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PRMTS5 interacts with the BCL6 oncoprotein and is
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The germinal center (GC) reaction plays an important role in generating humoral immunity

® PRMT5 methylates
and is needed for the
full transcriptional
repressive activity of
BCL6 and is necessary
for germinal center
formation.

® Concomitant inhibition
of both BCL6 and
PRMT5 exhibits
synergistic killing of
BCL6-expressing
lymphoma cells.

and is believed to give rise to most B-cell lymphomas. GC entry and exit are tightly
regulated processes, controlled by the actions of transcription factors such as BCL6.
Herein, we demonstrate that protein arginine methyltransferase 5 (PRMT5), a symmetric
dimethyl arginine methyltransferase, is also necessary for GC formation and affinity
maturation. PRMT5 contributes to GC formation and affinity maturation at least in part
through its direct interaction with and methylation of BCL6 at arginine 305 (R305), a
modification necessary for the full transcriptional repressive effects of BCL6. Inhibition of
PRMTS in B-cell lymphoma lines led to significant upregulation of BCL6 target genes, and
the concomitant inhibition of both BCL6 and PRMT5 exhibited synergistic killing of BCL6-
expressing lymphoma cells. Our studies identify PRMT5 as a novel regulator of the GC
reaction and highlight the mechanistic rationale of cotargeting PRMT5 and BCL6 in lymphoma.
J (Blood. 2018;132(19):2026-2039)

Introduction

The germinal center (GC) reaction plays a central role in
generating high affinity B-cell responses to antigens. Func-
tionally, GCs are divided into the dark zone, a site of B-cell
hyperproliferation where the B-cell receptor repertoire is
shaped by somatic hypermutation, and the light zone, where
B cells with high antigen affinity are selected for survival
through cognate antigenic interactions.’? Initiation and
normal GC progression relies on coordinated changes in
gene expression profiles mediated by transcription factors
such as BCL6, the “master regulator” of the GC reaction.®%
Deletion of BCL6 leads to loss of GCs, while constitutive
expression of BCL6 induced through chromosomal translo-
cations, amplifications, and/or mutations of BCL6 regulatory
elements have been demonstrated in lymphomas, highlighting
BCLé's importance in driving these processes.®'" Deregulated
expression of BCL6 in mice recapitulates human diffuse
large B-cell lymphoma (DLBCL) pathogenesis.'? However,
how BCL6 regulates GC dynamics and lymphoid transfor-
mation remains incompletely understood, especially in
regards to its functional regulation through posttranslational
modifications.
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BCL6 is a transcriptional repressor whose repressive activity is
mediated via its N terminal BTB/POZ and middle RD2 domains.™'
BCL6 BTB/POZ mutant mice exhibit decreased GC B-cell survival
and proliferation, and although they have GCs, they are fewer and
smaller than those observed in wild-type mice.’ In contrast, dis-
ruption of the RD2 domain of BCLé leads to loss of GC formation via
inhibiting B-cell migration to lymphoid follicles," illustrating the
complementary roles these domains play in orchestrating the GC
reaction. Repression by the BTB/POZ domain in BCL6 is mediated
by its recruitment of the SMRT, NCOR, and BCOR corepressors, >4
while repression by the RD2 domain is mediated by its recruitment of
histone deacetylase-containing NuRD complexes''?; none-
theless, much remains to be understood about the regulation of
BCL6 activity.

