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ABSTRACT

Histone deacetylase 3 (Hdac3) is a target of the FDA
approved HDAC inhibitors, which are used for the
treatment of lymphoid malignancies. Here, we used
Cd19-Cre to conditionally delete Hdac3 to define its
role in germinal center B cells, which represent the
cell of origin for many B cell malignancies. Cd19-
Cre-Hdac3~/~ mice showed impaired germinal center
formation along with a defect in plasmablast produc-
tion. Analysis of Hdac3~/~ germinal centers revealed
a reduction in dark zone centroblasts and accumu-
lation of light zone centrocytes. RNA-seq revealed a
significant correlation between genes up-regulated
upon Hdac3 loss and those up-regulated in Foxo1-
deleted germinal center B cells, even though Foxo1
typically activates transcription. Therefore, to deter-
mine whether gene expression changes observed
in Hdac3~/~ germinal centers were a result of di-
rect effects of Hdac3 deacetylase activity, we used
an HDACS selective inhibitor and examined nascent
transcription in germinal center-derived cell lines.
Transcriptional changes upon HDAC3 inhibition were
enriched for light zone gene signatures as observed
in germinal centers. Further comparison of PRO-seq
data with ChiP-seq/exo data for BCL6, SMRT, FOXO1
and H3K27ac identified direct targets of HDAC3 func-
tion including CD86, CD83 and CXCR5 that are likely
responsible for driving the light zone phenotype ob-
served in vivo.

INTRODUCTION

The ability of our adaptive immune system to generate anti-
body diversity requires multiple steps to alter the germline-

encoded antibody loci. B cell immunologic diversity is first
created through VDJ recombination to assemble a wide-
ranging antibody repertoire. Upon activation in the pe-
riphery, B cells expressing these relatively low affinity an-
tibodies can form germinal centers (GCs) where they un-
dergo affinity maturation to generate high affinity antibod-
ies (1). Within the germinal centers, B cells undergo bursts
of rapid proliferation and somatic hypermutation in a spe-
cialized compartment known as the dark zone (DZ) before
transit to the light zone (LZ), where they receive selection
signals through interactions with follicular dendritic cells
(FDCs) and T follicular helper (Tgy) cells (2-4). Impor-
tantly, germinal center B cells may cycle between the dark
and light zones, potentially undergoing multiple rounds of
mutation and selection, to generate high affinity antibod-
ies (5,6). Successful affinity maturation ultimately culmi-
nates in germinal center B cell differentiation into either
antibody-secreting plasma cells or memory B cells.
Dramatic changes in transcriptional programs are re-
quired for the establishment of germinal center B cell iden-
tity and for subsequent differentiation of these cells into
plasma or memory B cells (7,8). Transcriptional networks
composed of key DNA binding transcription factors and
chromatin modifying enzymes coordinate these programs.
The transcription factor, BCL6, plays a prominent role in
the establishment of germinal center B cell identity where it
recruits co-repressor complexes to genes associated with cell
cycle checkpoints and DNA damage responses (e.g. Tp53,
Atr, Chekl), which would normally be invoked by somatic
hypermutation, as well as genes associated with plasma cell
differentiation (e.g. Prdml, Irf4) (9-13). In fact, deletion
of Bcl6 in mice prevented germinal center formation upon
antigen exposure, suggesting that BCL6 is a master regula-
tor of the germinal center (14-16). A second transcription
factor, FOXO1, cooperates with BCL6 at a number of gene
targets (17,18). However, unlike BCL6, FOXOI1 is not re-
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quired for germinal center formation. Rather, it plays a crit-
ical role in the establishment of the dark zone and successful
affinity maturation (17,18). Thus, the collaboration between
BCL6 and FOXO1 regulates gene expression to promote the
generation of high affinity antibodies and plasma cell differ-
entiation.

BCL6 represses transcription in part, through associa-
tions between the BCL6-BTB domain with either BCOR or
NCORI1/SMRT co-repressor complexes (19-21). Specifi-
cally, in germinal center-derived lymphomas, BCL6 recruits
NCOR1/SMRT to maintain enhancers in ‘poised’ rather
than active states (9). Furthermore, disruption of the inter-
action of BCOR and NCOR/SMRT complexes with the
BTB domain of BCLG6 effectively kills BCL6-dependent
lymphomas (12,22,23), and mutation of the BCL6 BTB do-
main prevents germinal center formation (24). Thus, co-
repressor interactions mediated by the BCL6 BTB domain
are critical for BCL6 function both in normal and malig-
nant B cells.

HDACS3 is the catalytic component of the NCOR1/SM
RT co-repressor complexes. Mouse models demonstrated
that Hdac3 is absolutely required for early lymphocyte de-
velopment and biology, as deletion of Hdac3 in hematopoi-
etic stem cells caused multi-lineage dysplasia with the loss of
the earliest lymphoid-primed multipotent progenitor cells
(25). Moreover, deletion of Hdac3 in early B-progenitor
cells caused a defect in V’'DJ recombination and failure in
B cell development, which precluded the analysis of Hdac3
functions in the later stages of B cell maturation (26). Sim-
ilar defects were observed when Hdac3 was deleted during
T cell development, which caused a failure in positive se-
lection (27-29). Given that the SMRT/HDAC3 complex is
recruited by Bcl6 during the germinal center reaction and
that disruption of this association affected the growth and
survival of BCL6-dependent diffuse large B cell lymphoma,
we sought to determine the requirement of Hdac3 for ger-
minal center formation and function.

