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Abstract: The characterisation of the lymphoma epigenome has provided insight into mechanisms
involved in lymphomagenesis. Multiple lymphoma subtypes demonstrate recurrent mutations in key
epigenetic regulators that have been utilised to define clinicogenetic groups that can predict clinical
behaviour in these heterogenous entities. The high frequency of mutations in epigenetic regulators
provides rationale to incorporate these in the classification of some subtypes of lymphoma. In
addition, their recurrent nature provides a rationale to target such mutations, or the relevant pathway,
for treatment. In this review, we summarised the available literature on epigenetic dysregulation in
lymphoma and how it has been utilised in diagnosis and classification.
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1. Introduction

Epigenetics describes the modification of the transcription of genetic code independent
of the DNA sequence. This is usually via the regulation of DNA methylation and histone
modification, which controls gene expression and plays a critical role in normal cellular
differentiation and growth. The epigenome is important for normal lymphocyte develop-
ment and plays a role in the normal immune response [1]. Beyond normal development,
the deregulation of the epigenome is frequently observed in human cancers and is thought
to play a key role in oncogenesis through the silencing of tumour suppressor genes, as well
as through changes in the tumor microenvironment (TME) and immune response [2].

With respect to lymphoma, epigenetic alterations are frequently observed across many
subtypes. Indeed, the development of rapid and accurate gene sequencing technologies,
such as next generation sequencing (NGS), has led to the use of mutational profiling
as an integral component of lymphoma classification; mutations of epigenetic genes are
frequently encountered. The detection of these epigenetic aberrancies may be useful
diagnostically, as certain mutational profiles are supportive of a particular diagnosis. This is
particularly relevant in the T-cell lymphomas, such as angioimmunoblastic T-cell lymphoma
(AITL), where histological diagnosis can be challenging.

There is an emerging recognition that patterns of epigenetic dysregulation, which are
often reflective of the underlying stage of differentiation, can be prognostically relevant;
specific epigenetic mutations have now been incorporated into prognostic scores [3]. Cer-
tain lymphoma subtypes, such as follicular lymphoma (FL), have a significant degree of
epigenetic dysregulation, which likely drives lymphomagenesis and disease progression.
These mutations have proven to be therapeutically exploitable [4].

In this review, we highlight the progress that has been made in characterising the
epigenetic landscape of different subtypes of lymphoma, with a particular focus on how
epigenetic dysregulation contributes to the evolving classification of lymphoma.
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2. Key Epigenetic Regulators Involved in Lymphomagenesis

Epigenetic dysregulation occurs through a complex interplay of different mechanisms,
including somatic mutations in key proteins involved in DNA methylation and histone
acetylation, deacetylation, and methylation. These alterations influence gene transcription,
leading to either the activation or repression of key tumour suppressor genes, DNA repair
proteins and cell cycle regulators. Some of the most frequent, recurrently mutated key
regulators in lymphoma are described below.

EZH2: The Enhancer of zeste homolog 2 (EZH2) encodes the catalytic subunit of
the polycomb repressive complex 2 that mediates histone methylation, leading to tran-
scriptional silencing. Expression of mutant EZH2 impairs germinal center differentiation,
driving aberrant proliferation by silencing genes such as IRF4 and PRDM1 [5]. Tumours
that lack MHCI and MHCII are enriched for EZH2 mutations, supporting the role of epi-
genetic regulation in immune evasion [6]. EZH2 was one of the first recurrently mutated
epigenetic regulators identified in FL and has provided a novel therapeutic target [7].

KMT2: The histone lysine methyltransferase 2 (KMT2) proteins, previously known
as mixed lineage leukaemia (MLL), form complexes that methylate lysine 4 on histone H3
(H3K4). Mutations in KMT2 are seen across all types of human cancers; they are the most
frequently detected mutations in FL, where they have a tumour suppressor function by
impeding B-cell differentiation [8].

CREBBP: CREB binding protein (CREBBP) has histone acetyltransferase activity and
is structurally and functionally similar to EP300. Loss-of-function mutations in CREBBP
have been demonstrated to cooperate with BCL2 and to lead to a reduction in histone
acetylation affecting germinal center development and B-cell signalling pathways [9,10].
In vitro disruption of CREBBP has been demonstrated to promote lymphomagenesis via
accelerated cellular growth and MHCII downregulation, providing evidence of the tu-
mour suppressor role that these pathways play in addition to altering the TME to favour
malignant proliferation [9].