Protein arginine methyltransferase 5 (PRMT5) is a member of
the PRMT family of enzymes. PRMT5 forms a complex with the
MEP50 protein that is required for its methyltransferase activity,
allowing it to function as a transcriptional repressor. PRMTS5 is
the major symmetric arginine dimethyltransferase in cells, which
methylates histones H3R8 and H4R32°2" as well as a variety of
nonhistone protein substrates.?22* PRMTS5 is found in chromatin
remodeling complexes, including the hSWI/SNF and NuRD
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Figure 1. PRMTS is required for GC formation and affinity maturation. (A) Immunohistochemistry of paraffin-embedded splenic tissue from Cy1-Cre™~ Prmt5"" and
Cy1-Cre*’~ Prmt5"" mice (n = 7 per group) immunized with SRBCs for 10 days. (B) Quantification of PNA* clusters from panel A. (C) Representative flow cytometry plot
showing percentage of GC B cells (GL7* FAS* or CD38%™ FAS*) gated on live B220* splenocytes in Cy1-Cre™'~ Prmt5"" and Cy1-Cre*/~ Prmt5"" mice (n = 7 per group)
immunized with SRBC as described in panel A. (D) Titers of low-affinity NP-specific immunoglobulin were measured using NP26-BSA in the serum of Cy1-Cre™~ Prmt5"" and
Cy1-Cre*/~ Prmt5"" mice (n = 6 per group) immunized with NP-CGG for 8 days. (E) Ratio of high- to low-affinity NP-specific immunoglobulin detected with NP4-BSA and NP26-
BSA, respectively, in NP-CGG immunized Cy1-Cre~/~ Prmt5"" and Cy1-Cre*/~ Prmt5"" mice described in panel D.
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Figure 2. The arginine methyltransferase PRMT5 directly interacts with BCL6. (A) Co-IP experiments for PRMT5 and BCL6 in 293T cells transfected with BCL6. (B) Co-IP
experiments for PRMT5 and BCL6 in SUDHL8 and U2932 DLBCL cell lines. (C) PRMT5 and BCL6 interact in normal CD77* GC B cells, enriched as described in supplemental
Materials and methods. (D) GST pull-down assay of recombinant GST-PRMT5 and BCL6-MYC/DDK proteins. Purified GST-PRMTS or GST proteins were incubated with BCL6-
MYC/DDK protein for 12 hours. The coprecipitated BCL6 and PRMTS5 proteins were detected by western blot with anti-GST and anti-BCL6 antibodies.

complex.?4#2% Previous studies have demonstrated that PRMTS
is expressed in GC B cells and malignant lymphomas and
that inhibition of PRMT5 activity suppresses lymphoma cell
proliferation and induces apoptosis.?¢-28

Given that PRMT5 plays an important role in maintaining the
growth of GC-derived lymphomas and that it associates with
the NuRD complex, which contributes to the repressive activity
of BCL§,'¢" we hypothesized that PRMT5 may play an impor-
tant role in GC formation and lymphomagenesis, at least in part
by regulating BCLé function. Using a variety of approaches,
including genetically engineered, conditional knockout mice
and biochemical studies, we show that PRMT5 is required for
GC formation, and it directly binds BCLé and regulates BCL6
repressive function through arginine methylation. We also demon-
strate synergistic killing of lymphomas by concomitant inhibition
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of BCL6 and PRMTS5. This may illuminate a mechanism that is
critically important for GC formation and the proliferation of GC-
derived B-cell lymphomas.

Materials and methods

Cells and reagents

The non-Hodgkin lymphoma cell lines Raji, SUDHLS8, U2932,
SUDHL4, and SUDHL6 were cultured in RPMI 1640 medium
(Fisher Scientific, Santa Clara, CA). OCI-LY1 and OCI-LY7 cells
were cultured in IMDM (Fisher Scientific) with 20% human
AB serum (Valley Biomedical, Winchester, VA). 293T cells were
maintained in Dulbecco’s modified Eagle medium (Gibco,
Grand Island, NY). All types of cell culture medium were
supplemented with 10% fetal bovine serum (unless stated

LU et al
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Figure 3. PRMTS5 interacts with the RD2 and ZNF domains of BCL6 via its N terminus. (A) Schematic of plasmids encoding either the V5-tagged full-length BCL6 or domains
of BCL6 used in panel B. (B) Co-IP experiments of PRMT5 with V5-tagged full-length or BTB/POZ, RD2 and ZNF domains of BCLé. (C) GST pull-down assay of recombinant GST-
PRMTS with BCL6 RD2-V5/His proteins. (D) V5 pull-down assay of recombinant GST-PRMTS5 with BCL6 ZNF-V5 proteins. (E) RD2 domain of BCL6 interacts with the catalytically

active N terminus of PRMT5 (residues 1-320).

otherwise), 100 pg/mL penicillin, 100 U/mL streptomycin, and
2 mM L-glutamine (Fisher Scientific).

