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Abstract

In eukaryaotic cells, the genome is three dimensionally (3D) organized with DNA interaction
dynamics and topology changes that regulate gene expression and drive cell fate. Upon antigen
stimulation, naive B cells are activated and form germinal centers (GC) for the generation of
memory B cells and plasma cells. Thereby, terminal B-cell differentiation and associated humoral
immune response require massive but rigorous 3D DNA reorganization. Here, we review the
dynamics of genome reorganization during GC formation and the impact of its alterations on
lymphomagenesis from the nucleosome structure to the higher order chromosome organization.
We particularly discuss the identified architects of 3D DNA in GC B cells and the role of their
mutations in B-cell lymphomas.

Introduction

In eukaryotic cells, DNA is packaged into chromatin through increasing levels of complex
structures ranging from the nucleosome to higher order chromosome organization. The
nucleosome is the primary structure, composed of 147 nucleotides of DNA wrapped around
the core histone octamer, and forms the chromatosome when associated with linker histone
H1. Higher order chromosome organization includes specific topological features including
segregation in highly compact versus open compartments, topologically associated domains
(TADs) and chromatin loops that bridge gene promoters and enhancers [1,2]. Modulation
of genome architecture is a major driver of biological processes such as cell fate and

cell differentiation, in large part by regulating gene expression, and requires chromatin
remodelers and architectural proteins. Chromatin remodelers such as the BAF complex

are multiprotein complexes that regulate DNA accessibility by removing or restructuring
nucleosomes. Architectural proteins include components of the chromatosome but also
cohesin complexes and CCCTC-binding factors that structure chromatin loops and TADs

[3].
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During the humoral response, B cells form germinal centers (GC) in the secondary lymphoid
organs. The GC is composed of a dark zone where B cells rapidly proliferate and undergo
somatic hypermutation and a light zone where B cells compete for interaction with T
follicular helper cells, which enables them to undergo further differentiation [4]. Phenotypic
transitions occurring during the GC reaction require B cells to undergo major reorganization
of their three-dimensional (3D) genome architecture to coordinate specific transcription
programs [5,6].

Most B-cell lymphomas are of GC B-cell origin, including diffuse large B-cell lymphoma
(DLBCL) and follicular lymphoma. Epigenetic dysfunction is a hallmark of GC-derived
lymphomas as shown by recurrent mutations of chromatin regulatory proteins and histones
[4]. Herein, we highlight recent insights pertaining to DNA architectural regulation of
chromatin during GC formation and describe how perturbations spanning from nucleosome
structure to high-order chromatin organization contribute to GC lymphomagenesis.

Dynamics of genome architecture during germinal center formation and

lymphomagenesis

Epigenetic and 3D genomic remodeling during germinal centers formation

The major phenotypic changes occurring in GC B cells during the humoral immune
response involve broad shifts in transcriptional programs, driven by a variety of
transcriptional activators and repressors. The genome can be roughly segregated into a
highly compacted and inaccessible compartment called ‘compartment B” where genes are
transcriptionally silent, and ‘compartment A’ chromatin that is more accessible and hence
available to be activated. Using genome-wide chromosomal conformation capture (Hi-C),
Bunting et al. and Vilarassa-Blasi et al. reported that the transition from naive B cells to
GC B cells is accompanied by a global decompaction of the genome in mice and humans,
respectively [7,8¢]. This phenomenon is reversible, with memory B cells showing genome
architecture comparable to naive B cells [8]. Decompaction of chromatin in GC B cells
allows transcription factors to bind to their cognate DNA elements and recruit chromatin
modifiers complexes to introduce activating histone marks. Among these, the H3K4mel
mark is important to license DNA elements to act as gene enhancers, and H3K27ac

mark contributes to enhancer—promoter interactions (EPI) and fully activate transcription.
Vilarassa-Blasi et al. further identified an intermediate (I) compartment, with compaction
states between compartments A and B and enrichment for the H3K27me3 mark, perhaps
representing repressed genes with potential to transition to compartment A for activation or
compartment B for silencing [8].