ARID1A: AT-rich interactive domain-containing protein 1A (ARID1A) promotes the
formation of SWI/SNF nucleosome remodelling complexes containing BRG1 or BRM,
which catalyse disruption of DNA-histone contacts, thereby, controlling chromatin con-
densation and DNA accessibility. ARID1A is critical for maintaining haematopoiesis, with
differentiation of both myeloid and lymphoid lineages impaired in ARID1A knockout
mice [11].

DNMT3A: DNA methyltransferase 3A (DNMT3A) functions as a DNA methyltrans-
ferase catalysing cytosine methylation of CpG islands in promoters, leading to transcrip-
tional silencing. DNMT3A is critical for hematopoietic stem cell differentiation; mutations in
this gene are thought to be early events in lymphoid malignancies [12].

TET2: The ten eleven translocation 2 (TET2) gene encodes an alpha-ketoglutarate
dependent dioxygenase that regulates DNA hydroxymethylation by converting
5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5 hmC), which promotes DNA
methylation. The interaction between mutated DNMT3A and TET2, which leads to
a reduction and increase in global DNA methylation, respectively, creates a complex
methylation landscape [13].

IDH2: Isocitrate dehydrogenase 2 (IDH2) converts isocitrate to a-ketoglutarate, a key
co-factor in the oxidative demethylase reactions that remove methyl-groups from DNA.
Mutant IDH2 converts isocitrate to 2-hydroxyglutarate, which is an oncogenic metabolite
that cannot function as an obligatory cofactor of TET catalytic functions. Mutations in IDH2
and TET2 reduce 5hmC levels due to global hypermethylation of promoters and CpG,
islands resulting in transcriptional repression [14].

3. The B-Cell Lymphomas

The B-cell lymphomas are genetically heterogenous malignancies derived from mature
B-lymphocytes and characterised by a broad range of clinical features. The genetic processes
that lead to lymphomagenesis include large chromosomal changes, classically chromosomal
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translocations involving the immunoglobulin heavy chain locus, copy number aberrancies
and somatic mutations in key regulators of intracellular pathways. These genetic events
result in hyperproliferative and anti-apoptotic activity and are recognised as key to the
development of malignancy. Chromosomal translocations, while often entity defining, are,
alone, mostly insufficient to lead to lymphomagenesis and are seen in the lymphocytes
of healthy individuals. Age-related non-random genetic mosaicism has been associated
with the development of lymphoid malignancy [15–17]. Epigenetic dysregulation leads to
lymphomagenic alteration of gene expression required for germinal center development
and post germinal center differentiation. FL and diffuse large B-cell lymphoma (DLBCL),
in particular, are enriched for mutations of histone modifiers, while, in other subtypes,
methylation profiles can be reflective of disease biology; epigenetic mutations have been
shown to contribute to clinical behaviour.

3.1. Follicular Lymphoma

FL is a malignancy of germinal center B cells that share the cellular architecture of the
normal lymphoid follicle. There is recognition that, beyond classical FL, there is a range of
mature B-cell neoplasms with a follicular growth pattern, such as diffuse variant of FL and
paediatric nodal FL, that differ in their clinical behaviour and genetic mutation repertoire.
Conventional FL is defined by the hallmark t(14:18) translocation that juxtaposes the IGH
and BCL2 loci, leading to anti-apoptotic activity. Despite this early and disease-defining
event, there is an appreciation that additional genetic aberrancies that alter normal germinal
cell differentiation and the tumour microenvironment are required for the development
of lymphoma. This is supported by the identification of the translocation in healthy
individuals’ lymphocytes often years prior to diagnosis, where a high prevalence of t(11:14)
predicts the eventual development of FL [18].

The accumulation of further molecular lesions in these lymphocytes is thought to be
needed for progression to overt FL; there is an enrichment of epigenetic dysregulation
that is seen in almost all cases of conventional FL (>85%). NGS has identified frequent
mutations in epigenetic regulators KMT2D (80%), CREBBP (33–68%), EZH2 (25%), ARID1A
(14%), and EP300 (9%), which result in gene repression via histone modification. Moreover,
there is often the presence of multiple epimutations within a single tumour—at least 50% of
cases have both KMT2D and CREBBP mutations. The implications of the resultant histone
modifications for lymphomagenesis are yet to be fully understood but suggest a state of
transcriptional repression [6,14,15].