The GAL4 expression vector,” pGBX1 BCL6, pGBX1 BTB,
pGBX1 RD2,"” and pcDNA3 hemagglutinin (HA) PRMT5% plasmids
were previously described. The synthetic Bclé reporter, B6BS-TK-
Luc, which contains 4 copies of consensus Bcl6 DNA-binding sites,*!
was a gift of Hilda Ye. pcDNA3.1 HA PRMT5(1-320), pCMV-Sport 6
MEP50, pcDNA3.1 V5 BCL6, pcDNA3.1 V5 BTB, pcDNA3.1 V5
RD2, pcDNA3.1 V5 ZF, and pcDNA3.1 V5 PRMT5 G367A/R368A
were generated in our laboratory using standard molecular cloning
techniques and confirmed by sequencing.

PRMT5 REGULATES BCL6 ACTIVITY

Recombinant glutathione S-transferase (GST) PRMTS protein
was from Novus Biologicals (Littleton, CO), recombinant BCL6
was from Origene (Rockville, MD), recombinant GST-MEP50 was
from Abnova (Walnut, CA), and recombinant human histone H2A
and S-adenosyl-methionine (SAM) were from New England
Biolabs (Ipswich, MA). His-tagged RD2 protein was purified by
using the Takara HisTALON Superflow Cartridge Purification Kit
(Mountain View, CA). BCL6 (C-19; sc-368), BCL6 (N-3), MEP50
(C-2; sc-376549), GFP (B-2; sc-9996), and GST (1E5; sc-53909)
antibodies were from Santa Cruz Biotechnology (Dallas, TX).
PRMTS5 (07-405), SYM10 (07-412), B-actin (AC-15; A5441),
HA (HA-7; H3663) and the ASYM24 antibody were from
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Figure 4. PRMT5 and MEP50 mediate the repressive activity of the BCL6 RD2 domain. (A) Schematic of plasmids encoding the GAL4 DNA-binding domain (GAL4PEP) fused
to either full-length BCL6 or domains of BCL6 used in panels B and D. (B) GAL4 luciferase reporter assays in 293T cells transfected with plasmids encoding GAL4P8°-BCL6 and
PRMTS5/MEPS0. Western blots demonstrate representative expression of GAL4PEP-BCL6, PRMTS, and MEP50 following expression of corresponding expression vectors. All the
experiments were repeated 3 times in triplicate. ***P < .001. (C) 4xBCL6 binding site luciferase reporter assays in 293T cells transfected with plasmids encoding BCL6 and
PRMT5/MEP50. Western blots demonstrate representative expression of BCL6, PRMT5, and MEP50 following expression of corresponding expression vectors. All the ex-
periments were repeated 3 times in triplicate. ***P < .001. (D) GAL4 luciferase reporter assays in 293T cells transfected with full-length GAL4P8P-BCL6, GAL4PEP-BTB/POZ, or
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MilliporeSigma (St. Louis, MO). Monomethyl arginine (D5A12)
and symmetric dimethyl arginine (SDMA) (SDMA moitif [sdme-RG]
MultiMab rabbit monoclonal antibody) antibodies were from
Cell Signaling Technology (Danvers, MA). The V5 antibody (R?60-25)
and PRMT5 and MEP50 small interfering RNAs (siRNAs) were from
Thermo Fisher Scientific (Waltham, MA).

GSK3203591 (GSK591) was synthesized as described®? and
generously provided by GlaxoSmithKline Company (Philadelphia,
PA). FX1 was synthesized as described.*® Methylthioadenosine was
from MilliporeSigma.