Using CD19-cre to drive recombination at the Hdac3 lo-
cus, we found that deletion of Hdac3 caused only a minor
defect in overall numbers of germinal centers formed, sug-
gesting that Hdac3 was not necessary for the full comple-
ment of Bcl6 functions. However, germinal center B cell
numbers were reduced upon Hdac3 deletion, and those ger-
minal centers that formed were characterized by an accumu-
lation of light zone centrocytes. This phenotype bore a strik-
ing similarity to that caused by Foxo! deletion from GC B
cells (17,18). Indeed, we found significant overlap between
genes up-regulated in Foxol-deleted germinal centers and
those up-regulated upon Hdac3 loss, yet Foxol predomi-
nantly activates transcription, indicating that these changes
in gene expression could be indirect (17,18). Therefore, we
used short treatments with an Hdac3 selective inhibitor in
germinal center-derived lymphoma cell lines with wild type
or mutant FOXOI to try to determine if Hdac3 directly reg-
ulates the expression of FOXO1-regulated germinal center-
associated transcripts. Consistent with in vivo phenotypes,
precision nuclear run-on transcription sequencing showed
that HDACS3 repressed the expression of a light zone gene
expression signature. ChIP-seq data indicated that these
genes were more highly correlated with BCL6 rather than
FOXOI1 binding. In particular, HDAC3 regulated the ex-
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pression of targets critical for germinal center polarization
including CD86, CD83 and CXCRY5, likely explaining the
accumulation of light zone centrocytes observed in mouse
germinal centers in the absence of Hdac3.

MATERIALS AND METHODS
Mice

Mice harboring a conditional Hdac3 allele (30) were crossed
to CD19-Cre knock in mice (the Jackson Laboratory), with
mice heterozygous for CDI/9-Cre being used for experi-
ments. Mice were maintained on a C57BL/6J background.
Experiments were performed at 6-10 weeks of age. Animals
were housed under specific pathogen-free conditions in ac-
cordance with guidelines set forth by Vanderbilt University.
All experiments were conducted according to an Institu-
tional Animal Care and Use Committee-approved proto-
col.

Flow cytometry

A 70 pM cell strainer was used to make single cell
suspensions of mouse splenocytes. Mouse bone marrow
was flushed from the femur and tibia. Following ery-
throcyte lysis (Buffer EL, Qiagen), cells were stained
with combinations of fluorophore-conjugated antibod-
ies for 20 min at 4°C, washed and analyzed on a
S-laser BD LSRII. Flow cytometry to detect Prdml
was carried out using the Transcription factor buffer
set (BD; 56725) according to manufacturer’s protocol.
Antibodies- from eBioscience- IgM(11/41), B220(RA3-6B2),
CD23(B3B4), CD21(eBio4E3), IgD (11-25,28), Fas(15A7),
CD43 (eBioR2/60); from BD Biosciences- CXCR4(2B11),
CD86(GL1), CD138(281-2), Prdm1/Blimp-1(5E7). Data
analysis performed using FlowJo software (Tree Star). For
phospho-flow, 1 x 10° isolated B cells were rested for 30
min at 37°C prior to BCR crosslinking with 10 pg/ml of «-
IgM (Jackson ImmunoResearch Laboratories). Stimulated
B cells were fixed with paraformaldehyde prior to stain-
ing with antibodies to phospho-PLCy2 (BD Biosciences).
Phospho-flow data was analyzed using Cytobank (31).

RNA-Seq

10 days post-immunization with SRBCs, total RNA was
isolated from sorted B220*GL7* and B220*GL7~ spleen
cells by Trizol (Ambion). Library construction was per-
formed by the Vanderbilt VANTAGE Shared Resource fol-
lowing enrichment of poly-adenylated RNAs from biolog-
ical replicates. Samples were sequenced using an Illumina
HiSeq 2500 instrument on an SR-50 run generating approx-
imately 30M reads/sample.

RNA-seq analysis

Pre-processed reads were aligned to the mouse transcrip-
tome (mm10, downloaded from UCSC) using TopHat and
differential gene expression was determined by Cuffdiff as
previously described (32). Gene set enrichment analysis
(GSEA) was performed using software available from the
Broad Institute and compared the list of expressed genes
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pre-ranked by the log2-fold change in expression between
Hdac3~/~ compared to wild-type FPKM and gene signa-
tures identified in the denoted publication using an FDR of
0.05 as the cutoft for significance.

ChIP-Exo

ChIP-exo for FOXO1 (CST; C29H4) and H3K27ac (abcam;
ab4729) was performed on OCI-LY1 cells. Cells were cross-
linked with 1% formaldehyde for 8 min prior to quenching
with 125 mM glycine. Following cell lysis, chromatin was
sonicated for 10 cycles; 30 s ON 30 s OFF with a Biorup-
tor (diagenode) followed by immunoprecipitation for 3 h us-
ing antibody plus Protein A:G beads. ChIP-exo library con-
struction was carried out as previously described (33). Peaks
were called using MACS2 (version 2.0.10; ¢ = 0.005) (34)
and BCL6 and SMRT ChIP-seq datasets from OCI-LY'1
cells (9). For FOXO1 ChIP-exo, adapter sequences were
trimmed with Trimomatic-0.32 (35) prior to alignment to
the hgl9 genome using Bowtie (36).

PRO-Seq

Nuclear run-on and PRO-Seq library construction was per-
formed according to methods described previously (37).
Briefly, cells were treated in duplicate with 10 uM RGFP966
(Selleckchem) or DMSO control for 3 h prior to nuclei iso-
lation. 20 x 10° nuclei were used per run-on. Nuclear run-
ons were carried out in the presence of 375 uM GTP, ATP,
UTP and biotin-11-CTP and 0.5% Sarkosyl at 30°C for 3
min. Total cellular RNA was isolated by Trizol extraction,
hydrolyzed in 0.2N NaOH, and nascent RNAs incorporat-
ing biotin-CTP were isolated by Streptavidin bead binding
(Invitrogen). Following 3’ adapter ligation, 5’ cap removal
and triphosphate repair, 5’ hydroxyl repair, and 5 adapter
ligation, RNA was reverse transcribed and amplified. Am-
plified cDNA libraries were PAGE purified and provided to
Vanderbilt VANTAGE Core Shared Resource for sequenc-
ing. Adapter trimming was conducted with Trimommatic-
0.32 (35) prior to alignment to hgl9 human genome build
using Bowtie 2 (38). Analysis of PRO-seq data was carried
out using the Nascent RNA Sequencing Analysis (NRSA)
pipeline (39).