Chromatin accessibility has been mapped in human B cells undergoing the GC reaction
using ATAC-seq. These data show a massive gain of chromatin accessibility during naive to
GC B-cell transition particularly at OCT2 cognate binding sequences [9e¢]. A transcriptional
co-factor called OCAB (or OBF1) is required for GC formation and is necessary for OCT2
transcriptional activation functions. Newly, in-depth mechanistic studies reveal how these
proteins drive transition of naive B cells to GC B cells [9-11]. Strikingly, GC B-cell specific
enhancer accessibility is predetermined by OCT2 “pre-positioning’ at these sites in naive
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B cells, even though these elements are not yet active. GC-specific expression of OCAB
activates these latent OCT2 bound enhancers, leading to gain of accessibility, formation of
superenhancers and gain of GC EPIs [9]. This role of OCAB is linked to its binding to
OCT2, which enables more stable binding of this factor even to non-optimal OCT2 DNA
elements. Notably, many of the key GC-specific superenhancers are formed through the
actions of OCT2-OCAB complexes, which are required for them to make long-range EPIs.
OCARB loss of function in GC-like cells leads to loss of GC EPIs and hence transcriptional
programs including downregulation of the critical GC transcriptional repressor BCL6, and
induction of GC exit programming including upregulation of /RF4[9,11]. BCL6'is essential
for GC formation, and its high level of expression in GC B cells is driven by a GC-specific
locus control region (LCR) located more than 100 kb upstream [7]. Recent studies show that
the BCL6LCR forms around an OCT2 pre-positioned binding site in an OCAB-dependent
manner, leading to a gain of accessibility that opens additional OCT2-OCAB binding sites
(BS). Full LCR activation and interaction with the BCL6 promoter requires formation of a
ternary complex between OCT2-OCAB and the critical GC transcription factor MEF2B, as
well as the mediator complex [12]. These ternary complexes only form at three of the many
enhancer elements that compose the BCL6-LCR, each of which is required to maintain
BCL 6 expression and viability of GC-derived lymphoma cells. In contrast, the remaining
enhancers were not essential for these processes (Figure 1).

Chromatin remodeling and looping complexes control germinal center formation and are
often disrupted in lymphomas

Chromatin accessibility involves nucleosome remodeling mediated by the ATP-dependent
chromatin remodeling BAF complexes among others. There are several types of BAF
complexes composed of up to 15 subunits which can eject or reposition nucleosomes at
enhancers and promoters [13]. BAF subunits are frequently mutated in GC lymphomas. In
particular, DLBCLSs feature recurrent mutations in the BAF subunits genes such as AR/ID1A
(7%), ARID1B (7%), SMARCA4 (6%) or BCL7A (5%) [4]. SMARCA4, encoding the
BRG1 protein, is known to be important for the development of the B-cell lineage [14-].
Conditional deletion of Smarca4in GC B cells abrogates GC formation in mice, where

it makes critical contributions to enhancer chromatin accessibility required for the GC
program [15]. In addition, in human DLBCL cell lines, a mutant of the SMARCA4
interactor BCL7A which lacks the N-terminal SMARCA4 interaction domain, reduces
expression of checkpoint genes that control B-cell proliferation, such as CDKN1A (p21),
highlighting a tumor suppressor role of BCL7A [16]. These studies point to critical roles for
BAF complexes in GC B-cell proliferation and potential tumor suppressor functions during
lymphomagenesis [15,16] (Figure 2).

The cohesin complex is required for the formation of TADs as well as most EPIs.

Cohesin complexes form rings through which they can create interactions between distal
elements. This process is critically dependent on the ATPase subunit SMC3 [17]. Cohesin-
mediated loop exclusion is required for antibody class switch of GC B cells during

the humoral immune response [18¢]. Whereas homozygous deletion of Smc3abrogates
GC formation, its haploinsufficiency results in hyperplasia and lymphomagenesis in mice
[19+,20]. This was linked to loss of EPI among critical GC exit genes known to have
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tumor suppressor functions including Kmt2dand Tet2. Smc3 haploinsufficient cells were
hence impaired in their ability to undergo the terminal phases of plasma cell differentiation
[19]. One interpretation of this result is that a reduction in the abundance of cohesin
complexes reduces the chance that newly forming transcriptional complexes that mediate
cell lineage transition would be able to form de novo stable, long-range enhancer-based
chromatin loops with their respective promoter elements. Consistent with this notion,
Smc3 haploinsufficiency in hematopoietic stem cells also impairs lineage commitment to
all cell fates, except monocytes which are the evolutionary default for these cells [21].
Smc3 haploinsufficiency also increases DNA damage in GC B cells and accumulation of
mutations in murine lymphomas [20]. Although cohesin mutations are rare in lymphoma,
many patients feature low expression of these genes, which was shown to be an independent
predictor of inferior clinical outcome [19,20] (Figure 2).