Murine models

The Research Animal Resource Center of the Weill Cornell
College of Medicine approved all mouse procedures. The
generation of conditional Prmt5 knockout (Prmt5%f) mice has
been previously reported.3* GC-specific conditional knockout of
Prmt5 was generated by crossing Prmt5%f mice with the Cy1-Cre
strain (The Jackson Laboratory, 010611) to produce heterozygous
mice, which were then crossed to yield Cy1-Cre*’~ Prmt5™f.
Cy1-Cre™’~ Prmt5"1 littermates were used as a control group.

Statistical analysis
A 2-tailed Student t test and a Welch unequal variances t test
were used, and a P < .05 was considered statistically significant.

Additional methods are described in supplemental Materials
and methods (available on the Blood Web site). The data from
the RNA-seq experiments are available at the Gene Expression
Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) with ac-
cession number GSE116963.

Results

PRMTS is required for GC formation and is
necessary for immunoglobulin affinity maturation
Given that PRMTS5 is found in protein complexes that regulate
the repressive activity of BCL6, a master regulator of the GC
reaction, we hypothesized that it also plays an important function
in GC B cells. We first sought to determine if PRMT5 was re-
quired for GC formation. Constitutive Prmt5 deletion is em-
bryonic lethal.® Therefore, to determine if Prmt5 is required for
the GC reaction, we crossed Prmt5-floxed (Prmt5%) mice3* with
Cy1-Cre mice to generate specific conditional deletion of Prmt5
in GC B cells. To induce GC formation, we immunized these mice
with a T-cell-dependent antigen, sheep red blood cells (SRBCs),
and sacrificed these animals 10 days later when GC formation
is at its peak. Cy1-Cre*/~ Prmt5"f mice displayed significantly
smaller GCs in the spleen (P = .0026), as assayed by immu-
nohistochemical staining for peanut agglutinin (PNA), a GC B cell
marker, as well as reduced proliferation, measured by Ki-67
staining, compared with Cy1-Cre™~ Prmt5%" mice (Figure 1A-B).
Residual GC B cells are likely due to incomplete Cre-mediated

excision, as several GC clusters stained positive for Prmt5 (sup-
plemental Figure 1). Concordantly we also observed a significant
decrease in the frequency of splenic GC B-cells (GL7*/FAS*/B220*
and CD389™/FAS*/B220") of Cy1-Cre*~ Prmt5"" mice by flow
cytometry compared with Cy1-Cre™~ Prmt5%* (Figure 1C).

We next asked whether the impaired GC reaction observed in Cy 1-
Cre*/~ Prmt5" mice is able to successfully generate class-switched
high-affinity immunoglobulins. To test this, we immunized Cy1-
Cre*~ Prmt5"" and Cy1-Cre™’~ Prmt5™ mice with 4-hydroxy-
3-nitrophenylacetyl-chicken y-globulin (NP-CGG) to induce
cognate high-affinity antibodies. Compared with Cy1-Cre™'~
Prmt5%" mice, Cy1-Cre™~ Prmt5"" mice developed significantly
fewer low-affinity (NP26-reactive) immunoglobulin M (IgM) and
class-switched IgG1, IgG2b, and IgG3 isotype B cells, consistent
with the observed GC hypoplasia (Figure 1D). Even more strik-
ingly, immunized Cy1-Cre™~ Pmt5"" mice generated much
lower titers of high-affinity (NP4-reactive) IgM, IgG1, IgG2b, and
IgG3, which was evident by a decreased ratio of NP4-BSA to
NP26-BSA titers (Figure 1E). Taken together, these observations
demonstrate that Prmt5 is necessary for GC formation and im-
munoglobulin affinity maturation.