RESULTS

CD19-cre-mediated deletion of Hdac3 bypasses its require-
ment for B cell development

CD19-Cre was used to drive recombination of a condi-
tional Hdac3 allele and genotyping of B220+ cells from the
spleens of CD19-cre-Hdac3°Y/- heterozygous mice showed
that Hdac3 was efficiently deleted (Supplementary Figure
S2F). This resulted in the efficient loss of Hdac3 protein
from B220+ splenocytes (Figure 1 A; note the small amount
of residual Hdac3 could be due to its long half-life or con-
taminating non-B cells). While previous studies demon-
strated that deletion of Hdac3 from early B cell progenitors
halted B cell development due to defective VDJ recombi-
nation (26), Hdac3 deletion later in development by CD19-
Cre did not impair B cell development within the bone mar-
row except for a reduction in mature recirculating B cell

percentages and absolute numbers corresponding to Hardy
fraction F (Figure 1B and Supplementary Figure SIA-C).
However, CD19-Cre-mediated deletion of Hdac3 had no ef-
fect on splenic B cell numbers (Figure 1C) or splenic archi-
tecture (Figure 1D). Further classification of splenic B cell
populations based on CD23 and CD21 expression revealed
a reduction in marginal zone B cells, while transitional and
follicular B cell populations were unchanged (Figure 1E).

Loss of Hdac3 impaired LPS-induced differentiation

Previous conditional knockout of Hdac3 in stem cells, early
B and early T cells all showed signs of replicative stress
(25,26) that might be missed under steady state conditions
in the CD19-Cre model. Therefore, we isolated splenic B
cells and cultured them ex vivo in the presence of LPS to
stimulate cell division and plasmablast differentiation. As
splenic B cells become plasmablasts they increase in size and
72 h post-stimulation, an FSCM differentiated cell popula-
tion had emerged in the wild-type B cell cultures, while the
FSC" population was markedly reduced in the absence of
Hdac3 (Figure 2A). We labeled cells with carboxyfluores-
cein succinimidyl ester (CSFE) to monitor cell division and
72 h following LPS stimulation, cells were harvested and
stained for surface CD138 expression and relative levels of
CD138 and CFSE were determined by flow cytometry. In
wild-type cultures, LPS stimulation yielded a synchronous,
stepwise reduction in CFSE that correlated with the emer-
gence of CD138* plasmablasts (Figure 2B, left). In the ab-
sence of Hdac3, LPS stimulation readily induced prolifer-
ation as demonstrated by a reduction in CFSE intensity;
however, cell division resulted in the emergence of signifi-
cantly fewer CD138* cells (Figure 2B, right), suggesting a
defect in plasmablast differentiation. This defect is unlikely
due to a reduction in marginal zone B cells, as similar re-
sults were obtained in B cell cultures isolated from lymph
nodes (Supplementary Figure S2A-C) that are devoid of
marginal zone B cells (40,41). Interestingly, while Hdac3~/~
cultures showed a marked reduction in CD138™ cells (Fig-
ure 2C, left), those cells that did differentiate incorporated
BrdU at a rate similar to wild-type CD1387 cells (Figure 2C,
right), consistent with the finding that there is no intrinsic
proliferation defect in Hdac3-deleted B cells.

In hematopoietic stem and progenitor cells, defects in cell
cycle progression were attributed to a defect in DNA repli-
cation fork velocity, likely secondary to chromatin confor-
mation changes (25). However, Hdac3~/~ B cells showed
only a subtle slowing of DNA replication forks by DNA
fiber labeling assays (Supplementary Figure S2D). Further-
more, Hdac3~/~ splenic B cells exhibited relatively nor-
mal micrococcal nuclease sensitivity (Supplementary Fig-
ure S2E). Thus, the relatively mild effects of Hdac3 loss on
chromatin structure, DNA replication and proliferation in
B cell cultures are unlikely to account for the overall im-
pairment of plasmablast formation in the absence of Hdac3.
Furthermore, genotyping of B cell cultures before and af-
ter LPS stimulation revealed that the few CD138+ plas-
mablasts that were able to form in Hdac3~/~ cultures, were
not simply derived from non-deleted B cells (Supplemen-
tary Figure S2F). Thus, while LPS-stimulated B cells pro-
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Figure 1. B cell development is unaffected by CD19-cre driven deletion of Hdac3. (A) Loss of Hdac3 protein was determined by western blot analyses
of proteins isolated from B220" splenocytes of Hdac3*/* CD19cret/~(WT) controls or Hdac3"/ = CDI9cre™ ~(Hdac3~/~) animals. (B) Flow cytometric
analysis utilizing IgM and B220 antibodies characterizes B cell development within the bone marrow of control and Hdac3-deleted mice. Graphical
representation of B cell populations as a percentage of the total bone marrow from at least 6 mice per group is presented at the right. (C) Flow cytometry
was used to determine the number of B220" cells per spleen from multiple mice. (D) In order to characterize the structure of splenic follicles, formalin-
fixed spleens were subject to H&E staining and immunohistochemistry with «-B220. (E) Flow cytometric characterization of splenic B cell populations
was carried out. B220™ splenocytes were further analyzed based on surface CD23 and CD21 expression. Graph on right depicts five WT mice and four

Hdac3~/~ mice.

liferated in response to LPS-stimulation, they failed to effi-
ciently differentiate into CD138" plasmablasts.

Hdac3~/~ B cells fail to differentiate upon up-regulation of
Prdmli

Prdml encodes Blimp-1, a key transcription factor that
drives plasma cell differentiation, as forced expression of
Prdml induced differentiation and immunoglobulin secre-
tion in mature B cells (42,43). Stimulation of wild-type
B cells with LPS resulted in an approximately 2-fold in-
crease in Prdml mRNA as determined by qRT-PCR. In
contrast, there was a nearly 2-fold increase in Prdml mRNA
expressed by Hdac3~/~ B cells prior to LPS stimulation,
which became even more pronounced following LPS acti-
vation (Figure 2D), which is consistent with Bach2 repress-
ing Prdm1 by recruiting HDACS3 (44). Flow cytometry com-
paring surface CD138 expression with intracellular Blimp-1
protein levels revealed a similar up-regulation of Blimp-1 in
both wild-type and Hdac3-deleted cultures prior to differ-
entiation to a CD138* plasmablast. However, even in the
presence of increased Blimp-1, Hdac3-deficient cells failed
to efficiently differentiate into CD138™ cells (Figure 2E, F).
Moreover, overlay of Blimp-1 staining from CD138~ cells

