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Abstract

Epigenetic marks, such as DNA methylation, histone posttranslational modifications and
microRNASs, are induced in B cells by the same stimuli that drive the antibody response. They
play major roles in regulating somatic hypermutation (SHM), class switch DNA recombination
(CSR) and differentiation to plasma cells or long-lived memory B cells. Histone modifications
target the CSR and, possibly, SHM machinery to the immunoglobulin locus; they together with
DNA methylation and microRNAs modulate the expression of critical elements of that machinery,
such as AID, as well as factors central to plasma cell differentiation, such as Blimp-1. These
inducible B cell-intrinsic epigenetic marks instruct the maturation of antibody responses. Their
dysregulation plays an important role in aberrant antibody responses to foreign antigens, such as
those of microbial pathogens, and self-antigens, such those targeted in autoimmunity, and B cell
neoplasias.

Epigenetics and B cells

Epigenetics is the study of heritable changes in gene expression that are independent from
the DNA sequence. Epigenetic marks include DNA methylation [1], histone
posttranslational modifications [2] and non-coding RNAs [3], particularly microRNAs (Box
1). Together, these epigenetic marks comprise the “epigenome”. The epigenome of a cell is
dynamic, exhibiting distinct patterns as the cell develops and differentiates in response to
complex stimuli, and regulates gene activity for specification of cell differentiation fate.

Epigenetics changes regulate B cell development, which occurs in the bone-morrow, as
timed by immunoglobulin (1g) V(D)J (V, variable; D, diversity; J, joining) recombination,
and eventually gives rise to naive mature B cells (reviewed elsewhere [4]). Only recently has
it become apparent that epigenetic marks also underpin peripheral B cell differentiation after
antigen encounter. The purpose of this review article is to provide a conceptual framework
for understanding how epigenetic marks contribute to Ig somatic hypermutation (SHM) and
class switch DNA recombination (CSR), and generation of plasma cells and memory B
cells. Here, we will be concerned with B cell epigenetic marks that underpin the generation
of effective antibody responses; these are critical for the host defense against microbial
pathogens and tumoral cells. We will also discuss the dysregulation of epigenetic processes,
which is associated with autoimmunity and B cell neoplasias.
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Epigenetic induction and functions in peripheral B cell differentiation

Once resting naive mature B cells encounter antigen in secondary lymphoid organs, they
proliferate and differentiate into germinal center B cells, ultimately giving rise to long-lived
plasma cells and memory B cells (Figure 1). Resting naive B cells display genome-wide
DNA hypermethylation, low amounts of overall histone acetylation [5, 6] and, consequently,
low expression levels of a large number of genes, including B-actinand Gapdh housekeeping
genes (G. Li et al., unpublished). In contrast, genes that are crucial for maintenance of B cell
identity, such as Pax5, Spiband Ebfl, and B cell marker genes, such as Cd19, display an
active epigenetic state [7, 8]. In resting B cells, most regions within the Ig heavy chain (/g5)
locus exist in a closed chromatin state, devoid of activating histone modifications and
enriched in repressive histone modifications (e.g., H3K9me3 and H3K27me3) [9, 10].
Resting, naive B cells undergo VyDJy-Cy transcription, which initiates at the Vi promoter
and runs through the intronic switch (S)p region and Cp/Cd exon clusters. This encodes the
surface B cell receptor (BCR), which comprises /gu and /gd heavy chain genes (Figure 2).
Chromatin in the transcribed /gh VyDJy regions, the intronic p enhancer (iEp) and the /gh
3’ locus control region (3° LCR) contains hypomethylated DNA and activating histone
modifications [11-18] (Table 1). The epigenetic marks in the VyDJy region and, possibly,
VAJA and VkJK regions are likely introduced during B cell development, as the open
chromatin state of these regions is required for VV(D)J recombination [4].

Active epigenetic marks in the /g/ locus and in the Pax5, Spib, Ebfl and Cd19loci persist
during naive B cell activation [6, 11, 13] (Table 1). Proliferation and differentiation into
hyper-mutating/class switching B cells is associated with genome-wide DNA
hypomethylation and an overall increase in the amount of histone acetylation [5, 6]. Proto-
oncogene B cell lymphoma 6 (Bcl-6) is induced in those somatically hyper-mutating/class-
switching B cells with concomitant enrichment of activating histone marks H3K9ac and
H3K4me3 in the Bc/6 promoter [19]. Bel-6 inhibits B cell differentiation into plasma cells
through transcription repressor functions that likely modify chromatin accessibility [20].

Naive B cells, germinal center B cells, plasma cells and memory B cells display distinct
microRNA expression profiles [21, 22]. Mice with a B cell-specific deletion in Dicer
showed defects in generation of germinal center B cells, plasma cells and memory B cells
[23]. Dicer-deficient B cells displayed defective biogenesis of multiple microRNAsS,
including miR-155 and miR-125b, which regulate expression of genes that fine-tune B cell
germinal center differentiation [24, 25] (Table 1). A single microRNA molecule, such as
miR-155, can target multiple genes, including A/CDA/Aicda, which encodes activation-
induced cytidine deaminase (AID), and Pu.1, thereby regulating sequential B cell
differentiation stages [24, 26—28]. On the other hand, multiple microRNA molecules, such
as miR-15a and miR-16, can cooperatively target one gene, such as Bc/2in germinal center
B cells [21] (Figure 1).