PRMTS5 directly interacts with BCL6 via the BCL6
RD2 and ZNF domains

Constitutive or GC-specific loss of Bclé leads to decreased
GC number and affinity maturation defects,*”'! a phenotype
similar to what we observed with deletion of Prmt5. We therefore
explored whether PRMT5 interacts with and regulates BCL6
function. To test this, we transfected BCL6 into 293T cells and
performed immunoprecipitation (IP) using an anti-BCLé anti-
body followed by western blot for endogenous PRMT5, which
showed that BCL6 interacts with PRMT5 (Figure 2A). The in-
teraction was confirmed by a reciprocal IP for PRMT5 and
western blot for BCLé. To test if this interaction is also observed
in B cells expressing endogenous BCL6, we repeated the
IP experiments in the DLBCL cell lines U2932 and SUDHL8 and
again demonstrated the PRMT5-BCLé interaction (Figure 2B).
This interaction was also observed following Benzonase pre-
treatment, suggesting that the PRMT5-BCL6 interaction does not
require the presence of nucleic acids (supplemental Figure 2).
Critically, the endogenous BCL6-PRMTS5 interaction was also
observed in primary human GC B cells (Figure 2C), highlighting
the potential physiological importance of this protein interaction.

We next asked whether the interaction between PRMT5 and
BCL6 was direct. GST pull-down assays of recombinant GST-
PRMT5 and recombinant BCL6 demonstrated direct binding
between these proteins (Figure 2D). We next asked what
domains of BCL6 mediate its interaction with PRMT5. To this
end, we transfected 293T cells with plasmids encoding V5-
tagged full-length BCL6 as well as individual BTB/POZ, RD2,
and ZNF domains (Figure 3A). We performed [Ps with PRMTS

Figure 4 (continued) GAL4P8°-RD2 domains of BCL6 in the presence or absence of cotransfected PRMT5/MEP50 siRNAs from GE Dharmacon (Lafayette, CO). Western blots
demonstrate representative expression of PRMT5 and BCL6 or MEP50 and BCL6 following transfection of increasing concentrations of PRMT5 siRNA-1 and MEP50 siRNA-1,
respectively. All the experiments were repeated 3 times in triplicate. ***P < .001. Independent siRNA to PRMTS5 and MEP50 shown in supplemental Figure 3. (E) 4xBCL6 binding
site luciferase reporter assays in 293T cells transfected with plasmids encoding BCL6 alone or in the presence of GSK591 (*P < .05; **P < .01; ***P < .001). (F) 4xBCLé binding site
luciferase reporter assays in 293T cells transfected with plasmids encoding BCL6, PRMTS5, or catalytically inactive PRMTS mutant (G367A/R368A, muPRMTS). Western blots
demonstrate representative expression of BCL6, PRMT5, and muPRMT5 (G367A/R368A) following expression of corresponding expression vectors. All the experiments were

repeated 3 times in triplicate. *P < .05; **P < .01.

PRMT5 REGULATES BCL6 ACTIVITY
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Figure 5. PRMTS5 directly dimethylates arginines of BCL6 in lymphoma. (A) IP for BCL6 and symmetric arginine dimethylation (SYM10) in lymphoma cell lines OCI-LY1 and Raji
reveals symmetric arginine dimethylation of BCL6. (B) Knockdown of PRMTS5 with specific siRNA decreases BCL6 symmetric arginine methylation. Raji cells were transfected with
PRMTS5 or control siRNAs followed by IP with symmetric arginine dimethylation (SYM10) antibody and immunoblotting with BCL6 antibody. Also shown are western blots with
indicated antibodies from the same cells. (C) In vitro methyltransferase assay with recombinant PRMTS, MEP50, and BCL6 or H2A proteins. The proteins were blotted with the
indicated antibodies. In addition, the reaction mixture was immunoprecipitated with BCL6 antibody and blotted with antibodies for symmetric arginine dimethylation (SYM10)
and BCL6. (D) In vitro thymidine incorporation methyltransferase assay with recombinant PRMT5 and BCL6 or H2A proteins.

and demonstrated an interaction of PRMT5 with the BCL6
RD2 and ZNF domains (Figure 3B). This interaction was con-
firmed by reciprocal IP for the V5 tag and blotting for PRMTS.
We confirmed a direct interaction between these domains
by performing GST pull-down assays of recombinant GST-PRMT5
and a His-tagged RD2 domain of BCL6 (Figure 3C). A similar V5
pull-down assay of recombinant GST-PRMT5 and a V5-tagged
ZNF domain of BCL6 also demonstrated direct interaction be-
tween these proteins (Figure 3D).