Chromatosome dysfunction as a driver of germinal center-derived

lymphoma

Core histones H2A/H2B and linker histones H1 are frequently mutated in germinal center-

lymphomas

The chromatosome is formed by a nucleosome in a complex with a linker histone H1.
GC-derived lymphomas are the only tumors that feature high incidence of H1 mutations,
specifically affecting replication-associated H/ST1H1B (H1-5) (8%), HISTIHIC (H1-2)
(12%), HISTIH1D (H1-3) (8%) and HIST1H1E (H1-4) (18%) genes. Although less
frequent, mutations of core histones H2A and H2B are also present in lymphomas affecting
HISTIHZAC (H2AC6) (6%), HISTIHZAM (HZAC17) (1%) and HISTIH2BK (HZ2BC12)
(5%) genes, whereas H3 and H4 mutations are rare. Interestingly, H1 and H2 mutations

are often co-occurrent in DLBCL [22-26]. Histone H1 missense mutations are widely
spread across the globular domain, important for DNA and nucleosome binding, and the
C-terminal tail, playing roles for higher affinity binding to the nucleosome and chromatin
compaction [27]. Of note, H1 mutations are more common at certain residues (A164 and
Al123 in HISTIHIE and A65 and A101 in H/ST1HI1C), perhaps reflecting their deleterious
impact on globular domain folding or contacts with DNA and other proteins. H2A and H2B
mutations are also widespread with overrepresented mutations at A11, A127 and K96 for
H2A and R87, S124 and S37 for H2B. These specific H2A/B mutations are not enriched in
other cancer types and may be especially relevant to DLBCL (Figure 2).

Linker histone H1 drives lymphomagenesis through disruption of chromatin
compartmentalization

H1 proteins are known to cause chromatin compaction and gene silencing. Lower H1
density is associated with transcriptionally active chromatin and H1 eviction can facilitate
gene activation [1]. For example, during early B-cell differentiation, H1 eviction is mediated
by NAP1-p300 at specific immune activation genes such as CD40[28]. Gene expression and
HPLC data from mouse tissues show that the H1c, H1d and H1e isoforms represent 90% of
total H1 in mature B cells [29]. The most recurrent mutations in patients with lymphoma are
on the HISTIHIC (H1-2)and HIST1HI1E (HI1-4)genes and are often co-occurrent [30ee].
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Mechanistically, H1 globular domain mutations impaired their association with chromatin,
whereas C-terminal mutants bind normally but disrupt chromatin compaction [30]. Loss of
H1c and H1le induced GC hyperplasia in mice and was associated with prominent shifting
of chromatin from the B to A compartments indicating decompaction of specific regions

of the genome. Strikingly, combining Hi-C and ChlP-seq, the data suggest a gradient of
histone modifications according to genomic compaction state, whereby H1 loss of function
leads to reduction of H3K9me3 from compartment B, reduction of H3K27me3 from regions
of the genome that shift to compartment A and gain of H3K36me2 peaking at the most
decompacted compartment A regions. As a consequence, many early stem cell genes that
are normally sequestered in compacted chromatin in mature B cells become reactivated,
due to compartment shift and gain of chromatin accessibility allowing transcription factors
to bind to formerly inaccessible elements. Aberrant expression of these stem programs

in H1 deficient GC B cells is associated with aberrant self-renewal of GC centrocytes,
development of highly malignant lymphomas in mice, and inferior clinical outcomes in
humans [30]. These data suggest that H1 mutations can confer stem-like activity in these
lymphomas that arise from fully differentiated B cells (Figure 2). Interestingly, stem cell
enhancers reactivated by H1 loss of function are enriched in OCT2 BS, perhaps indicating
that OCT2-OCAB complexes could “hijack’ these enhancers to aberrantly drive expression
of the associated genes. There remain many unanswered questions about H1 in lymphomas,
such as those regarding specific functions of different subtypes and missense mutations and
the role of H1 post-translational modifications [27,31-34].