Thus, upon activation by antigens, B cells undergo DNA demethylation and histone
modifications, and express a specific set of microRNAs. These epigenetic marks articulate
transcription programs that specify distinct B cell differentiation stages and underpin the
molecular changes, which are necessary for the maturation of the antibody response.

Epigenetics of SHM and CSR

SHM and CSR are critical for the maturation of the antibody response. SHM inserts point-
mutations in Ig V{D)JDNA, thereby providing the structural substrate for selection of
higher affinity antibody mutants by antigen. By deleting intervening DNA between an
upstream (donor) and a downstream (acceptor) S region, CSR juxtaposes the expressed
VyDJy DNA segment to a new Cpy exon cluster, thereby changing the Cy chain of an
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antibody and endowing it with different biological effector functions (Figure 2). SHM and
CSR are initiated by transcription through V(D)J and the donor/acceptor S regions that will
undergo recombination, respectively, are mediated by AID, and share an array of DNA
polymerases and repair enzymes [29, 30]. AID deaminates deoxycytidines (dCs) to yield
deoxyuracils (dUs), thereby initiating the DNA lesions that will lead to insertions of point-
mutations for SHM or double strand DNA breaks (DSBs) for CSR. The dU and dU:dG
mispair DNA lesions are dealt with by uracil DNA glycosylase (Ung) and/or mismatch
repair proteins (Msh2 and Msh6), leading to unfolding of a complex DNA repair process
[31-34]. Epigenetic marks regulate expression of genes encoding AID and other SHM/CSR
factors; they also target the SHM/CSR machinery, in a manner independent of VV(D)J or S
region transcription, by inducing an open chromatin state and directly recruiting critical
adaptor proteins.

Epigenetic regulation of AID induction

AID is expressed at very low levels (mostly undetectable) in naive B cells, highly induced in
B cells undergoing SHM/CSR, and then repressed in plasma cells and memory B cells to
preserve the specificity, affinity and isotype of a BCR/antibody [35-37]. AID is tightly
regulated at the transcription, post-transcription and post-translation stages [38—40] (Table
1). Repression of the Aicda gene in naive B cells was mediated by promoter
hypermethylation [37]. During B cell activation, A/cda DNA was demethylated and the
locus became enriched in H3K9ac/K14ac and H3K4me3 [17, 36]. These epigenetic changes,
together with induction of HoxC4, NF-kB, STAT6 and other transcription factors [30, 41—
43], activate A/cda transcription. Transcription elongation depends on induction of
H3K36me3, an intragenic mark of gene activation, in the Aicda gene body, as suggested by
AID downregulation following depletion of the H3K36me3 methyltransferase Setd2 [18].
Post-SHM/CSR downregulation of AID transcription probably results from re-methylation
of the Aicaalocus [37]. At the post-transcriptional stage, miR-155, miR-181b, miR-93 and
miR-361 target different sites in the 3’ untranslated region (3” UTR) of AJcdatranscripts to
downregulate AID [40]. These microRNAs likely repress AID in naive B cells and repress it
in B cells that complete SHM/CSR (Figure 1). Deleting the miR-155-targeting site in Aicda
transcripts increased AlID expression, enhanced CSR and promoted Myc/Igh translocations
[27, 28]. Thus, microRNAs work in concert with DNA methylation and histone
modifications to control the induction of AID for SHM/CSR.

Epigenetic targeting of the SHM machinery

The SHM machinery is targeted to V{D)JDNA through transcription, unique targeting
sequences, and likely DNA demethylation and histone modifications [29, 44] (Figure 2).
DNA hypomethylation seems to play a role in SHM, as in B cells carrying two nearly
identical pre-rearranged transgenic Igk alleles, only the hypomethylated allele was
hypermutated despite comparable transcription of both alleles [14]. DNA demethylation
probably facilitates SHM targeting by promoting H3K9ac/K14ac, H4K8ac and H3K4me3
histone modifications that are associated with an open chromatin state and are enriched in
the V(D)J region [11, 18, 45]. Both H4K8ac and H3K4me3 play a role in SHM. H4K8ac
increased concomitantly with VyDJy mutations in human BL2 cells upon treatment with
trichostatin A (TSA), a histone deacetylase (HDAC) inhibitor [45]. Sustained H4K8ac in
VAJA region required E2A, whose inactivation led to decreased mutations [29, 46].
Decreased H3K4me3 in VyDJy regions in BL2 cells upon knock-down of histone
chaperone suppressor of Ty6 (Spt6) correlated with reduction in VyDJy mutations [18].

Histone modifications likely mediate recruitment of error-prone DNA polymerases at the
DNA repair stage of SHM. H2AK119 ubiquitination (ub) and H2BK120ub were enriched in
VyDJy but not Cy regions and co-localized with error-prone translesion DNA synthesis
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(TLS) polymerase n (pol n) in AID-containing foci [47]. Pol ) is likely recruited to those
loci by H2AK119ub and H2BK120ub (as well as by monoubiquitinated PCNA) through its
ubiquitin-binding domain [48]. H2BS14 phosphorylation (ph) marked V(D)J region in an
AID-dependent manner [11], and probably also contributes to recruitment of DNA repair
factors. Thus, DNA hypomethylation and activating histone modifications increase V(D)J
region chromatin accessibility to the SHM machinery, including AID and error-prone DNA
repair factors, which, in turn, are likely stabilized by modified histones.