We next asked whether the N-terminal region of PRMT5, which
contains its catalytic domain, mediates the interaction with the
BCL6 RD2 domain. To test this, we generated an HA-tagged
N terminus construct of PRMTS5 (residues 1-320) and repeated
the IP experiments. We observed that PRMT5 (1-320) interacted

2032 & blood® 8 NOVEMBER 2018 | VOLUME 132, NUMBER 19

with the BCL6 RD2 domain (Figure 3E). Collectively, these
data reveal the existence of a direct BCL6-PRMT5 protein-
protein interaction.

PRMTS facilitates BCL6-mediated

transcriptional repression

BCL6 and PRMTS have both been demonstrated to function
as transcriptional repressors, and given their direct interaction,
we asked whether PRMT5 was necessary for BCL6 to exert
its transcriptional repressive activity. To test this, we used 2 dif-
ferent transcriptional reporter systems to monitor BCL6 re-
pressive activity in 293T cells: (1) a GAL4-dependent luciferase
reporter plasmid (Figure 4A-B) whose transcriptional activity was
assessed following transfection of plasmids encoding the GAL4
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Figure 6. PRMT5 dimethylates BCL6 at R305 to mediate the repressive activity of the BCL6 RD2 domain. (A) Mass spectroscopy of BCL6 protein following in vitro
methyltransferase assay by PRMT5 identifies BCL6 methylation at R305. Representative tandem mass spectrometry spectrum of methylated R305 of BCL6 (P11482). Band corre-
sponding to BCL6 was excised from the gel and subjected to trypsin digestion. Tryptic peptides were resolved on a reverse phase column, and high-energy collision dissociation
spectra were obtained using Orbitrap Fusion Tribrid mass spectrometer. Data were searched against human protein database using Proteome Discoverer (v 1.4, ThermoScientific)
by considering methylation on arginine as a potential modification. Results were filtered at 1% false discovery rate. A tandem mass spectrometry spectrum corresponding to
S2EEErPSSEDEIALHFEPPNAPLNR3?® of BCL6 (precursor [M+H]* = 698.3398 m/z. DPPM = 1.6, inset) is shown. Observed b- and y-ions are indicated. The lowercase “r" is the
methylated arginine. (B) 4xBCLé binding site luciferase reporter assays in 293T cells transfected with wild-type and R305K mutant BCL6 or control pcDNA3.1 vector in the
presence or absence of cotransfected siRNAs to PRMT5. ***P < .001. Western blots in each experimental condition with the indicated antibodies. (C) Arginine dimethylation of
wild-type or R305K BCL6 transfected into Raji cells. (D) Co-IP experiments of endogenous PRMT5 with wild-type or R305K BCL6 transfected into Raji and 293T cells. WT, wild-type.
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DNA-binding domain (GAL4P®P) fused to BCL6 (GAL4PEP-BCLS),
either alone or in combination with PRMT5 and MEP50; and
(2) a 4xBCL6-binding site-driven luciferase reporter plasmid
(Figure 4C) whose transcriptional activity was assessed following
transfection of plasmids encoding BCLé, either alone or in
combination with PRMT5 and MEP50. In both systems, BCL6
repressed the reporter constructs as expected but repressed
even stronger upon cotransfection with PRMT5 and MEP50
(P < .001 for both reporters) (Figure 4B-C). In addition, while
knockdown of PRMT5 or MEP50 with 2 distinct sets of siRNA for
each protein decreased GAL4PEP-BCL6's repressive activity,
their combined knockdown impaired BCL6's activity to a greater
extent (Figure 4D; supplemental Figure 3; each representing
distinct set of siRNAs). Concordantly, PRMT5 inhibitors, GSK591
and methylthioadenosine, also decreased BCL6's repressive
activity (Figure 4E; supplemental Figure 4). Furthermore, in con-
trast to the wild-type PRMTS5 protein, which enhances the repres-
sive activity of BCL6, transfection of a catalytically inactive PRMT5
mutant (G367A/R368A: muPRMT5) failed to enhance BCL6
repressive activity (Figure 4F). Together, these observations sug-
gest that catalytically active PRMT5/MEPS50 contributes to BCLé's
transcriptional repressive activity.