revealed an increase in Blimp-1 protein in Hdac3~/~ cells
compared with wild-type controls, consistent with the idea
that Prdmli was up-regulated in the absence of Hdac3 (Fig-
ure 2G). Blimp-1 recruits Hdac3 to repress transcription in
germ cells (45) and we confirmed that Blimp-1 can asso-
ciate with Hdac3 (Supplementary Figure S3A). In addition,
a selective Hdac3 inhibitor was able to up-regulate Blimp-
I-regulated genes (46) in cells that express high levels of
Blimp-1 (Supplementary Figure S3B). Therefore, the fail-
ure of Blimp-1 to drive differentiation to a CD138" plas-
mablast in Hdac3-deleted cells could be due to impaired
Blimp-1/Hdac3-mediated repression.

Hdac3~/~ B cells show impaired plasma cell differentiation

We next sought to determine if Hdac3 loss resulted in a
similar reduction in extrafollicular plasmablast formation
in vivo. We immunized mice with sheep red blood cells
and examined CDI138" plasmablast numbers. In the ab-
sence of Hdac3, there was a significant reduction in CD138*
plasma cells 5 days following SRBC immunization (Figure
3A, B). Thus, Hdac3 was required for terminal B cell dif-
ferentiation into plasmablasts in both in vivo and ex vivo
settings. Consistent with the reduction in CD138+ plasma
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Figure 3. Extrafollicular plasma cell differentiation is impaired in the absence of Hdac3. (A) 5 or 10 days post-immunization with SRBCs, spleens were
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and stimulated ex vivo with «CD40 and IL-4 for 4 days to induce immunoglobulin class switching to IgG1. Right panel shows quantification of popula-
tions identified from multiple mice/genotype. (F) Splenic B cells were isolated and stimulated ex vivo with LPS for 4 days to induce immunoglobulin class
switching to IgG3. Right panel shows quantification of populations identified in from multiple mice/genotype.

cells, serum levels of IgG1, IgG2b, and IgG3 were reduced
while serum IgM levels were elevated in Hdac3~/~ animals
8 days post-immunization (Figure 3C). In addition, levels of
high affinity IgG1 were reduced in the serum of Hdac3~/~
animals, suggesting reduced antibody affinity in the absence
of Hdac3 (Figure 3D). The reduction in serum IgG levels
in combination with elevated serum IgM may also indicate

an impairment of class switch recombination. Therefore, we
tested the impact of Hdac3 loss on class-switch recombina-
tion using ex vivo assays.

B cell cultures were either stimulated to switch to IgG1
following treatment with «CD40 and IL-4, or stimulated
to switch to I1gG3 following treatment with LPS (Figure
3E-F, Supplementary Figure S3C-E). Loss of Hdac3 re-
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sulted in a significant reduction in IgGl-switched B cells
(Figure 3E) that corresponded to lower levels of y1 post-
switch transcripts (Supplementary Figure S3E). In contrast,
there were no significant effects on IgG3 class-switching
or on post-switch y3 expression (Figure 3F, Supplemen-
tary Figure S3E). RT-PCR detected a similar induction
of Aicda expression in both wild-type and Hdac3-deleted
B cell cultures following stimulation with both LPS and
aCD40/IL-4, thus a failure to activate AID expression can-
not account for reduced /gG1 class-switching (Supplemen-
tary Figure S3C, D). Finally, germline transcript analysis
(47) revealed an induction of only y1 expression in wild-
type cultures following «CD40/1L-4 stimulation, while in
Hdac3-deleted cultures, both y1 and y3 RNAs were in-
duced by aCD40/IL-4. Thus, it is possible that in the ab-
sence of Hdac3, vy 3 transcription is not efficiently repressed
downstream of IL-4 (48). Alternatively, y 3 is more proximal
to p thany1(49), so loss of Hdac3 could affect general chro-
matin structure at this locus to reduce the efficiency of distal
recombination events, similar to the effect of Hdac3 dele-
tion on V'DJ recombination in early B cell progenitor cells
(26). Thus, Hdac3 plays a nuanced, context-specific role in
facilitating class-switch recombination.

Altered Germinal center formation in the absence of Hdac3

Plasma cells generated 5 days after immunization are likely
derived from extrafollicular plasmablasts and are generated
in a Bcl6-independent manner. Similarly, LPS-driven B cell
differentiation (Figure 2) also occurs in a Bcl6-independent
manner (14,50). However, given that Bcl6 recruits Hdac3-
containing repressor complexes, we sought to directly ad-
dress the role of Hdac3 in Bcl6-dependent B cell biology.
Mice were immunized with sheep red blood cells (SRBCs)
and the germinal center response analyzed 5- and 10-days
post-immunization (dpi). At 5 dpi, Hdac3~/~ animals con-
tained similar numbers of B220*Fas*IgD~ germinal center
B cells. However, by 10 dpi, when the germinal center is fully
developed (7), there was a reduction in GC B cells in the
absence of Hdac3 (Figure 4A). Detection of germinal cen-
ters by staining with peanut agglutinin (PNA; Figure 4B) or
Ki67 (Figure 4C) 10 days after immunization revealed a dis-
organized and often dispersed germinal center appearance.

Mechanistically, these defects could be due to deficien-
cies in cell proliferation, survival and/or the activation po-
tential of Hdac3~/~ B cells. BrdU incorporation assays in-
dicated that there was a slight increase in the number of
cycling Hdac37/~ germinal center B cells five days post-
immunization, yet no impairment of BrdU incorporation
in Hdac3-deleted germinal center B cells 10 days after im-
munization (Figure 4D). In addition, there was no differ-
ence in the number of annexin V positive cells at either
time point examined (Figure 4E), suggesting that reduc-
tions in Hdac3~/~ germinal center B cell numbers were not
due to reduced proliferation rates or increased cell death in
those germinal centers that did form. Finally, B cell receptor
(BCR) crosslinking of isolated splenic B cells with a-IgM re-
vealed robust BCR signaling in the absence of Hdac3 (Sup-
plementary Figure S4). This included the effective phospho-
rylation of PLCvy2 (Supplementary Figure S4A) and subse-
quent calcium release (Supplementary Figure S4B) as well

as efficient phosphorylation of ERK (Supplementary Fig-
ure S4C; note that phospho-Erk was consistently slightly
higher in the null cells). Thus, signaling events stimulated
upon B cell activation were not markedly reduced by Hdac3
loss.