Epigenetic targeting of the CSR machinery

Histone modifications target the CSR machinery to the upstream donor (e.g., Sp) and the
downstream acceptor S regions (e.g., Sy3, Sy1, Sal, Sy2, Sy4, Se or Sa2 in the human; Sy3,
Sy1, Sy2b, Sy2a, S¢ or Sa in the mouse) that are “primed” for CSR (Table 1). Activating
histone marks, such as H2BK5ac, H3K9%ac/K14ac, H3K27ac, H4K8ac, H3K4me3 and
H3K36me3, together with germline Ip-Sp-Cp transcription, were found in the donor Sp
region, even in naive resting B cells [9, 13, 16, 17, 49-52] (Figure 2), indicating that Sp is in
a constitutively open state and poised for switching. Induction of CSR requires both
“primary” and “secondary” (CSR-inducing) stimuli [30] (Figure 3). Primary stimuli
comprise a T-dependent stimulus, i.e., engagement of CD40, which is constitutively
expressed on B cells, by CD154 expressed on activated T cells, and T-independent stimuli,
mainly, dual Toll-like receptor (TLR) and B cell receptor (BCR) engagement by MAMPs
and antigenic epitopes, respectively, on bacteria or viruses. These stimuli induce B cell
activation, proliferation and differentiation. Secondary stimuli consist of cytokine
interleukin-4 (IL-4), transforming growth factor-p (TGF-f) and interferon-y (IFN-y, in the
mouse, but not the human). In conjunction with primary stimuli, they direct class switching
to 1gG, IgA or IgE by selecting the acceptor S region, such as IL-4 in CSR to Syl and Sg,
TGF-B to Sy2b and Sa, and IFN-y to Sy2a (mouse), through induction of specific germline
Iy-S-Cy transcription and activating S region histone modifications [16, 17, 50, 51]. They
also synergize with primary stimuli to induce maximal AID expression. When enabled by
primary stimuli, which induce histone-modifying enzymes (Li et al., unpublished) and
trigger chromatin decondensation in downstream S regions, e.g., by removing of repressive
H3K9me3 and H3K27me3 [9, 10], cytokines activate transcription factors that bind to
selected Iy promoters and initiate germline 14-S-Cy transcription [30] (Figure 2). These
allow histone-modifying enzymes to ride on the RNA polymerase (pol) 11, on which AID is
also hitched through direct interaction with Spt5, to reach S regions during elongation of
germline 14-S-Cy transcription [16, 17, 53-55]. Upon RNA pol 11 stalling, likely due to
complex secondary DNA structures (e.g., R-loop and cruciform-like structures) in S regions
[30, 56], histone-modifying enzymes catalyze histone modifications in these regions.
Modified histones together with DNA transcription open the chromatin in S regions, thereby
allowing for access of CSR factors. The importance of histone-modifying enzymes in CSR
is suggested by the defective S region histone modifications and CSR following inhibition of
H3K4 methyltransferases MLL/SET1 [51] or H3K9 acetyltransferases Gen5 and Pcaf (Li et
al., unpublished).

Activating histone modifications, including H3K9ac and H3K4me3, were enriched in the
(intronic) donor and acceptor S regions at levels much higher than those in the related I
promoter and Cy regions [16, 17]. These activating marks are “read” by CSR factors,
including 14-3-3 adaptors, which, like AID and histone-modifying enzymes, were induced
by primary stimuli (Mai et al., unpublished). 14-3-3 adaptors specifically bind to the
combinatorial histone H3K9acS10ph modification in S regions (Li et al., unpublished) and
5’-AGCT-3’ repeats (Figure 2), which are characteristic motifs of all /g/locus S regions,
but not Iy promoters, Cy regions or other genome areas [57]. Due to their high affinity for
5’-AGCT-3’ repeats, 14-3-3 can potentially bind all S regions. Nevertheless, these adaptors
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are recruited only to the S regions that undergo recombination [57]. This is due to the open
chromatin state of these regions, as well as specific binding of 14-3-3 to H3K9acS10ph. The
specificity of 14-3-3 adaptors for H3K9acS10ph and 5°-AGCT-3’ repeats are evocative of
RAG1-RAG2 complex specificity for H3K4me3 and V, D and J gene RSS (recombination
signal sequences) [4].

14-3-3 adaptors directly interact with AID and target it to the upstream and downstream S
regions that undergo recombination [57], thereby “transducing” the epigenetic code (Figure
2). H3K9me3 was also found, albeit in low amounts, in Sy and recruited the KAP1-HP1y
complex to stabilize AID on Sy, but not on downstream S regions [10]. Accordingly,
abrogation of the H3K9 methyltransferase Suv39 impaired CSR to IgA [58]. Histone readers
with scaffold functions, e.g., 14-3-3 adaptors, together with scaffold proteins, such as RPA
[52] and Rev1 [59], nucleate the assembly of macromolecular complexes on S region DNA,
thereby stabilizing AID and/or Ung for generation of DNA lesions. The RNA exosome may
also be recruited to the same complex and allow AID to deaminate dCs in both transcribed
and non-transcribed DNA strands [60]. Histone modifications are also read by DNA repair
factors, such as p53-binding protein 1 (53BP1). 53BP1 is recruited to DSBs where it is
stabilized by H4K20me2, thereby playing an important role in CSR, as suggested by the
findings that abrogation of histone methyltransferase MMSET expression impaired
H4K20me2 enrichment and 53BP1 recruitment in/to the /g/1locus S regions, resulting in
defective CSR [61]. 53BP1 may functions as a scaffold to recruit/stabilize additional DNA
repair factors for CSR.