Epigenetic pathway alterations are thought to be an early clonal event. In-situ
follicular neoplasia is a collection of clonal B-cells within a lymph node that carries the
BCL2 rearrangement and is recognised as a precursor state to FL. These early clonal
lesions can harbour mutations in CREBBP and EZH2, while mutations in KMT2D are
also seen but less commonly supporting increasing epigenetic complexity as a key
driver of oncogenesis [16,17]. The cumulative result of this complex dysregulation is
the promotion of differentiation block at the germinal center stage of development, the
loss of key tumour suppressors and an alteration in the tumour microenvironment that
promotes and sustains lymphomagenesis.

The clinicogenetic risk model M7-FLIPI combined mutations in seven key genes,
including epigenetic regulators EZH2, ARID1A, CREBBP and EP300 with the follicular
international prognostic index (FLIPI) and Eastern Cooperative Oncology Group (ECOG)
performance status; it was validated in the GALLIUM cohort [3,19]. The model stratifies
patients into “low-risk” and “high risk” cohorts by M7-FLIPI score. Mutations in EZH2
and ARID1A convey better outcomes, while CREBBP/EP300 are associated with a worse
prognosis. In comparison to the conventional FLIPI score, the M7-FLIP is more accurate in
predicting progression of disease within 24 months (POD24) and discriminating between
low- and high-risk patients [20]. The predictive power of M7-FLIPI, however, may be
limited to patients treated with chemotherapy-based regimens [3,21].
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Somatic mutations in EZH2 have been demonstrated to have significantly longer
progression free survival and less early relapse [22]. EZH2 is essential for normal GC
differentiation; alterations have been demonstrated to alter the TME by reducing tumour
dependence on T-follicular helper cells, allowing for the persistence of tumour cells in
the germinal center. This change in the microenvironment is reflected in a reduction in
the number of tumour-infiltrating lymphocytes in lymphomas with EZH2 mutation [6].
Single-amino acid changes at Y641 in the catalytic SET domain are the most frequently seen
EZH2 mutations in FL and result in higher levels of trimethylation at H3K27 (H3K27Me3)
on the histone tail. EZH2 mutations are of clinical interest, as they have proven to be
therapeutically vulnerable [4,7].

Primary cutaneous follicle center lymphomas (pcFCL) are indolent B-cell lym-
phomas that are distinct from secondary cutaneous involvement by systemic FL. They
have similar histological features but tend to have weaker CD10 expression and are nega-
tive for BCL2 expression. Clinicopathologically, it can be difficult to differentiate pcFCL
from skin restricted FL at diagnosis; however, comprehensive genomic assessment by
whole exome sequencing (WES) and for copy number aberrancies has demonstrated
that alterations in chromatin modifying genes are infrequent when compared to FL.
Indeed, cases of ‘pcFCL’ with mutations in the chromatin modifiers were more likely
to progress to systemic involvement and, perhaps, were biologically ‘conventional-
systemic’ FL. Zhou et al. proposed a criterion that incorporated the presence of muta-
tions in chromatin modifying genes (EZH2, KMT2D, CREBBP, EP300) along with BCL2
gene rearrangement and a high proliferative index (Ki-67 > 30%) for distinguishing
between pcFCL and cutaneous involvement of FL [23].

Diffuse variant of FL (dFL) is a rare variant of FL that also lacks the t(14:18) transloca-
tion, has low-grade histology and a typically favourable prognosis. Mutations in CREBBP
are seen in >90% of cases and are frequently bi-allelic and co-exist with STAT6 mutations,
suggestive of a level of cooperativity. The transcription factor STAT6 is frequently mutated
in primary mediastinal B-cell lymphoma but not germinal center B-cell (GCB)-subtype DL-
CBL. The BCL2-like antiapoptotic protein BCL-xL/BCL2L1 is a key target of STAT6 [24–26].
Epigenetic mutations are typically lacking in another rare variant of t(14;18)-negative FL,
paediatric type nodal FL, which has a very favourable prognosis and is characterised by
recurrent mutations in MAPK pathway signalling [27].