Altered gene expression in Hdac3~/~ germinal center B cells
disrupts differentiation to plasma cells

Examination of histone acetylation levels in Hdac3 deleted
B cells revealed an increase in H3K27ac with only mod-
est effects on other histone acetylation marks (Figure 5A).
The ability of Hdac3 to regulate H3K27ac is consistent with
previous reports in B cell lymphoma (9), and accumula-
tion of H3K27ac is associated with activation of promoter
and enhancer activity. Therefore, to address the impact of
Hdac3 loss on germinal center transcriptional programs, B
cell populations were sorted from the spleens of immunized
mice and analyzed by RNA-seq. Hdac3~/~ germinal center
B cells (B220*GL7") showed increased expression of a rel-
atively low number of genes (just over 200), with very few
genes down-regulated (Figure 5B), a result consistent with
the role of Hdac3 in transcriptional repression rather than
wide-spread chromatin effects. Because so few genes were
affected, general gene ontology analysis revealed enrich-
ment of only a few pathways among those genes altered in
Hdac3-deleted germinal center B cells (Supplementary Fig-
ure SSA). In addition, several B-cell specific pathways were
even more highly correlated with Hdac3-regulated gene sig-
natures. First, genes up-regulated in the absence of Hdac3
were highly correlated with those up-regulated in the ger-
minal center light zone compared with the dark zone and
genes down-regulated in the light zone were also correlated
with genes down-regulated upon Hdac3 loss (Figure 5C,
upper and middle). In addition, there was a highly signif-
icant correlation between genes up-regulated upon plasma
cell differentiation and those up-regulated in the absence of
Hdac3 (Figure 5C, lower). This is particularly interesting
given the reduction in plasmablast formation observed both
in vitro and in vivo, but is consistent with the observation
that Prdml up-regulation was not sufficient for plasmablast
formation in the absence of Hdac3 (Figures 2 and 3).
Among the specific genes activated in Hdac3~/~ germi-
nal center B cells were Bcl6-regulated genes that function
as critical determinants of plasma cell differentiation, in-
cluding Prdmli (encoding Blimp-1), Irf4, and Xbpl (Fig-
ure 5D). Not only are these transcription factors critical
for plasma cell identity, but they also silence germinal cen-
ter B cell transcriptional programs to drive terminal dif-
ferentiation (51). For example, Blimp-1 (Prdml) repressed
the expression of both Bcl6 and Pax5, such that the induc-
tion of plasma cell transcriptional networks was tightly cou-
pled to the cessation of germinal center B cell-associated
transcriptional programs (52,53). However, in Hdac3~/~
cells, Bcl6, Pax5, Irf8 and Bach2 expression remained high,
even in the presence of accumulating Prdmli (Figure SE).
While Bcl6-regulated genes that are associated with plasma
cell differentiation were up-regulated in Hdac3~/~ germi-
nal centers, other Bcl6-regulated genes that modulate cell
cycle checkpoints and the DNA damage response were un-
affected by Hdac3 deletion (Figure 5F). Thus, Hdac3 inac-
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tivation impaired transcriptional repression of a subset of
Bcl6-controlled genes, resulting in the elevation of plasma
cell factors within germinal center B cells.

Hdac3-deleted germinal centers exhibit a loss of dark zone
centroblasts

The germinal center can be divided into dark zone cen-
troblasts, which are undergoing somatic hypermutation,
and light zone centrocytes that are undergoing selection
through association with antigen presenting cells and Try
cells. The up-regulation of genes associated with a plasma
cell identity begins to occur in the light zone of the ger-
minal center prior to differentiation. Given that we ob-
served an up-regulation of mRNAs associated with light
zone cells (Figure 5C), we asked whether Hdac3 was skew-
ing the ratio of dark zone centroblasts to light zone centro-

cytes within germinal centers. Germinal center B cells that
were B220* IgD'°Fas™ (5G, upper panels) were further clas-
sified as either CXCR4MCD86'° dark zone centroblasts or
CXCR4°CD86" light zone centrocytes (Figure 5G, lower
panels). In wild-type germinal centers, the majority of B
cells were located in the dark zone compartment (Figure 5G
and H). In contrast, Hdac3~/~ germinal centers revealed a
significant depletion of dark zone centroblasts and an ac-
cumulation of light zone centrocytes (Figure 5G and H).
Given that most germinal center proliferation occurs in the
dark zone it may seem surprising that we did not observe
reductions in germinal center B cell proliferation in the ab-
sence of Hdac3; however, these results are consistent with
other genetic models that found an uncoupling of prolifer-
ation from dark zone centroblasts (17). We did note that
while an E2F signature was induced in both wild-type and
Hdac3~/~ germinal centers compared with naive B cells, it
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was not induced to the same degree in the absence of Hdac3,
suggesting that there may be subtle proliferative differences
in these cells (Supplementary Figure S5B).

Recent studies reported a loss of dark zone centroblasts
and defects in IgGI class-switching upon deletion of the
transcription factor, Foxol, from germinal center B cells
(17,18), two phenotypes that bore striking similarity to
those observed upon Hdac3 loss (Figures 3E and 5G). Fur-
thermore, Foxol co-regulates a subset of Bcl6 target genes,
including Prdmli and CD86 (17). Gene set enrichment anal-
ysis (GSEA) identified a significant overlap between genes
up-regulated at least 1.5-fold in Foxol-deleted germinal
centers and those up-regulated in the absence of Hdac3
(Figure 5I). Hdac3 is inactive unless bound by NCOR or
SMRT, and Foxol and SMRT were both reported to bind
at Bcl6-regulated targets (9,17), including Prdml, suggest-
ing a convergence on the regulation of a subset of BCL6
target genes.