Thus, activating histone modifications are induced in S regions and create an open
chromatin state, which allows for the access of the CSR machinery. Epigenetic specification
of CSR targeting entails reading of histone codes by scaffold proteins, which orchestrate the
assembly of macromolecular complexes in the sequential DNA lesion and repair stages.

Epigenetics of plasma cell and memory B cell differentiation

Plasma cells are terminally differentiated effector cells that generally have undergone SHM
and CSR. These cells do not proliferate, but secrete clonospecific antibodies at high rates
(107 molecules/hour) [20]. While some memory B cells are Igu*, most memory B cells are
class-switched (Igy*, Ige* or Iga*) and express somatically hypermutated V(D)J gene
segments. Upon reactivation, memory B cells differentiate into plasma cells to mediate an
anamnestic response [62]. Reactivated memory B cells can undergo further SHM and/or
CSR before differentiating into plasma cells or converting back to memory B cells [63]. The
stimuli, signals and processes underlying differentiation into plasma cells and memory B
cells are not well understood, but epigenetic mechanisms contribute to these processes.

Epigenetics of plasma cells

Upregulation of Blimp-1 (encoded by Prdm1) is central to B cell differentiation into plasma
cells, [20, 64]. Downregulation of Pax-5 and Pax-5-driven Bcl-6 led to de-repression of the
Prdm1 promoter from Bcl-6-mediated epigenetic silencing. This was associated with
increased histone acetylation in the Pram1 promoter, likely resulting from release of Bcl-6-
bound HDAC:s [65, 66]. Blimp-1 expression was enhanced by HDAC inhibitor TSA, which
also upregulated Syndecan-1 (CD138, a plasma cell hallmark) [67]. The hyperacetylated
state of the Pram1 locus likely remains intact in long-lived plasma cells in the bone marrow,
thereby allowing for sustained expression of Blimp-1 to maintain cellular identity.
Downregulation of Blimp-1 in a plasmacytoid cell line by enforced expression of Bcl-6
resulted in re-expression of B cell markers, including CD19 [66]. Expression of Blimp-1
was inhibited by microRNAs, including miR-9, miR-30, miR-125b, miR-127 and let-7 [21,
22, 25, 68-70] (Table 1). Overexpression of miR-125b in B cells inhibited Blimp-1
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expression and differentiation into plasma cells [25]. Also, miR-125b downregulated Irf-4,
which is also critical for plasma cell differentiation and reciprocally regulates Blimp-1 [21,
25, 71], and miR-127 downregulated Xbp-1, a CREB/ATF transcription factor that activates
genes encoding proteins in secretory pathways for antibody secretion [20, 70].

Blimp-1 is a transcriptional repressor that binds to the promoters of Bc/6, Pax5and Spib (all
of which inhibit B cell differentiation into plasma cells) and downregulates the expression of
these genes [20], possibly through deacetylation of their promoters. Indeed, Blimp-1 has
been shown to bind HDACs [72]; Pax5, Spiband perhaps Bc/6 promoters showed decreased
histone acetylation in plasma cells [72, 73]. In addition, Blimp-1, through a similar
epigenetic mechanism, downregulates c-Myc in plasma cells [72], thereby maintaining the
terminal differentiation state of these cells [20]. Finally, Blimp-1 was shown to interact with
G9a, an H3K9 methyltransferase, and likely recruits this enzyme to the Pax5and Spib
promoters, thereby increasing H3K9me3 and repressing activation of these promoters [73,
74]. Thus, epigenetic induction of Blimp-1 and Blimp-1-mediated epigenetic inhibition of
target genes drives plasma cell differentiation, and possibly maintains plasma cell identity.

Epigenetics of memory B cells

Memory B cells inherit epigenetic information from their precursor and acquire new
epigenetic marks, which make these resting B cells prone to respond to antigen. Expression
of memory B cell hallmark genes, e.g., Cd38 (in the mouse) and CDZ27 (in the human),
likely results from de novo activating histone modifications, as induced during B cell
activation. Genes that maintain B cell identity, such as Pax5and Spib, are also expressed in
memory B cells [7], possibly as a result of the activating epigenetic state that originated in
naive B cells. Post-recombined Sp-Sy, Su-Se or SP-Sa regions in the /gh locus probably
display constitutive (Su portion) or induced (Sy, S€ or Sa portion) histone modifications,
which are likely transmitted to memory B cells, leading to comparable epigenetic landscapes
in Igy™, Ige* and Iga* memory B cells.