3.2. Diffuse Large B-Cell Lymphoma

DLBCL has remarkable genetic heterogeneity. Gene expression profiling (GEP) via
DNA microarray has been utilised to identify molecular subtypes of DLCBL, leading to the
‘cell of origin (COO)’ classification, which broadly divides DLBCL into GCB and activated
B-cell (ABC) type, leaving 10% unclassifiable [28]. Despite this broad division, DLBCL
tumours have one of the highest tumour mutational burdens (TMB) of any malignancy,
with somatic mutations recognized in over 700 genes [29]. The GCB subtype has similar
genetic lesions to FL, with frequent expression of EZH2, while the ABC subtype is enriched
with mutations of B-cell receptor signalling pathways [30].

There are various immunohistochemistry-based algorithms that approximate the
GEP-derived cell-of-origin classification. The most widely used is the Hans algorithm,
which can be used to divide DLCBL into GCB and non-GCB, mostly ABC subtype,
and which has a high concordance with GEP (80%) [31]. The Hans algorithm uses
expression of CD10, BCL6 and MUM1 to assign the subtype, while newer algorithms
utilize further immunostains to improve accuracy. Expression of these immunostains
appears to be independent of epigenetic aberrancies. Indeed, expression of EZH2
appears to not be restricted to COO subtype, with high levels seen regardless of EZH2
mutation status [32,33]. These algorithms are imperfect classifications with substantial
heterogeneity within each group. In part, this may be because the COO classification
provides a phenotypic description of the lymphoma cell and does not necessarily fully
reflect the complex, dysregulated biological pathways involved.
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Genome-wide methylation studies have demonstrated that, as in many other cancers,
disrupted methylation is frequent in DLCBL and higher levels of aberrant DNA methylation
are associated with a poorer prognosis [34]. Epigenetic dysregulation provides a permissive
transcriptional environment that promotes germinal center development, while silencing
tumour suppressors and suppressing terminal differentiation. A pivotal paper by Morin
et al. reported frequent mutations in epigenetic regulatory genes in 32% of patients with
DLBCL with enrichment of these alterations seen in the GCB subtype [7]. A similar
mutational profile, including sequence variants of EZH2, CREBBP and EP300, among others,
was seen across patients with FL (89% of patients) analysed in the same study, highlighting
the genetic similarity between FL and the GCB subtype of DLCBL, where epigenetic
disruption appears to play a key role in the lymphomagenesis in both entities [7,35].

As mentioned, DLBCL has been associated with many somatic mutations [29]. Clus-
tering of recurrent somatic mutations within subtypes was reported by Schmitz et al., who
utilised WES, targeted sequencing, and copy number analysis to characterise the genomic
landscape of DLBCL [36]. An algorithm used key mutations to converge on four clinicoge-
netic subtypes MCD (MYD88/CD79B), BN2 (BCL6/NOTCH2), N1 (NOTCH1), and EZB
(EZH2/BCL2) (Table 1). The MCD and N1 subtypes overlapped genetically with ABC
subtype, while the EZB subtype shared the genetic hallmarks of GCB. Genetic alterations in
epigenetic regulatory genes were seen across the GCB-ABC ‘spectrum’ but were enriched
in the GCB subtype. EZH2 mutations were almost exclusive to the GCB-subtype, as were
loss-of-function mutations in the tumour suppressor CREBBP, which cooperates with BCL2
overexpression to promote lymphomagenesis [10].

Epigenetic aberrancy was enriched in, but not exclusive to, the EZB subtype. SET
domain containing 1B (SETD1B), also known as KMT2G and part of the KMT2 histone
lysine methyltransferase family, was incorporated in the MCD subtype and was seen in 25%
of ABC DLBCL. Mutations in SETD1B are also frequently seen in DLBCL subtypes in which
ABC type predominates, such as primary CNS lymphoma and intravascular lymphoma, a
rare extranodal lymphoma of small blood vessels with lymphadenopathy, where SETD1B
mutants are seen in approximately 50% of cases [37,38].

TET2 was the most frequently seen mutation in the “unclassifiable” subtype. TET2
somatic mutations occur recurrently in approximately 10% of DLBCL. Intact TET2 promotes
DNA methylation via the oxidization of 5-methylcytosine to 5-hydroxymethylcytosine
(5 hmC) and is required for germinal center B cells to undergo plasma cell differentiation.
TET2-deficient germinal center B cells cannot up-regulate the plasma cell master regulator
PRDM1 due to reduction in 5 hmC [39]. Genome-wide methylation profiling has demon-
strated a distinct methylation profile in TET2 mutated DLBCL; however, there does not
appear to be a clinically relevant difference in patients with TET2 mutant versus wild-type
DLBCL [40].

