cells, iii) DNMT1 is required for GC B-cell and
DLBCLs may inherit this dependency; iv) epigenetic clonal complexity may contribute to
pathogenesis; v) aberrant hypermethylation of tumor suppressors documented as being
clinically significant and vi) low demethylating dose of DNMTi below the levels that induce
DNA damage should not have cross-toxicity with chemotherapy. Only one study so far has
tested DNMTis at strictly non-DNA damaging doses in pre-clinical assays. After several
days of demethylating dose, DNMTi induced partial senescence with incomplete growth
arrest in DLBCL cells, and sensitized tumor cells from patients with chemotherapy
refractory disease to cytotoxic chemotherapy agents [59]. DNA methylation profiling studies
identified hypermethylation of SVIAD1 as a biomarker for predicting chemotherapy
resistance in DLBCL[59, 60]. Functional assays confirmed that expression of SMAD1
induced chemotherapy responsiveness in chemotherapy resistant DLBCL cells[59]. Based
on these findings, a phase | study administered 5’azacytidine to newly diagnosed high risk
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DLBCL patients for five days followed by RCHOP. This regimen was well tolerated. Serial
biopsies were performed on a subset of patients before and after the first cycle of
5’azacytidine and confirmed reversal of SMAD1 methylation and derepression of SMAD1
expression[59]. The initial diagnostic patient specimens tested were resistant to clinically
relevant concentrations of doxorubicin ex vivo, whereas the follow-up biopsy specimens
became chemotherapy responsive[59]. In contrast, there was considerable toxicity in a
different phase I study using decitabine alone for longer exposure times in various lymphoid
neoplasms [61]. Overall, there seems to be a rational to evaluate low dose and limited
duration of DNMTi to enhance response to chemotherapy in high risk or relapsed DLBCLs
in larger scale studies.

HDAC inhibitors suppress many DLBCL cell lines in pre-clinical studies in vitroand in
vivo, but exhibited limited activity in clinical trials. Many of these results have been
reviewed in detail elsewhere (e.g. [62-64]). Most of the currently available HDAC inhibitors
are pleiotropic in their actions and inhibit multiple HDAC enzymes. Thousands of proteins
are regulated through lysine acetylation and are affected by inhibition of HDACSs. Hence it is
difficult to interpret available pre-clinical and clinical data. Developing biomarkers to guide
deployment of these relatively non-targeted drugs is challenging. Nonetheless the
responsiveness of DLBCL cell lines and the subset of patients who respond to these drugs
justify continued efforts to refine mechanistic studies to target HDACs in DLBCL.
Inhibitors for specific HDAC family members are needed to better understand these targets
and improve rational therapeutic targeting of lymphomas. It is intriguing to postulate that
patients with CREBBP and EP300 mutations might be more responsive to these drugs since
suppression of HDACs could ostensibly partially restore the stoichiometry of protein and/or
histone lysine acetylation. On the other hand published data suggested that DLBCL cells
with disruption of EP300 function were less sensitive to the HDAC inhibitor SAHA[23].
Therefore, it is possible that without EP300 HAT activity the HDAC effect might be
attenuated. An intriguing recent report suggested that exposure to HDAC inhibitor could
rescue histone methylation defects in KMT2D heterozygous murine embryo fibroblasts and
partially rescue some of the neurologic phenotypes in mouse neurogenesis[65]. Perhaps
inhibition of HDACs could increase the histone acetylation and activity of enhancers that are
aberrantly repressed by KMT2D loss of function.

The recent development of specific EZH2 inhibitors portends the development of more
specific forms of epigenetic therapy for DLBCL[58, 66-69]. EZH2 inhibitors can be
considered as a form of “bivalent chromatin targeted therapy” based on the epigenetic
switch mechanism described above. In mice bearing DLBCL xenografts, EZH2 inhibitors
exerted a potent anti-lymphoma effect without evidence of significant toxicity [58, 70]. The
primary effect of EZH2 inhibitors on lymphoma cells is primarily growth arrest and
induction of differentiation, which is only evident after several days of exposure [10, 58, 67,
69]. Whereas initial reports suggested that these drugs would be active specifically in those
DLBCLs with mutant EZH2, subsequent studies suggested that GCB type DLBCLSs may
also respond albeit with slower kinetics[10]. EZH2 inhibitors synergize with glucocorticoids
in suppressing DLBCL cells suggesting a possible approach for combinatorial therapy[71].
Moreover, BCL6-SMRT induced enhancer poising can be reversed through the use of

Semin Hematol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang and Melnick

Page 12

specific BCL6 inhibitors that block the binding of SMRT to BCL6 and restore H3K27 to
BCL6 repressed enhancers in DLBCL cells[21, 72, 73]. Hence both epigenetic switching
mechanisms can be overcomed by novel targeted therapies. Finally, enhancers that drive
expression of key oncogenes in DLBCL may be targetable using bromodomain inhibitors
that cause a partial attenuation of their transcriptional activation effects[74]. Following these
observations, it appears that targeting epigenetic switches could represent a focus point for
future targeted epigenetic therapies.