In quiescent memory B cells, Aicdaand Pradm1 are silenced to preserve BCR integrity and
prevent differentiation into plasma cells, respectively [75, 76]. Many genes are likely
silenced by DNA methylation as catalyzed by DNMTSs, such as DNMT3a, which is highly
expressed in memory B cells [75], and upregulation of selected microRNAs, including
miR-125b and let-7, which negatively regulate Pradm1[21, 22, 68, 69]. Downregulation of
miR-15a and miR-16, which target Bc/Z, likely contributes to memory B cell survival [21,
77] and re-expression of Krippel-like factor (KLFs), which can bind HDACs, mediates
memory B cell quiescence [78].

Memory B cells are likely in a "poised" state, marked by active and repressive histone
modifications in a balance, therefore displaying the potential for rapid activation upon
antigen re-encounter. Poised genes include those needed for proliferation, such as Ki67,
Ccnd2, Ccnel and E2f1 [75] (E2f-1 is also downregulated by miR-223 [79]), or re-initiation
of SHM or CSR, e.g., Bcl-6[75, 80]. The switch from the poised state to the silenced state
of those genes is likely mediated by KLFs, as ectopic expression of KLF-4 or KLF-9,
converted memory B cells into cells with a “naive” B cell phenotype [81]. The poised state
of genes, together with a high level of the BCR signaling molecule Malt1 [76] and the
moderate level of KLFs [75], allow memory B cells to respond to antigen much more
rapidly than naive B cells with the same BCR, showing a proliferative burst upon re-
encounter with antigen. Thus, DNA methylation, histone modifications and microRNAs
regulate gene expression programs that underpin B cell differentiation into plasma cells and
memory B cells, and also play important roles in maintaining the identity of these
differentiated cells.
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Aberrant B cell epigenetic status and disease

Several studies have addressed the role of epigenetic changes in T cells, including regulatory
T cells (Tregs), in health and autoimmune conditions [82, 83]. Aberrant patterns of DNA
methylation, histone modifications and microRNA expression in B cells, however, have
received less attention; only recently did they begin to be recognized in autoimmune
conditions as well as B cell neoplasias [83-85].

Epigenetics in B cell (autoantibody)-mediated autoimmunity

Systemic autoimmune diseases such as systemic lupus erythematosus, rheumatoid arthritis,
systemic sclerosis and dermatomyaositis are associated with overall DNA hypomethylation,
although the genomic regions that are hypomethylated were not well defined [82, 83, 85].
The role of DNA methylation in autoimmune diseases is epitomized by the discordance of
systemic lupus erythematosus in monozygotic twins. B cells isolated from lupus patients
displayed profound changes in DNA methylation, as compared to those from healthy
monozygotic siblings [86]. The decreased DNA methylation in autoreactive B cells likely
resulted from reduced DNMT1 and DNMT3b expression; it could also result from an active
DNA demethylation dependent on AlD-mediated cytosine deamination [87], consistent with
AID upregulation in B cells of lupus patients or lupus-prone mice [88]. The role of B cell
DNA hypomethylation in systemic autoimmunity is emphasized by development of lupus-
like disease after prolonged treatment with hydralazine, procainamide or isoniazid
(inhibitors of DNA methylation) [84]. Accordingly, adoptive transferring of mouse B cells
treated with hydralazine led to productions of antinuclear autoantibodies in recipient mice
[89]. The involvement of aberrant histone modifications in the development of lupus is
indicated by the increased histone acetylation and reduced lupus symptoms in lupus-prone
mice treated with HDAC inhibitors [90]. The amelioration of lupus symptoms results in part
from decreased production of inflammatory cytokines by T cells, upregulation of Tregs [90]
and, perhaps most importantly, inhibition of autoantibody secretion by B cells (H. Zan et al.,
unpublished).

MicroRNAs are aberrantly expressed in different cells types and tissues in patients with
autoimmune disease [91, 92] and dysregulation of microRNAs has been associated with
autoimmune traits. A B cell-specific Dicer deletion, which abolished mature microRNAs,
led to a skewed BCR repertoire with hallmarks of autoreactivity, suggesting that selected
microRNAs prevent the generation of self-reactive antibodies [93]. Expression of miR-150
was downregulated in spleen B cells from lupus-prone MRL/Ipr mice, as compared to MRL/
Ipr~'= mice [94]. This likely stemmed from decreased histone acetyltransferase activity,
resulting in impaired acetylation and decreased transcription of miR-150 host gene. Indeed,
a B cell-specific conditional knock-in dominant negative p300 mutant resulted in production
of class-switched anti-dsDNA autoantibodies and development of lupus-like traits in
C57BL/6 x 129/sv F1 mice [95]. On the other hand, expression of certain microRNAs may
contribute to the development of autoimmunity, as suggested by amelioration of
autoimmune splenomegaly in lupus mice upon silencing of miR-21 [96] and increased
numbers of germinal center B cells in the spleen and peripheral lymph nodes in miR-17-92
transgenic mice [97]. Thus, dysregulated expression of microRNAs can contribute to
autoimmunity.