Similar comprehensive genetic analysis was performed by Chapuy et al. who de-
scribed five distinct genetic clusters (C1, C2, C3, C4 and C5). The C3 cluster, which is
genetically similar to the previously described EZB subtype, had frequent mutations in
KMT2D, CREBBP and EZH2 and had substantial genetic overlap with GCB. There was
a particularly high incidence of CREBBP mutations (53%). The C4 cluster, which is also
mostly GCB subtype and which has a distinctly favourable prognosis, lacked the chromatin
modifier mutations seen in the C3 subtype; however, recurrent mutations in histone linker
genes were seen [41].

Genetic clustering methodology was further refined with the LymphGen classification
system, which divided DLBCL into six genetically defined subgroups (EZB, ST2, BN2, A53,
N1, MCD) based on prevalent hallmark mutations [42]. The EZB subtype is, again, defined
by epigenetic dysregulation, which is a defining attribute of EZB due to loss-of-function
mutations of several epigenetic regulators (KMT2D, CREBBP, EP300, ARID1A) and gain-
of-function of EZH2. The ST2 subtype is characterized by recurrent loss-of-function TET2
mutations suggestive of tumour-suppressor function.
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Table 1. Corresponding Diffuse Large B-cell Lymphoma subtypes based on genetic mutations
* Epigenetic regulatory gene.

Genetic Subtype
[36]

Genetic Cluster
[41]

LymphGen
Classification [42] Cell of Origin Characteristic

Mutations 5-Year OS

BN2 Cluster 1 BN2 ABC, GCB,
unclassified

BCL6, NOTCH2,
TNFAIP3 36–79%

- Cluster 2 A53 ABC, GCB TP53 33–62%

EZB Cluster 3 EZB GCB BCL2, EZH2 *,
CREBBP *, KMT2D * 48–68%

- Cluster 4 ST2 GCB TET2 *, SGK1, DUSP2,
ITPKB, NFKBIA 72–84%

MCD Cluster 5 MCD ABC MYD88, CD79B,
CDKN2A, ETV6, SPIB 26–54%

N1 - N1 ABC NOTCH1, IRF2BP2 22–27%

Early attempts to utilise the burden of epigenetic mutations in DLBCL led to the
development of the “EpiScore” by Szablewski et al. Utilizing GEP, they demonstrated
that the level of expression of epigenetic regulators DNMT3A, DOT1L, and SETD8 was an
independent predictor of survival with high levels of expression associated with a poorer
prognosis [43]. Further work is needed, but the “EpiScore” or similar models may identify
DLBCL patients, who may benefit from epigenetic-targeted therapies.

A molecular high-risk group of high-grade B-cell lymphoma (HGBCL) has been
defined by Sha et al. using GEP [44]. This poor prognosis group with MYC and BCL2
and/or BCL6 rearrangement (otherwise known as double-hit or triple-hit lymphomas)
had recurrent mutations demonstrated via targeted sequencing in epigenetic genes such
as EZH2 and KMT2D. Recurrent loss-of-function CREBBP mutations are also frequently
(80% of cases) seen in HGBCL [44,45]. The contribution of epigenetic dysregulation to the
aggressive disease behaviour is unclear; however, epigenetic regulatory genes appear to be
more frequently mutated in HGBCL than in GCB DLBCL.

These molecular classification schemas are yet to be recognised by the World Health
Organization (WHO) classification of aggressive lymphomas, which still relies on the GEP-
defined ‘cell-of-origin’ subtypes. The prognostic and potential therapeutic implications of
mutation-defined subgroups within DLBCL, with the incorporation of high throughput
sequencing, such as NGS, into routine clinical practice may change this. Frequent mutations
in chromatin modifiers and other epigenetic regulators seen in certain mutation-defined
subtypes may provide therapeutic rationale for harnessing therapies targeting epigenetic
dysregulation as well as risk-adapted treatment strategies based on genomic classification.

3.3. Mantle Cell Lymphoma

Mantle cell lymphoma (MCL) is defined by t(11;14)(q13;q32) leading to cyclin D1
overexpression and, generally, a poor overall survival rate and high rates of relapse.

High degrees of global epigenetic dysregulation are associated with more ag-
gressive clinical behaviour. Genome wide methylation analyses have demonstrated
heterogeneous patterns of DNA methylation in MCL with frequent hypermethylation
of tumour suppressor genes, leading to transcriptional repression. A subset of MCL
tumours have extensive CpG methylation that is associated with highly proliferative
disease and a poorer prognosis [46,47].

