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The term B-cell non-Hodgkin lymphoma (B-NHL) encompasses different neoplasms characterized by an abnormal
proliferation of lymphoid B cells.
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| 1. Characteristics of the Main B-NHL Subtypes

B-NHL are sub-divided into distinct categories based on the differentiation stage of the aberrant B cell and the presence of
specific genetic alterations.

Diffuse large B-cell lymphoma (DLBCL) is the most common subtype of B-NHL, accounting for 25-35% of all cases.
Although different genetic subsets with distinct genotypic, epigenetic, and clinical characteristics have been recently
identified by high-throughput sequencing &, the three molecular subtypes defined in the early 2000s by gene
expression profiling, namely germinal center B-cell (GCB)-like, activated B-cell (ABC)-like, and unclassifiable B, are still
widely used in clinics. Patients with ABC-DLBCL or genetic alterations in MYC and BCL2 and/or BCL6, called double hit
(DHL) or triple hit lymphomas (THL), generally have a poor survival prognosis. The standard of care for DLBCL is an
immunochemotherapeutic regimen combining the chemotherapeutic drugs cyclophosphamide, doxorubicin, vincristine,
and prednisone (CHOP) with the anti-CD20 monoclonal antibody rituximab (R-CHOP) [I5],

Follicular lymphoma (FL) is a neoplasm originating from germinal center (GC) cells with a follicular pattern. It is the
second most common B-NHL, accounting for 20% of all B-NHL cases. FL is characterized by the t(14;18)(q32;q21)
translocation involving the BCL2 gene, present in 90% of grade 1-2 patients B2l However, the clinical course is mostly
indolent; about 20% of patients, despite treatment, relapse or progress to transformed-FL (t-FL), a more aggressive
subtype. Treatment usually involves localized radiotherapy for early stages and rituximab combined with chemotherapy
regimens like CHOP for advanced stages [Z(&!,

Burkitt lymphoma (BL) is another GC-derived lymphoma characterized by the deregulation of MYC due to translocations
such as t(8;14)(q23;932). Three subtypes have been described, namely endemic, sporadic, and immunodeficiency-
associated form, which is mostly found in patients infected with the human immunodeficiency virus (HIV). Although BL is
an aggressive neoplasm, most patients respond to intensive chemotherapeutic regimens 129,

Marginal zone lymphomas (MZL), accounting for 5-15% of B-NHL, originate from memory B cells. The three described
clinical entities are splenic (SMZL), nodal (NMZL), and extra-nodal MZL (EMZL), arising from the marginal zone of the
spleen, the lymph nodes, and the mucosa-associated lymphoid tissue (MALT), respectively. EMZL, the most common
subtype, is associated with chronic inflammation, such as that derived from Helicobacter pylori infections LHLZIL3] Clinjcal
evolution is mostly slow. Treatment usually involves antibiotic treatment for H. pylori-positive gastric EMZL, splenectomy

for SMZL, radiotherapy for localized disease, and chemotherapy regimens combined with rituximab for advanced stages
4],

Mantle cell lymphoma (MCL) originates from mature B cells in the mantle zone of lymph nodes and accounts for 3—-10% of
B-NHL. Its molecular hallmark is the t(11;14)(q13;932) translocation, which leads to the overexpression of cyclin D1
(CCND1). MCL has a poor prognosis due to diagnosis often at a disseminated stage and an aggressive clinical evolution.
Treatment usually involves immunochemotherapy regimens such as R-CHOP, followed by rituximab maintenance, and
autologous stem cell transplantation (ASCT) in fit cases 1218l (Figure 1).
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Figure 1. Origin of the major B-cell non-Hodgkin lymphoma (B-NHL) subtypes. Naive B-cells form germinal centers (GC)
after interacting with antigens. In the dark zone, centroblasts proliferate and undergo somatic hypermutation (SMH), while
in the light zone, centrocytes are selected based on BCR affinity and undergo class-switch recombination (CSR). GC cells
are the normal counterparts of follicular lymphoma (FL), Burkitt lymphoma (BL), and diffuse large B-cell lymphoma
(DLBCL) of the GC subtype (GCB). DLBCL of the activated B-cell (ABC) subtype originates from post-GC cells, and
multiple myeloma (MM) arises from differentiated plasma cells. Chronic lymphocytic leukemia (CLL) may originate from
either naive or differentiated memory B cells. Mantle cell (MCL) and marginal zone lymphoma (MZL) arise from B cells
located on the mantle and the marginal zone of lymphoid follicles, respectively.