Epigenetics in B lymphomagenesis

The epigenome of tumoral cells of different origin is characterized by global changes in
DNA methylation and altered histone modification patterns [98]. Distorted epigenetic marks
interact with genetic alterations at all stages of cancer development to promote neoplastic
transformation and tumor cell progression [99].
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The abnormal DNA methylation in B cell lymphomas varies with chromosomal regions,
local gene density and methylation status of neighboring genes [100]. Aberrant DNA
hypomethylation of promoters can lead to increased transcription of genes with oncogenic
potential and aberrant DNA hypermethylation lead to decreased transcription of genes with
tumor suppressor function. For example, mantle B cell lymphomas display aberrant
hypomethylation in promoter of genes that are involved in pathways controlling cell cycle or
apoptosis such as Cdk5, and aberrant hypermethylation in the promoter of tumor suppressor
genes such as Cdkn2b [101]. Aberrant hypomethylation or demethylation could involves
AID, which can mediate active DNA demethylation [102] and is upregulated in human B
cell non-Hodgkin lymphomas [103]. Hypermethylation is likely related to upregulation of
DNMTs, such as DNMT3b, which is overexpressed in diffuse lager B cell lymphomas
[104]. Accordingly, transgenic mice expressing Dnmt3b developed mediastinal B cell
lymphomas displaying significantly altered methylation patterns [104].

Altered expression or mutation of the histone-modifying enzymes promotes aberrant gene
expression patterns, which give rise to many cancer characteristics [105]. Overexpression of
EZH2, a histone methyltransferase component of polycomb repression complex 2 (PRC2)
that catalyzes H3K27me3 and stimulates tumor growth, has been implicated in B
lymphomagenesis [106]. Somatic mutations of Y641 and A677 residues within the catalytic
domain of EZH2 occur in diffuse large B cell lymphoma and follicular lymphoma [107].
These mutations promoted EZH2 activity and increased H3K27me3 levels in those cells
[106]. Further, other histone methyltransferases, such as MLLZ2, histone demethylases UTX
and JMJD2C and histone acetyltransferases CBP and p300, are frequently mutated in B cell
lymphomas [104]. Mutations in these histone-modifying enzymes are likely mediated by
AID, which is highly expressed in those neoplastic B cells, and result in aberrant patterns of
histone modifications and disruption of chromatin structure, ultimately dysregulated gene
transcription programs.

Aberrant expression of microRNAs contributes to B lymphomagenesis [22, 108].
Expression of miR-15 and miR-16-1, both of which target Bc/-2, was found to be
downregulated in chronic lymphocytic leukemia B cells [109, 110]. Deletion of miR-15a
and miR-16-1 in B cells resulted in clonal lymphoproliferative disorders [111]. Conversely,
the miR-17-92 cluster, which targets the tumor repressor genes Bimand Pfen, is often
amplified in human lymphomas [97, 112]. Accordingly, ectopic expression of the miR-17-
92 cluster in lymphocytes led to development of lymphoproliferative disease in these mice
[97, 112]. B lymphomas often express substantial amounts of mRNA isoforms with shorter
3" UTRs, which lack microRNA-binding sites, thereby escaping microRNA-directed
silencing [113]. For example, a short cyclin DI mRNA isoform that lacks part of 3 UTR is
expressed in a subset of mantle cell lymphomas [113]. These cells have increased cyclin D1
expression and B cell proliferation. Thus, by allowing selected oncogenes to elude the
regulation by their modulatory microRNAS, the shortening of 3 UTRs may be provide an
important mechanism in B cell neoplastic transformation.

Concluding remarks

During an antibody response, primary stimuli induce epigenetic marks/changes in B cells,
thereby regulating expression of genes crucial for SHM, CSR and/or B lymphocyte
differentiation into plasma cells or memory B cells. This notion is supported by increasing
new findings, but also calls for more and better mechanistic insights into how a B
lymphocyte acquires specific epigenetic modifications and/or elements in selected gene loci,
in response to a variety of stimuli that differentially activate transcription factors. The cross-
regulation and feedback-regulation of different epigenetic modifications/elements further
increase the complexity of the B cell epigenome. The epigenome “interacts” with complex
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genetic information for precise control of gene expression, a paradigm that is well illustrated
by the highly specific AID induction in B cells undergoing SHM/CSR through epigenetic
modifications and activation of key transcription factors.

Histone madifications in 1g VV(D)J and S regions are critical for targeting of the SHM and
CSR machinery, respectively. As histone modifications are generally coordinated, it is
difficult to envision that an individual modification provide unique targeting signals. More
likely, combinatorial histone modifications provide complex multi-step targeting signals
recognized by the SHM and CSR machinery. Thus, the dynamic composition of
combinatorial histone modifications needs a better definition to better understand the
targeting of SHM and CSR.

Epigenetic dysregulation in B cells can result in aberrant antibody responses and, by
compounding genetic susceptibility, mediate autoimmunity and neoplasia. The reversible
nature of epigenetic marks, however, makes them attractive targets of small molecule or
biologic therapeutics. A better understanding of the altered epigenetic processes in
autoimmune diseases and B cell cancers will open perspectives for the development of new
therapeutics.
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Box 1. Features and molecular basis of epigenetics

DNA methylation at the 5-position of the cytosine pyrimidine ring has been the first
recognized and most investigated form of epigenetic information in the DNA. As
recently discovered, DNA also carries cytosine hydroxylmethylation [1]. DNA
methylation, which frequently occurs in CpG dinucleotide motifs in the promoter and the
body of genes as well as intergenic regions, is the result of a balance between DNA
methyltransferases (DNMTs)-mediated DNA methylation and DNA demethylation, as
resulting from the passive loss of methylation during DNA replication and/or active
methylation erasure mechanisms that remain to be defined and possibly involve cytidine
deaminases and DNA repair pathways [87]. As a highly conserved transcriptional
silencing mechanism, hypermethylated promoter DNA recruits methyl CpG binding
protein 2 (MeCP2), which hinders the access of RNA polymerase Il [1]. Conversely,
demethylated CpG motifs recruit CXXC finger protein 1 (CFP1), a component of the
Setl/MLL family, for H3K4me3 marking, thereby increasing chromatin accessibility [1,
114].