There is a nodal variant that commonly involves the gastrointestinal tract and that
requires early treatment, while the non-nodal leukemic variant usually demonstrates
indolent clinical behaviour. SOX11 encodes for a transcription factor that is overexpressed
in nodal MCL, with low levels seen in patients with the non-nodal leukemic variant. SOX11
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expression is under epigenetic control and may, in part, be responsible for the differing
clinical phenotypes [46,48].

Loss of function mutations in the methyltransferase KMT2D appear to be relatively
common, seen in 12–32% of cases, and may be associated with poorer outcome. NGS
of a cohort of young MCL patients in the Fondazione Italiana Linfomi MCL0208 phase
3 trial (lenalidomide vs. observation post autologous transplantation) demonstrated
loss of function of KMT2D in 13.4% of patients (25/186), which was associated with a
poorer 4-year progression-free-survival (33.2% vs. 63.7%) and overall survival (62.3% vs.
86.8%). The authors proposed the addition of KMT2D mutation to a prognostic index,
the ‘MIPI-genetic’ score [49–51]. EZH2 expression may predict for a poorer prognosis
in MCL. In a retrospective series of 166 patients, 57 patients (38%) stained positive for
EZH2 by immunohistochemistry. This finding was associated with a median overall
survival of 4.6 years, compared to 9.6 years for those without EZH2 staining. EZH2
expression was also associated with aggressive histology and p53 overexpression (43%
vs. 2%) [52].

3.4. Chronic Lymphocytic Leukaemia/Small Lymphocytic Leukaemia

A clinically heterogeneous disease, there are two distinct clinicobiologic subtypes of
CLL based on the presence or absence of somatic mutations in the variable region of the
immunoglobulin heavy-chain gene (IGHV). IGHV mutated CLL has a more favourable
outcome and arises from the post-germinal center B cell, while IGHV unmutated CLL arises
from the pre-germinal center B cell and typically has a poorer outcome.

The putative cell of origin is reflected in the epigenetic signature, with genome wide
methylation studies revealing differences in the DNA methylation patterns of the two
molecular subtypes [53]. Queirós et al. reported on the methylation status of five CpGs
islands and identified three distinct groups, naive B-cell-like CLL (n-CLL), memory B-
cell-like CLL (m-CLL) and intermediate CLL. The n-CLL and m-CLL group were closely
associated with unmutated and mutated IGHV, respectively, and mirrored their biological
behaviour. These epigenetic marks, representative of the cellular origin, were shown to
be robust predictors of outcome [54]. Evolutions of methylation patterns have also been
demonstrated during therapy, suggesting a dynamic epigenetic tumour response [55].

The chromatin modifier chromodomain helicase DNA binding protein 2 (CHD2) is
one of the most recurrently mutated genes in IGHV mutated CLL (5% of cases) and is
thought to be a driver of malignancy [56]. However, the overall contribution of epigenetic
dysregulation to CLL leukemogenesis is poorly defined.

3.5. Marginal Zone Lymphoma

Marginal zone lymphoma (MZL) is a relatively rare indolent lymphoma with three
recognised subtypes, splenic MZL, extranodal MZL and nodal MZL. Recurrent mutations
in epigenetic regulators, such as KMT2D and CREBBP, are seen across all subtypes [57–59].
Epigenetic dysregulation has been demonstrated to play a role in the clinical behaviour
of splenic MZL, with higher degrees of promotor hypermethylation leading to inferior
outcomes, possibly due to repression of key tumour suppressor genes such as KLF4 and
CDKN2A [60].

3.6. Classical Hodgkin’s Lymphoma

Classical Hodgkin’s lymphoma (cHL) is derived from postgerminal center B cells and
is usually composed of a small number of Hodgkin cells (multinucleated Reed–Sternberg
cells) residing in an extensive inflammatory background. In contradistinction to other
B-cell lymphomas, the malignant cells lack the expression of almost all B-cell markers, such
as CD19, CD20 and CD79a. This downregulation has been demonstrated in vivo to be
mediated, at least in part, by epigenetic silencing via hypermethylation of the promoter
regions of these genes [61]. WES and NGS have demonstrated a heterogenous genetic land-
scape, with key signalling pathways, such as NF-κB and JAK/STAT, playing an important
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role. Frequent amplification of 9p24.1 is likely the basis for the response to PD-1/PD-L1
immune checkpoint inhibitors [62]. Recurrent mutations in epigenetic regulators, partic-
ularly CREBBP and EP300, have been demonstrated; however, the role that these play in
lymphomagenesis and disease progression is unclear [63].