HDACS3 regulates a subset of BCL6 repressed genes

Murine genetic analysis identified critical points in B cell
maturation that required the continued presence of Hdac3
(Figures 1-4) (25,26). While RNA-seq from Hdac3-deleted
germinal centers identified changes in germinal center tran-
scripts, whether these signatures are directly regulated by
Hdac3 or merely correlate with the accumulation of LZ
centrocytes in the absence of Hdac3 is hard to distinguish.
Therefore, we used a small molecule inhibitor, RGFP966,
that is 8-fold more selective for Hdac3 over other histone
deacetylase proteins (54-56) and treated OCI-LY | germinal
center-derived lymphoma cells to assess presumably direct
gene expression changes at early timepoints. Western blot
analysis for HDAC3-regulated histone acetylation marks
(Figure 6A) showed that H3K27ac, a mark of active en-
hancers, was increased at 5 to 10 wM RGFP966 with little
to no effect on H3K 56ac, which is potently increased by in-
hibitors of HDAC1 and HDAC?2 such as Depsipeptide (Fig-
ure 6A and B) (54).

In order to simultaneously address changes in both gene
transcription and enhancer function following HDACS3 in-
hibition, LY1 cells were treated with RGFP966 for 3 h
prior to harvest for precision nuclear run-on sequencing
(PRO-seq). PRO-seq maps transcriptionally engaged RNA
polymerase by performing nuclear run-on in the presence
of biotinylated NTPs and then purifying nascent tran-
scripts based on the biotin-streptavidin interaction. Using
this method, we can detect not only nascent protein-coding
transcripts, but also nascent non-coding transcripts includ-
ing eRNAs, IncRNAs and miRNAs. Furthermore, poly-
merase mapping by PRO-seq allows detailed characteriza-
tion of transcription initiation, promoter-proximal pausing
and transcription elongation. The sensitivity of this method
allows the use of early timepoints following HDAC3 inhi-
bition, which means that, unlike RNA-seq, we can iden-
tify genes likely to represent direct transcriptional tar-
gets of HDAC3 and avoid characterization of secondary
events.

PRO-seq was performed after just a 3-hour treatment of
OCI-LY1 cells with 10 M RGFP966. At this early time
point there were only modest changes in global histone
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acetylation (Figure 6B). The nascent RNA sequence anal-
ysis (NRSA) informatics package (39) was used to identify
genes with a gain of RNA polymerase pausing near the start
site relative to the body of the gene (pausing ratio) or a loss
of pausing. This analysis detected nearly 600 genes with a
loss in promoter-proximal pausing, but this was associated
with only 133 genes with increased numbers of active poly-
merases in the gene body (Figure 6C shows a heatmap of the
region £5 KBP of the transcription start site). This anal-
ysis identified another 12 genes with more polymerase in
the gene body but with no change in pausing, and 65 genes
with a loss of polymerase in the gene body and a gain in
promoter-proximal pausing (Figure 6C).

While pausing ratio is calculated within a single gene, we
also normalized these data using DESeq2 (57) to allow us
to determine the effect of inhibiting HDAC3 on nascent
gene body transcription. Increases in gene body polymerase
generally correlate with increases in transcription and de-
creases in gene body polymerase generally correlate with re-
duced transcription. This analysis identified 474 genes that
showed increased polymerase activity in the gene body fol-
lowing HDACS3 inhibition (Figure 6D). When these 474
up-regulated genes were examined for changes in promoter
proximal polymerase pausing, 220 genes showed an increase
in polymerase at the pause site, 228 genes showed no change
in polymerase at the pause site and only 16 genes showed
a reduction in polymerase at the pause site. Note that 10
genes did not have sufficient promoter proximal signal in
one or both conditions to determine changes in promoter
proximal polymerase and therefore were not plotted (Fig-
ure 6D). Thus, these results suggest that the inhibition of
HDAC3 induced gene expression by driving transcription
initiation without significant effects on pausing or elonga-
tion.

OCI-LY1 cells contain the M1L mutation that causes
FOXOI1 to be translated from the second methionine pro-
ducing an N-terminal truncation that escapes negative reg-
ulation by AKT (58). We expanded our PRO-seq analysis
to a second FOXOI mutant cell line (NU-DUL-1) and SU-
DHL-4 that has wild type FOXOI1. NU-DUL-1 showed the
largest number of changes within the gene body with 968
genes with increased numbers of active RNA polymerases
and 450 genes showing loss of transcription (Figure 6E,
F). Although OCI-LY1 and SU-DHL-4 showed less dra-
matic changes, the general trend was the same (Figure 6E,
F). While 125 genes were specifically activated in the two
FOXOI mutant cell lines (Figure 6F, Supplementary Fig-
ure S6), there were also many genes up-regulated in all three
cell lines (Figure 6F, Supplementary Figure S6). In fact,
KEGG analysis revealed deregulation of many common
pathways across all three cell lines, including Antigen Pro-
cessing and Presentation, Allograft rejection and Cell Ad-
hesion Molecules (Supplementary Figure S7A).

One advantage of PRO-seq over other quantitative mea-
sures of gene expression is that PRO-seq identifies all poly-
merase activity, including the transcription of small regu-
latory RNAs such as miRNAs and enhancer RNAs (eR-
NAs) (39). Importantly, eRNA synthesis is an even bet-
ter predictor of enhancer activity than changes in histone
modifications (59-61). Consistent with the accumulation
of H3K27ac following HDAC3 inhibition (Figure 6A, B),
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RGFP966 treatment increased the eRNA signal around
PRO-seq identified intergenic enhancers in all three cell lines
(Figure 6G). The most dramatic increase in eRNA levels
was observed in the NU-DUL-1 cell line, which also exhib-
ited the largest numbers of gene expression changes (Fig-
ure 6G, F). Gene set enrichment analysis showed that in-
hibition of HDAC3 caused increases in genes up-regulated
by deletion of Foxol from germinal centers and enriched
in light zone centrocytes (Figure 6H). Importantly, these
are the same gene signatures observed in Hdac3-deleted
germinal centers and suggests that light zone-associated
genes are likely direct targets of HDAC3 transcriptional
activity.