Histones H2A, H2B, H3 and H4 are major components of nucleosomes in chromatin and
can be marked at their N-terminal tails by a variety of post-translational modifications,
such as methylation, acetylation, phosphorylation, ubiquitination and sumolyation [2].
These modifications are introduced and catalyzed (“written) or removed (“erased”) by
their specific histone-modifying enzymes. They modulate interaction between histone
and DNA as well as contacts between nucleosomes, leading to an open or closed
chromatin state and, eventually, activation or repression of transcription [2]. Histone
modifications also encrypt “histone codes” to recruit “histone code readers”, which are
either specialized effector proteins or adaptors serving as docking sites for downstream
effector proteins, thereby “transducing” epigenetic information to specify biological
outcomes [115].

Non-coding RNAs include microRNAs, PIWI-interacting RNAs, small nucleolar RNAs
and large intergenic non-coding RNAs [3]. Most of the work on the role of non-coding
RNA:s in the antibody response has focused on microRNAs (a main subject in this
review). MicroRNAs regulate gene expression through targeting the 3’ untranslated
region (3" UTR) of mRNA transcripts and subsequent transcripts degradation or
inhibiting their translation [3]. Generation of these short (average 22 nts) microRNA
molecules depends on transcription of their host genes (e.g., Bicand Rt/1 as the host gene
of miR-155 and miR-127, respectively [116, 117]) and processing of the long pri-
microRNAs by the RNase |11 enzymes Drosha, followed by processing of the emerging
pre-microRNAs by Dicer [3]. MicroRNAs also cross-regulate with DNA methylation and
histone modifications [118].
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miR-155 7T — AID 1!
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Expression of selected microRNAs and their regulation of genes critical for different stages
of peripheral B cell differentiation. Naive mature B cells in peripheral lymphoid organs are
activated by primary stimuli to undergo SHM and CSR (e.g., to 1IgG1, depicted) and to
differentiate into plasma cells and memory B cells. In addition to DNA demethylation and
histone modifications, which instruct genetic programs to specify expression of genes that
drive distinct B cell differentiation stages, microRNAs play an important role in gene
regulation through direct targeting of the 3° UTR of transcripts of those genes, thereby
regulating sequential B cell differentiation stages. Multiple microRNA molecules can
cooperatively target one gene; an individual microRNA molecule can target multiple genes.
Upregulation (red arrow) or downregulation (black arrow) of microRNAs results in

alterations in the expression of key genes.
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Figure2.

Epigenetic targeting of SHM and CSR. The SHM and CSR machinery are targeted to the
Ighlocus VDJ and S regions, respectively (the human /gH locus is depicted; the SHM
machinery also targets VkJk or VAJA region DNA in the /gk and /gA loci, as depicted). In
resting naive B cells as well as activated B cells, recombined VyDJy region chromatin
displays DNA hypomethylation and activating histone marks, e.g., H3K4me3 (depicted
here), H3K9ac/K14ac and H4K8ac. In B cells induced to undergo SHM, VyDJy region is
enriched in H2AK119ub, H2BK120ub and H2B14ph, which probably recruit DNA repair
factors to these regions for SHM. The Sp region in the /gh locus is constitutively transcribed
and marked by activating histone modifications, e.g., H3K4me3 (depicted here), H3K9ac/
K14ac, H3K27ac, H3K36me3, H4K8ac and H2BK5ac, and combinatorial histone
H3K9acS10ph modification (depicted here), starting in resting naive B cells, in which all
downstream S regions are marked by repressive histone modifications (e.g., H3K27me3, as
depicted). In B cell undergoing CSR, the cytokine-selected acceptor S region(s) undergo
high levels of germline 14-S-Cy transcription, lose repressive histone modifications, acquire
activating histone modifications, including H3K4me3 and combinatorial histone
H3K9acS10ph modification (depicted here). H3K9acS10ph directly interacts with 14-3-3
proteins and stabilizes these adaptors and, therefore, AID on the donor Sp and acceptor S
region DNA for CSR to unfold. Also, H3K9me3, a repressive histone mark in general,
occurs at low levels in Sy and recruit the KAP1-HP1y complex to stabilize AID in S, but
not downstream S regions.
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Figure 3.