4. The T-Cell Lymphomas

T-cell lymphomas are rarer than their B-cell counterparts, comprising around
15% of all non-Hodgkin lymphomas. They are subdivided into the peripheral T-cell
lymphomas (PTCL) and cutaneous T-cell lymphomas (CTCL). Although mutations in
genes affecting chromatin structure and histone post-translational modification are
frequent, as in B-cell lymphomas, the T-cell lymphomas are also enriched with sequence
variants of genes that modulate DNA methylation, leading to a highly dysregulated
epigenome in certain subtypes.

4.1. Peripheral T-Cell Lymphoma—TFH Phenotype

PTCL-NOS is the most common type of PTCL comprising around 25% of new diag-
noses. There is clinicogenetic heterogeneity and epigenetic mutations are less frequent
than in other subtypes, such as angioimmunoblastic T-cell lymphoma (AITL). Previously
classified under PTCL-NOS, peripheral T-cell lymphoma with T follicular helper phenotype
(PTCL-TFH) was recognised by the WHO in 2016 as a distinct subtype and warrants special
mention [64]. There is considerable overlap between PTCL-TFH and AITL with a shared
COO and mutation profile. There is a recognition that these two entities may represent
different ends of the spectrum of the same disorder, which is supported by their molec-
ular characterisation. Frequent TET2 coding mutations in PTCL-TFH was demonstrated
in an early series. The presence of TET2 mutations in this cohort was associated with
advanced-stage disease and shorter PFS [65]. Subsequent targeted sequencing of PTCL-
TFH revealed mutations in genes frequently mutated in AITL, such as TET2, DNMT3A and
RHOA G17V [66]. Furthermore, PTCL-TFH demonstrates responsiveness to therapy that
targets the epigenome with retrospective data supporting the use of histone deacetylase
inhibitors in this subtype [67].

4.2. Angioimmunoblastic Lymphoma

AITL is a prototypical epigenetic disorder characterised by a homogenous genetic
landscape with hallmark mutations in TET2, IDH2 and RHOA leading to widespread
aberrant DNA methylation. TET2 is the most commonly mutated gene in AITL and is
reported in up to 80% of AITL while IDH2 mutations are identified in about a third of AITL
cases [68]. The IDH2 R172 variant appears unique to AITL among lymphoma and generates
2HG, which can inhibit the TET2 enzyme. Given this, co-existent mutations would not
be expected; however, most cases with IDH2 mutants also have TET2 mutation [69,70].
Mutations in TET2 and IDH2 are strongly associated with the RHOA G17V mutation, which
is seen exclusively in the context of TET2 mutations with or without IDH2 mutations in
70% of AITL patients [71]. DNMT3 loss of function mutation is reported in 10–25% of
cases of AITL, of which 80% also have TET2 mutations. While these mutations in key
epigenetic regulators contribute to the aberrant epigenome that leads to lymphomagenesis,
it is not yet clear whether specific mutations alter prognosis. IDH2 mutations, for example,
are commonly seen in acute myeloid leukaemia, where they are associated with a poorer
prognosis. Despite this, they do not appear to be a prognostic biomarker in AITL [72].
This epigenetic dysregulation has been exploited therapeutically; therapies that target the
epigenome have proven particularly beneficial in this disease entity [73].

4.3. Mycosis Fungoides and Sezary Syndrome

Mycosis fungoides (MF) is the most common CTCL variant and is related to the rare
leukemic variant, Sézary syndrome (SS). Alterations in epigenetic regulators and cellular
growth signalling pathways are frequent and oncogenic in these conditions. There is
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recurrent loss of function mutations in epigenetic regulators such as ARID1A (62%) and
DNMT3A (42%) [74,75]. The degree of methylation aberrancy in CTCL is higher than many
other malignancies, suggestive of the key role of the altered epigenome in pathogenesis [76].
CTCL tumour cells display widespread hypermethylation of CpG islands in promotor
regions of tumour suppressor genes such as CDKN2A [77]. This hypermethylation involves
the CMTM2 gene, which encodes a chemokine-like factor and appears to be distinct to
SS. Furthermore, many of the highly expressed genes identified in SS, such as CD158,
DNMT3 and PLS3, have large CpG islands, suggesting that changes in methylation may
be a mechanism of hyper-expression [78]. Despite a highly dysregulated epigenome, it
is currently unclear if clinically relevant subgroups can be delineated using methylation
patterns or mutational profiling.