In conclusion, B-NHL subtypes range in their severity from well-controlled indolent diseases to extremely aggressive
forms that have an unmet need for the development of novel therapeutic options. Related B-cell-derived neoplasms
further include multiple myeloma (MM) and chronic lymphocytic leukemia (CLL).

| 2. Epigenetic Modification of Histone Proteins in B-NHL

Epigenetics was defined in 1942 by Conrad H. Waddington as “the branch of biology which studies the causal interactions
between genes and their products, which bring the phenotype into being” 14, The more scientific knowledge evolved, the
more epigenetics became understood as a group of molecular mechanisms constituting a level of memory of previous
signals by marking genomic loci and determining the accessibility of embedded genes 8. Thus, epigenetics is the bridge
between the genotype and the phenotype, anchored in the structure and packaging of the genome into chromatin.

The chromatin inside the nucleic compartment is highly compacted and formed by RNA, DNA, and proteins. Importantly,
chromatin has a three-dimensional structure that is dynamic and varies, not only between cells of the same or different
cell types, but also during the lifespan of a cell itself 22, Within the interphase nucleus, the chromatin is present as
chromosomes, which occupy separate and distinct spaces denominated chromosome territories 29, Differences in the
state of compaction are visible when staining chromatin; less dense regions indicate more loosely packed euchromatin
enriched in active transcription, while the strongly stained regions indicate denser heterochromatin harboring repressed
genes and tandem repeats such as microsatellites, minisatellites, and transposons 24, Heterochromatin is frequently
enriched at the periphery of the nucleus and on the surface of the nucleolus. Molecular mechanisms exist to transform
euchromatin into heterochromatin and vice versa, which allows genes to be expressed differently based on cell type and
differentiation state.

The nucleosome is the structural unit of chromatin. The positioning of nucleosomes and their density is the first level of
chromatin compaction 22, In more recent years, attention has been drawn to chromatin motion as a separate
phenomenon from compaction status 23, Nucleosomes consist of 146 pairs of nucleotides wrapped in two loops around
an octamer of 8 core histone proteins 24, More specifically, each nucleosome contains two H2A histones, two H2B
histones, two H3 histones, and two H4 histones. Histone H1 is not part of the nucleosome but stabilizes chromatin
between nucleosomes to achieve a higher level of structure (23,

Several epigenetic mechanisms operate on the level of the nucleosome. Histone variants can replace replication-coupled
histones and provide the nucleosome with different biochemical and biophysical properties [28l. The N-terminal and also
some C-terminal tails of histones protrude out of the compact structure of the nucleosome 24 and serve as a platform for
many post-translational modifications (PTMs) 24, PTMs can also occur on the core histone fold, where they directly affect



the histone-DNA interaction 28, Many types of histones PTMs exist that include methylation, acetylation, ubiquitination,
SUMOylation, citrullination, glycosylation, ADP-ribosylation, and phosphorylation [24. The combinatorial nature of PTMs at
histone residues led to the controversial hypothesis from Strahl and Allis of a “histone code” on top of the genetic code
(291 Most histone PTMs are catalyzed by enzymes. In the jargon of the chromatin community, we talk about these
enzymes as “writers” of PTMs that are recognized by “readers” and removed by “erasers” [Z. The dynamic nature of
these mechanisms and their interactions with the transcriptional machinery provide robustness to gene expression
programs and a memory of extrinsic or intrinsic stimuli, thereby contributing to the identity and fate of a cell. This precise
regulation is perturbed in cancer 29, The relation with the transcriptional regulation is best understood for the mutual
exclusive acetylation and methylation of lysine residues (211,