Epigenetic changes in B cells in response to primary and secondary (CSR-inducing) stimuli.
Primary stimuli include CD40 engagement by CD154, dual TLR/BCR engagement by
MAMPs and antigenic epitopes, respectively, on bacteria or viruses (a bacterium is depicted
here; bacterial LPS engages both TLR4 and BCR through its monophosphoryl lipid A
moiety and polysaccharidic moiety, respectively), and dual engagement of TACI (by BAFF
or APRIL) and TLR, BCR or CD40. They induce histone-modifying enzymes, which
catalyze activating histone modifications (e.g., H3K4me3 and H3K9ac/K14ac) in the
promoter of microRNA host genes and genes encoding AID and other SHM/CSR factors,
thereby creating an open chromatin state. This together with transcription factors activated
by primary stimuli induce the expression of those genes. Induced microRNAs regulate
expression of SHM/CSR factors. Histone-modifying enzymes also catalyze histone
modifications, such as H2B14ph, in the /gh, /gh and /gk V(D)J regions for SHM targeting
(depicted are VyDJy and VKJK). When enabled by primary stimuli, secondary stimuli, e.g.,
the cytokines IL-4, TGF-f or IFN-y, activate transcription factors that specifically bind
selected /gh intervening (ly) promoters to initiate germline Iy-S-Cy transcription in the
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acceptor S region (depicted is recombination from Sp to Sy1). This allows primary stimuli-
induced histone-modifying enzymes to ride on RNA polymerase 1l to reach Sy1 region and
catalyze activating histone modifications in this S region for CSR targeting. Inset: writing
and erasure of histone acetylation by histone acetyltransferases (HATS) and histone
deacetylases (HDACs, which are inhibited by HDAC inhibitors, HDIs), histone methylation
by histone methyltransferases (HMTSs) and histone demetylases (HDMs), histone
phosphorylation by kinase and phosphatases, and histone ubiquitination by Ub ligases and
deubiquitinases (DUBs). DNA methylation is catalyzed by DNA methyltransferase
(DNMTSs).
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Table 1

Epigenetic marks and elements, and their functions in the antibody response.
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Target(s) | Epigenetic mark(s) | (Putative) functions of epigenetic marks | Refs.
DNA methylation

V(D)J | DNA hypomethylation | Increases V(D)J region accessibility | [14]
Igh3’-LCR | DNA hypomethylation | Mediates germline VDJ and I-S-Cy transcription | [15]

Histone modificationsin Ig loci *

V(D)J H3K4me2/3, H3K9ac/K14ac, H4K8ac Increase V(D)J region accessibility and [11, 18, 45]
transcription

iEp H3K4me3, H3K9ac/K14ac Activate iEp and enhance germline VDJ [16, 17]
transcription and 14-S-Cy transcription

lgh3’-LCR | H3K4mel/2 H3K9ac, H3K27ac, H4K8ac, Mediate VDJ and germline transcription [12]

H2BK5ac
[17]
S region(s) H3K27me3 Decreases S region(s) accessibility [9]

H3K4me3, H3K9ac/K14ac, H3K27ac, H4K8ac

Increase S region(s) accessibility

[9, 10, 13, 16, 17,
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49-52]
H3K9me3 Recruits the HP1y-KAP1 complex and AID to Sy [10]
region
H3K9acS10ph Recruits 14-3-3 adaptors and AID to S region(s) Lietal,
(unpublished)
H4K20me2 Recruits 53BP1 to S region(s) in the DNA repair [61]
stage
Histone modificationsin B cell genes other than Igloci
Aicda | H3K4me3, H3K9%ac/K14ac, H3K36me3 | Increase transcription of Aicda | [17, 36]
Bcl6 | H3K4me3, H3K9ac | Increase transcription of Bc/6 | [19]
Pax5 | H3K4me3, H3K9%ac | Increase transcription of Pax5 | [8, 73]
Ccd19 | H3K4me3 | Increases transcription of Cd19 | [119]
Cifta | H3K4me3, H3K9ac, H3K18ac, H3K27ac | Increase transcription of Ciita | [73, 120]
c-Myc | H3 acetylation | Increases transcription of c-Myc | [72]
Spib | H3K4me2/3 H3 acetylation | Increase transcription of Spib | [73]
MicroRNAs
Aicda miR-93* Decrease expression of AID [121]
miR-155""* [27, 28, 121]
miR-181b ™ [122]
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Target(s) | Epigenetic mark(s) | (Putative) functions of epigenetic marks | Refs.
| miR-361"* | | [123]
Pram1 mir-9 ** Decrease Blimp-1 expression and/or inhibit plasma | [22]
cell differentiation
miR-30" [22]
miR-125h ** [21, 25]
miR-127"" [70]
let-7** [68, 69]
Xbpl mir-127" Decreases Xbp-1 expression and antibody [70]
secretion
Irf4 miR-125b ** Decreases Irf-4 expression and inhibits plasma cell | [21, 25]
differentiation
Bcelz miR-15a " Decrease Bcl-2 expression [21]
miR-16**
Pu.l | miR-155** | Decreases Pu.1 and CSR to 1gG1 | [26]
E2f1 | miR-223** | Decreases E2f-1 | [79]

Repressive histone methylation: H3K9me3, H3K27me3.

Activating and recruiting histone modifications include histone acetylation: H3K9ac, H3K14ac, H3K27ac, H4K8ac, H2BK5ac and H3K9ac;
histone methylations: H3K4me2/3, H4K20me2 and H3K36me3; combinatorial histone H3K9acS10ph modification; histone phosphorylation:

H2BS14ph; histone ubiquitination: H2AK119ub and H2BK120ub.

*
MicroRNAs that target only the relevant human mRNA transcript.

*:

*
MicroRNAs that target the relevant both human and mice mRNA transcript.
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