Core nucleosome mutations in lymphomas: a mechanism to understand

The contribution of H2A and H2B mutations in GC-lymphomas remains unknown.
However, studies in solid tumors suggest ways through which these mutations could also
play an important role in lymphomas [35]. Indeed, screening of 160 distinct histones
harboring different mutations for several biochemical assays identified that H2A and H2B
mutants, mostly in the globular domain of these histones, alter both nucleosome stability and
nucleosome sliding abilities. Overexpression of H2B mutants (H2B-E71, E76, and E113)
dysregulated many pathways implicated in tumorigenesis [36]. Notably, H2B mutations at
the E76 residue impair nucleosome stability, induce aberrant chromatin accessibility at gene
promoters and confer aberrant growth patterns without affecting histone 3 post-translational
modification marks [37¢]. Another group showed that H2B-G53D mutations disrupt H2B
interaction with DNA, leading to transcriptional activation of cancer-related genes and
aberrant functional properties [38,39].

Conclusions and perspectives

Recent efforts have led to the characterization of the mutational landscape of GC
lymphomas and described 3D DNA dynamics during GC formation. An emerging area
of interest is how mutations in transcription factors and chromatin modifiers can affect
3D architecture. For example, recent studies demonstrated an aberrant gain of H3K27
acetylation at oncogene enhancers and aberrant compaction of chromatin occurring
with a gain of function of PRC2 [40-42]. This knowledge will form the basis to

reveal mechanistically how specific mutations impact the function of DNA architectural
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proteins, their biological contribution to epigenetic and transcriptional regulation during GC
formation and lymphomagenesis, and whether these architectural effects might confer novel
therapeutic vulnerabilities.
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Figure 1.
Graphical representation of GC identity establishment by OCT2-OCAB-MEF2B. OCT2 is

‘pre-positioned’ at latent GC enhancers and superenhancers in naive B cells, and de novo
GC OCT2 BS are not accessible at this stage. Expression of OCAB in B cells transitioning
to the GC reaction results in its binding to OCT2, with subsequent increase in chromatin
accessibility. This in turn opens additional canonical and non-canonical OCT2 BS (de novo
GC OCT2 BS) for further binding and chromatin opening by these complexes and the
formation of GC-specific superenhancers. The further expression of MEF2B in GC B cells
results in the formation of OCT2-OCAB-MEF2B ternary complexes, specifically at the key
superenhancer subunits most essential for EPIs and GC B cells, which is further supported
by OCAB recruitment of the mediator complex. Loss of OCAB reverses this process and
leads to loss of accessibility at GC enhancers and loss of expression of GC-specific genes.
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Figure2.
Graphical representation of chromatin architecture regulatory protein alterations in GC-

derived lymphomas. The genome ranges from highly compacted to decompacted through
three continuous compartments (B to | to A). These are associated with histone marks

that either silence (H3K9me3 and H3K27me3) or facilitate activation (H3K36me2) of

gene expression. The gradient of H1 density is associated with the range of chromatin
compaction and hence epigenetic and transcriptional activation potential. H1 loss of function
mutations lead to decompaction and activation of embryonic stem cell genes. Cohesin
complexes create chromatin loops such as EPls. SMC3 haploinsufficiency impairs GC
B-cell differentiation by reducing such EPIs at GC exit genes and tumor suppressors

thus contributing to lymphomagenesis. BAF subunits are involved in nucleosome ejection
and repositioning and are frequently mutated in GC lymphomas. Their precise role in
lymphomagenesis still needs to be clarified, but recent studies suggest that BAF components
have a tumor suppressor role [30]. Histone H1 proteins are represented in purple, H3 post-
modifications by dots: H3K9me3 (black), H3K27me3 (red), H3K36me2 (green), H3K27ac
(orange) and lightning indicate alterations of chromatin regulatory proteins and histones.
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