Concluding remarks

The past several years have seen a dramatic expansion of our mechanistic understanding of
DLBCL pathogenesis with epigenetic mechanisms coming into focus as a driving force in
these tumors. Somatic mutations in epigenetic modifiers are clearly initiating events and
occur early in disease. In many cases several epigenetic mechanisms may be simultaneously
at play, including switching mechanisms that control promoter and enhancer poising.
Epigenetic heterogeneity and clonality represents a novel dimension pointing towards
evolutionary fitness of more chemotherapy resistant DLBCLs. The current panoply of novel
epigenetic targeted therapies offers the opportunity to therapeutically reprogram the
epigenome but requires deeper mechanistic knowledge and improved biomarkers to guide
their deployment. Future studies combining drugs that target various components of the
epigenetic code in a rigorous and rational manner may profoundly impact and change the
way we treat patients with DLBCL
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Figure 1. Epigenetic switches controlling the GC phenotype
Upon T-cell dependent antigen stimulation a subset of B-cells migrate within lymphoid

follicles and upregulate EZH2 and BCL6 proteins. EZH2 catalyzes addition of H3k27me3 to
a set of activated promoters causing their transient transcriptional poising. BCL6 forms a
complex with SMRT at active enhancers (marked with H3K4me1l) causing their H3K27
deacetylation through HDAC3 and placing them in a repressed/poised configuration. Both
of these switches result in transcriptional repression of genes involved in proliferation
checkpoint, differentiation and apoptosis, thus defining the centroblast phenotype. When GC
B-cells migrate to the GC light zone a second switch occurs via signaling from T follicular
helper (TFH) and follicular dendritic cells (FDC). These result in downregulation of EZH2
and cytoplasmatic shuttling of SMRT complexes due to ERK mediated phosphorylation (red
arrows). As a consequence there is histone acetylation and derepression of BCL6 targets,
and H3K27 demethylation of EZH2 target bivalent promoters possibly by KDM6A/B. These
events result in activation of proliferation checkpoints and induction of GC exit genes. The
effects are reversible and can be switched back off in B-cells that undergo additional rounds
of somatic hypermutation.
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Figure 2. Effect of somatic mutation of histone modifying enzymes
Somatic mutation in EZH2 results in an enzymatic gain of function that increased

H3K27me3 at target gene promoters that causes their transcriptional repression. Somatic
mutation of EP300 and CREBBP results in either loss of function or dominant negative
effects that may result in failure to induce acetylation of BCL6 target enhancers which could
cause them to remain in a poised/repressed conformation. By the same token mutation of
EP300 and CREBBP enzymes could lead to failure to acetylate histones located at gene
promoters, dysfunction of transcription factors that are controlled through lysine acetylation
such as TP53, BCL6 and others, as well as the altered acetylation of many other proteins.
Lymphoma somatic mutation of KMT2D, and enzyme that mediates H3K4
monomethylation of gene enhancers is expected to result in failure to maintain the activity
of enhancers that could limit the propensity of centroblasts to transform into DLBCL cells.
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Figure 3. DNA methylation heterogeneity in the pathogenesis of DLBCL
The DNA methylation pattern of follicular B cells is well-defined. However when these

cells become centroblasts they acquire more heterogeneity regarding the methylation status
of cytosine residues. These effects are strongly linked to the action of AICDA, which causes
both diffuse and focal heterogeneity most likely because of its removal of cytosine residues.
However stress responses and proliferation may also contribute. DLBCLSs feature much
more exaggerated diffuse and focal regions of cytosine methylation heterogeneity. Greater
heterogeneity is linked to worse outcome. Increasing heterogeneity may be linked to loss of
CTCEF function and mutations in histone modifying proteins, in addition to factors driving
heterogeneity in GC B cells.
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Table 1

List of epigenetic therapy approaches for DLBCL

Drugs Site of Action Goals DLBCLS to Treat”
Reverse methylation of tumor ) )

DNMTi Sites of focal hypermethylation suppressors Patients with SMAD1 or CDKN2A
(demethylating Site of focal or diffuse epigenetic R;e_virs;tmetr?ylatlon _oftgenes Rel d metlhyégtlon d hiah risk
dose only) heterogeneity inked to chemo-resistance elapsed or newly diagnosed high ris
Erase heterogeneity, reduce patients

clonality

Enhancer and promoter H3K9,
HDACI H3K18, H3K27 acetylation
>1000 non-histone proteins

“Locked-in” bivalent chromatin

EZH2i domains

BCLG6 target promoters and
BCLS6i enhancers, including bivalent
domains and poised enhancers

Reverse centroblast enhancer
poising Mutant EP300 and CREBBP: marker for
Alter the functions of TP53, sensitivity or resistance?
BCL6, NFkB, etc.

GCB type DLBCLs with or without EZH2
mutations
Possible biomarkers: H3K27me3, EZH2
target gene signature

Restore expression of proliferation
checkpoint and differentiation
genes

Induce cell death and proliferation GCB and ABC-DLBCLs, possibly those
arrest with BCLG6 target gene signature

*
No biomarkers for these drugs are currently validated. This list is speculative based on publications discussed in the text.
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