The writers and erasers of acetylation are histone acetyltransferases (HATs) and histone deacetylase (HDACS),
respectively. HATs can be divided into several families: the GNAT family with GCNS5; the MYST family including MOZ and
Tip60; and the p300/CBP family, among others 2. Similarly, HDACs are separated into three classes that have zinc-
dependent enzymatic activity 23 and the Sirtuins that are NAD*-dependent B4l The transfer of a methyl group from S-
adenosyl methionine (SAM) to a lysine or arginine residue is facilitated by histone methyl transferases (HMTs) such as
G9a, EZH2, or protein arginine methyltransferases (PRMTs) B3], The corresponding erasers are histone demethylases
(HDMs), of which LSD1 is an important example 23

Independent from histones, cytosine methylation is a repressive mark occurring on the DNA molecule. DNA
methyltransferases (DNMTs) add methyl groups to cytosine bases 8. Importantly, DNA methylation can only be indirectly
removed by TET enzymes and subsequent DNA repair pathways or by dilution through cell divisions 4,

Genes encoding chromatin-modifying enzymes are frequently mutated in B-cell lymphomas. In DLBCL patients, recurrent
mutations affect the writers CBP (also named CREBBP), EP300, EZH2, DNMT3A, or KMT2D/MLL4, among others [38],
Chromatin-modifying enzymes can also be strongly overexpressed in B-NHL subtypes, for instance, the arginine
methyltransferase PRMT5 in DLBCL and MCL B9 Furthermore, oncogenic drivers of B-NHL, such as MYC and BCL-6,
act as recruitment platforms for chromatin-modifying enzymes resulting in an altered epigenetic landscape. MYC interacts
with the acetylation writers p300, GCN5, and Tip60; the erasers HDAC1 and HDACS; the histone demethylases LSD1 and
KDM4B; and the DNA methyltransferase DNMT3A (49 BCL-6 can recruit CBP, class |, and Il HDACs as well as
components of the nucleosome remodeling NURD complex or polycomb proteins [£1142143]44] (Figure 2).
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Figure 2. Pharmacological modulation of deregulated histone modifiers in B-NHL. Histone acetylation (Ac) is catalyzed by
histone acetyltransferases (HATSs), frequently recruited by oncogenic drivers MYC and/or BCL-6 in malignant B cells, and
may be targeted by either activators or inhibitors. Histone deacetylases (HDACs) mediate deacetylation and are the target
of numerous inhibitory drugs, as some of them present recurrent mutations and B-NHL and may be recruited by MYC
and/or BCL-6 as well. Bromodomain (BRD)-containing proteins can bind to acetylated residues, enhancing oncogenic
signaling (such as MYC program, in the case of BRD4), and can be targeted by pan or isoform-specific inhibitors.
Methylation (Me) is regulated by histone methyltransferases (HMTs) and histone demethylases (HDMTs). HMTs are
common targets of epigenetic drugs, especially the EZH2 subunit of the polycomb repressor complex 2 (PRC2), since it is
recurrently mutated in B-NHL. HDMT inhibitors can partially counteract MYC signaling, among other effects. Me domain
reader proteins, such as those containing chromodomains, may be targeted by inhibitors as well. Other histone
modifications include ubiquitination (Ub), sumoylation (S), and phosphorylation (P), but their role in B-NHL pathogenesis
and their targeting require further studies.



In conclusion, mechanisms of epigenetic regulation are disrupted in B-NHL through mutations, overexpression, and false

recruitment of chromatin-modifying enzymes. By targeting chromatin-modifying enzymes with epidrugs, the field aims at

reverting epigenetic changes on chromatin for therapy 22l The oldest epidrugs are azanucleosides that inhibit DNMT

enzymes (48],
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