While it is clear that Hdac3 and Foxol deletion from ger-
minal centers yields similar phenotypes and gene expression
changes (17,18), it remained to be determined if HDAC3
and FOXO1 directly coordinate gene expression at com-
mon targets. Therefore, we sought to determine if endoge-
nous HDAC3 and FOXOI1 co-localize on chromatin. We
utilized the human germinal center-derived cell line, OCI-
LY1, to perform ChIP-exo for FOXO1. The FOXO1 peaks
identified by ChIP-exo were highly enriched for the canon-
ical Forkhead DNA binding motif (Figure 7A). In addi-
tion, we mined published ChIP-seq datasets for BCL6 and
SMRT binding (9) to compare the peak location of BCL6
and SMRT with our data for FOXO1. While the antibodies
to HDAC3 do not yield a good ChIP signal, likely because
SMRT is much larger and obscures HDAC3, SMRT is the
regulatory component of the HDAC3 complex, so ChIP-
seq for SMRT identifies active HDAC3 complexes (62,63).
SMRT binding was detected at about a third of FOXOI1-
bound genes (Figure 7B), but most of these genes were also
regulated by BCL6 (Figure 7B). Conversely, FOXO1 was
only detected at just over 5% of the SMRT-bound genes,
which suggests that Hdac3 inactivation is unlikely to mir-
ror the transcriptional effects of Foxol inactivation. Simi-
lar effects were observed when individual peaks were com-
pared within these datasets (Supplementary Figure S7B, C).
In contrast, there was nearly a 50% overlap between BCL6
and SMRT. When genes bound by BCL6/SMRT/FOXO1
were compared with genes identified as deregulated upon
HDACS3 inhibition by PRO-seq, there was a high corre-
lation with increased expression and BCL6/SMRT bind-
ing. However, very few up-regulated genes were also bound
by FOXOI1. At the same time the correlation with genes
that are bound by BCL6/SMRT and those down-regulated
upon HDAC3 inhibition were quite low (Figure 7C, Supple-
mentary Figure S7B). Thus, BCL6/SMRT binding corre-
lated selectively with HDAC3-mediated repression. Consis-
tently, enhancers bound by BCL6/SMRT showed increases
in the bi-directional transcription that is a hallmark of the
enhancer center (Figure 7D). In fact, up-regulation of eR-
NAs observed upon HDAC3 inhibition was more likely to
occur at BCL6/SMRT bound enhancers than unbound en-
hancers (Figure 7E).

Among the BCL6/SMRT bound genes were those criti-
cal for light zone establishment and maintenance including
CDS83 and CD86 (Figure 7F, upper). Moreover, inhibition
of HDAC3 by RGFP966 caused an increase in H3K27ac
and eRNA transcription around BCL6/SMRT binding
sites at these loci, which further correlated with an in-
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crease in gene body transcription. Similarly, BCL6/SMRT
binding was also detected at the XBPI and PRDM]1 loci,
two genes also up-regulated in Hdac3-deleted germinal
centers (Figure 5) and critical for plasma cell differentia-
tion. HDACS3 inhibition was associated with an increase
in H3K27ac and an increase in gene body transcription at
XBPI and PRDM]1 as well (Figure 7F, lower). Interestingly,
while FOXO1 did not appear to bind CD83 or XBPI, it did
bind in close proximity to BCL6 and SMRT at the PRDM
locus. Thus, while HDAC3 activity is more highly correlated
with BCLG6 binding, it may still coordinate with FOXOI1 at
specific loci. These data suggest that Hdac3 is required for
germinal center dark zone maintenance, possibly by allow-
ing BCL6 to suppress light zone gene expression during B
cell development and is critical for repressing targets asso-
ciated with terminal plasma cell differentiation.

DISCUSSION

HDAC3 is the enzymatic component of the nuclear
hormone co-repressor (NCOR/SMRT:HDAC3) complex.
These complexes are recruited by BCL6, a transcription
factor critical for cell cycle checkpoint inactivation, forma-
tion of germinal centers, and repression of plasma cell dif-
ferentiation within the germinal center (11,50,64,65). Dis-
ruption of NCOR /SMRT:HDACS3 recruitment by peptides
or small molecules that target the BCL6 BTB domain sug-
gested that HDAC3 would be a good therapeutic target in
DLBCL (23,66). However, the physiological role of Hdac3
in the germinal center remained unexplored, because MBI-
Cre-mediated deletion of Hdac3 blocked early B cell devel-
opment (26). CD19-Creis expressed late enough in B cell de-
velopment to allow VDJ recombination and the production
of normal B cell numbers in the absence of Hdac3 (Figure
1), allowing us to assess the role of Hdac3 during the ger-
minal center reaction (Figures 4 and 5). While the pheno-
types observed exhibit some hallmarks of impaired BCL6-
mediated repression, primarily with regards to gene expres-
sion, germinal centers still formed in the absence of Hdac3
whereas they failed to form in the absence of Bcl6 (14-16).
In fact, the phenotype more closely resembled deletion of
the transcription factor, Foxol (17,18).

Foxol is required for the establishment and/or mainte-
nance of the germinal center dark zone and efficient affin-
ity maturation (17,18,67). By comparison, loss of Hdac3 re-
sulted in a similar reduction of the germinal center dark
zone and accumulation of light zone centrocytes (Figure
5). Foxol has primarily been characterized in the context
of transcriptional activation; however, it has been proposed
to repress specific gene targets (e.g. Prdml) in the context
of germinal centers (17). In fact, cDNA microarray data in
conjunction with ChIP-seq identified a subset of Bcl6 tar-
get genes that were co-regulated by Foxol (17). Thus, to
determine if HDAC3 was directly regulating FOXO1 func-
tion, we turned to lymphoma cell lines that allowed genomic
analysis following HDAC3 inhibition. We used a brief treat-
ment of three germinal center-derived lymphoma cell lines
(two with activating FOXOI mutations) (58) with a slow on,
slow off, selective HDAC3 inhibitor, RGFP966 (55), to en-
rich for direct targets of HDAC3 activity. PRO-seq provides
a direct readout of transcription as opposed to RNA-seq,
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Figure 7. Hdac3 associates with and regulates a subset of BCL6/Foxol gene targets. (A) ChIP-exo was performed from OCI-LY1 cells using a-FOXO1.
Motif analysis of called FOXO1 peaks revealed a highly significant enrichment for the forkhead DNA binding motif. (B) FOXO1 peaks were annotated
to nearest gene and compared with BCL6- and SMRT-bound genes. FOXO1 peaks obtained were compared with published ChIP-seq data for BCL6 and
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SMRT and FOXO1 ChIP signal as well as ChIP for H3K27ac + 10 puM RGFP966 for 3 h and PRO-seq signal +/— 10uM RGFP966 for 3 h.