5. Conclusions

Dysregulation of the epigenome is a hallmark of human cancer and is frequent in lym-
phoid malignancies, where the epigenetic mechanisms that regulate lymphoid cell develop-
ment are disrupted. Clearly, epigenetic changes that alter DNA transcription—whether that be
through modification of function (i.e., hyperacetylation of histones) or through direct mutations
of genes known to modify the epigenome—impact on the development and behaviour of vari-
ous lymphoma types (Table 2). This review has focused on key genes that influence behaviour;
there is no doubt that the detection of epigenetic alterations alters outcome, such that they
are already being incorporated into prognostic algorithms, such as the M7-FLIPI for follicular
lymphoma. Moreover, epigenetic mutations have already entered the WHO classification
system for T cell lymphomas, defining the nodal PTCL with TFH phenotype. At this stage, it is
probably too early to use epigenetic changes to re-define B cell lymphomas beyond the existing
WHO classification that centers around the cell of origin concept, although EZB-DLBCL has to
be a front-runner. Nonetheless, for all lymphomas, recognition of epigenetic changes is going
to become increasingly important as we develop more complex prognostic tools.

Table 2. Utility of epigenetic dysregulation to classification and prognostication in lymp-
homa subtypes.

Lymphoma Type Epigenetic Dysregulation Classification and Prognostic Utility

Follicular Lymphoma
Frequent mutations in regulators

including KMT2D, CREBBP, EZH2,
ARID1A and EP300

EZH2, ARID1A, CREBBP and EP300 mutations
contribute to clinicogenetic risk model m7-FLIPI

EZH2 mutations identify prognostically favourable
subset of patients

Distinct epigenetic mutation clustering between FL
subtypes

Diffuse Large B-cell
Lymphoma

Frequent mutations in regulatory genes
with enrichment seen in the GCB subtype.
A similar mutational profile to FL, with

sequence variants of EZH2, CREBBP and
EP300

Clustering of mutations in epigenetic regulatory
genes define prognostically relevant subtypes of

DLBCL
Higher levels of aberrant DNA methylation are

associated with a poorer prognosis

Marginal Zone Lymphoma Recurrent mutations in KMT2D and
CREBBP are seen across all subtypes

Higher degrees of promotor hypermethylation have
been demonstrated to lead to inferior outcomes

Mantle Cell Lymphoma

Frequent hypermethylation of tumour
suppressor genes leading to

transcriptional repression
Recurrent mutations in KMT2D

Extensive CpG methylation associated a poorer
prognosis

Loss-of-function mutations in KMT2D may be
associated with poorer prognosis

Epigenetic regulation of SOX11 expression

Classical Hodgkin’s
Lymphoma

Recurrent mutations in epigenetic
regulators seen, particularly CREBBP and

EP300

Unclear role for epigenetic dysregulation in
prognosis or subclassification
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Table 2. Cont.

Lymphoma Type Epigenetic Dysregulation Classification and Prognostic Utility

Chronic Lymphocytic
Leukaemia

Recurrent mutations in chromodomain
helicase DNA binding protein 2 (CHD2)

Methylation status of CpGs islands identifies distinct
groups with differing prognosis

Peripheral T-cell lymphoma
TFH

Frequent mutations in TET2, DNMT3A
and RHOA G17V

Mutational profile of epigenetic regulators
distinguishes

this subtype from prior classification of PTCL-NOS
TET2 mutations may be associated with poor

prognosis

Angioimmunoblastic T-cell
Lymphoma

Frequent hallmark mutations in TET2,
IDH2 and RHOA

Recurrent loss-of-function mutations in
DNMT3A

Increasingly defined by presence of epigenetic
regulatory mutations

Unclear effect on prognosis of specific mutations

Mycosis Fungoides/Sezary
Syndrome

Higher degree of methylation aberrancy
compared to other malignancies

Widespread hypermethylation of CpG
islands in promotor regions of tumour

suppressor genes such CDKN2A
Recurrent loss of function mutations in

ARID1A and DNMT3A.

Unclear role for epigenetic dysregulation in
prognosis or subclassification despite high

dysregulated epigenome
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