which monitors steady state RNA levels subject to multiple
levels of regulation. Consistent with a role for HDAC3 in
transcriptional repression, more genes were activated than
repressed upon RGFP966 treatment (Figure 6). Surpris-
ingly, all three cell lines showed an up-regulation of the ger-
minal center light zone signature. This was the same signa-
ture enriched upon Hdac3 deletion from germinal centers
and suggests that HDAC3 directly represses genes associ-
ated with the light zone.

Foxol~/~ mice also showed a germinal center light
zone signature, but when we compared PRO-seq data
with ChIPseq data for FOXOI1, BCL6 (9), SMRT (9),
and H3K27ac, HDACS3 function was more tightly coupled
to BCL6 than FOXOI, as genes up-regulated following
RGFP966 treatment were bound by BCL6 and/or SMRT
much more frequently than by FOXO1 (Figure 7C). More-
over, an increase in RNA polymerase activity was observed
at enhancers located near BCL6:SMRT binding sites and
these BCL6:SMRT-bound enhancers were more likely to
be up-regulated than non-bound enhancers upon HDAC3
inhibition (Figure 7E). Thus, it seems likely that the sim-
ilar germinal center phenotypes observed in Hdac3- and
Foxol-deleted animals are unlikely to be directly related.
For example, approximately 25% of the genes up-regulated
upon Hdac3 loss from germinal centers were up-regulated
upon HDACS3 inhibition in at least one of the DLBCL
cell lines, suggesting that many of the genes up-regulated
in Hdac3-deleted germinal center B cells are in fact di-
rect targets of Hdac3 activity. By contrast, we have used
inducible degradation of the endogenous FOXO1 protein
and confirmed that FOXOI primarily activates transcrip-
tion in OCI-LY1 cells (Stengel and Hiebert, unpublished
results). Thus, while genes up-regulated following Foxol
deletion were highly enriched for genes up-regulated upon
Hdac3 deletion, many of these changes, at least in the case
of Foxol~/~ mice, are likely indirect and may reflect loss of
the germinal center dark zone cells. Conversely, there were
a handful of genes co-bound by BCL6:SMRT:FOXO1 (see
PRDM]I, Figure 7F), so it is possible that specific loci co-
bound by BCL6:SMRT:FOXO1 may be particularly impor-
tant for HDAC3 phenotypes. It is also possible that differ-
ences in the active transcriptional networks between germi-
nal centers and DLBCL cell lines have obscured some of the
links between FOXO1 and HDAC3.

Combining PRO-seq with ChIP-seq datasets for SMRT
and H3K27ac after RGFP966 treatment allowed even more
confident identification of direct HDAC3 targets that are
required for B cell development and plasma cell differentia-
tion (Figure 7). Gene targets that are associated with plasma
cell differentiation (PRDM 1, XBP1) were identified as di-
rect targets of HDAC3 regulation and were up-regulated
(Figure 5 and 7). However, in spite of the elevated expres-
sion of plasma cell-associated transcripts, plasma cell for-
mation was reduced in Hdac3-deleted animals, particularly
at early time points after antigen challenge, which is reflec-
tive of extrafollicular immune responses (Figures 2 and 3)
(68). In addition, LPS-stimulated plasmablast differentia-
tion ex vivo was compromised in Hdac3-deleted B cell cul-
tures in spite efficient up-regulation of Prdml both at the
transcript and protein levels. Given that previous studies re-
ported that enforced expression of Prdml was sufficient to
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drive plasma cell differentiation (42), our data suggest that
Prdml is not sufficient to drive plasma cell development in
the absence of Hdac3. Prdm1 is a well-established transcrip-
tional repressor and one possible explanation for this is that
Hdac3 mediates the repression function of Prdm1 in B cells
at some loci. Consistent with this hypothesis are reports that
the repressive function of Blimp-1 (Prdml) involves the re-
cruitment of deacetylase activity (69) and that Blimp-1 re-
cruits Hdac3 to mediate gene repression and germ cell fate
determination (45). Here we confirmed the association be-
tween BLIMP-1 and HDAC3, and our data from myeloma
cells further supports the idea that HDACS3 is also involved
in BLIMP-1-mediated repression in the B cell lineage.

Additional direct targets of HDAC3 included CD86 and
CDS83 (up in all three cell lines, Figure 7) and CXCRS5 (up
in two of three cell lines). The geographic segmentation of
the germinal center into the dark and light zones is depen-
dent on specific interactions between B cells and other cells
within the germinal center including T helper and follicular
dendritic cells present in the light zone and reticular cells
present in the dark zone (70). For instance, CXCR4 not
only marks dark zone centroblasts, but also facilitates the
interaction with CXCL12 on reticular cells resulting in their
localization in the dark zone (71,72). Similarly, CXCR5-
expressing germinal center B cells interact with CXCL13
expressed by follicular dendritic cells resulting in their lo-
calization to the germinal center light zone (72). Elevated
CD86 expression on the surface of centrocytes mediates in-
teractions with T helper cells in the light zone that pro-
mote proliferation and class-switching (73). CD8§3, another
marker of light zone centrocytes, also plays functional roles
in the polarization of the germinal center, as B cell-specific
deletion of CD8&3 resulted in the accumulation of germinal
center B cells in the dark zone (74). Thus, direct repression
of CXCRS5, CD83 and CD86 by HDACS3 likely maintains
normal dark zone/light zone polarization of germinal cen-
ter B cells by maintaining appropriate contacts with sup-
portive cells present within the germinal center.
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