We next asked what repressor domain of BCL6 was dependent
on PRMT5. To test this, we used expression constructs con-
taining the GAL4PBP-BCL6 BTB/POZ, GAL4PEP-BCL6 RD2 and
GAL4PBP-BCL6 ZNF domains (Figure 4A) and repeated the GAL4
luciferase reporter assays (Figure 4D; supplemental Figure 3;
data not shown). Consistent with previous reports, we observed
strong repression of luciferase activity by the BCL6 BTB and RD2
domains, but not the ZNF domain (Figure 4D; supplemental
Figure 3; data not shown). When the BCL6 BTB and RD2 do-
mains were cotransfected with siRNAs to PRMT5 and MEP50,
we observed impaired repression for both domains (P < .001 for
all comparisons). The observed antagonism of the BTB domain
mediated repression induced by cotransfection of PRMT5 and
MEP50 siRNAs was likely because PRMTS is known to be found
in complexes containing BCL6 BTB domain-interacting proteins
(eg, NCOR and SMRT), since this domain did not interact directly
with PRMT5.2¢ Overall, the PRMT5/MEP50 complex enhances the
repressor activity of both BCL6 repressor domains, likely through
direct and indirect mechanisms.

PRMTS5 directly methylates BCL6 at R305 to
regulate its transcriptional repressor activity
PRMTS5 can affect transcriptional repression by its SDMA resi-
dues within a variety of histone and nonhistone proteins, which

prompted us to determine whether BCL6 is symmetrically
dimethylated by PRMTS. To test this, we performed IP using the
SYM10 antibody and observed the presence of BCL6 in 2 in-
dependent lymphoma cell lines, which suggested that BCL6
might be symmetrically dimethylated (Figure 5A). PRMT5 knock-
down using siRNA markedly decreased BCL6 symmetric arginine
dimethylation without affecting overall BCL6 protein expression
levels (Figure 5B). To determine whether BCL6 dimethylation
is directly mediated by PRMT5, we performed two distinct in vitro
methyltransferase assays with BCL6 and PRMT5/MEP50. Fol-
lowing in vitro incubation of recombinant BCL6 and PRMT5/
MEP50 with SAM, western blot with the SYM10 antibody de-
tected BCL6, as confirmed by BCL6 and SYM10 co-IP, suggesting
that BCL6 was directly posttranslationally dimethylated by
PRMTS5 (Figure 5C). Furthermore, in vitro methyltransferase as-
says using radiolabeled *H SAM also confirmed BCL6 arginine
methylation by PRMT5 (Figure 5D). In both assays, PRMT5
also dimethylated arginine residues in histone 2A (used as a
positive control).

We next asked which arginine residues in BCL6 are dimethy-
lated by PRMT5. To this end, we performed mass spectroscopy
analysis of BCLé following an in vitro methyltransferase assay
with BCL6 and PRMT5. Based on the number of isolated
peptides, PRMT5 dimethylated BCL6 mainly at R305, located
in the RD2 domain of BCLé (Figure 6A). A few additional
peptides with potential arginine dimethylation at R170 and
R217 were identified. We did not observe arginine mono-
methylation or asymmetric dimethylation (supplemental Fig-
ure 5). To determine whether arginine dimethylation of R305,
the most frequently observed dimethylated arginine of BCLS,
was important for BCL6 transcriptional repressor activity, we
generated a BCL6 G914A mutant, which encodes a BCL6
R305K protein that is stable and interacts with known BCLé
partners (eg, BCOR; supplemental Figure 6). We repeated the
BCL6 luciferase reporter assays with the mutant BCL6 R305K
protein. Compared with wild-type BCL6, BCL6 R305K did not
inhibit luciferase expression (P < .001) (Figure 6B), despite the
fact that it was dimethylated, likely at R170 and R217
(Figure 6C).

We next asked whether the R305 residue of BCL6 was important
for mediating the PRMT5-BCL6 interaction. To this end, we
transfected plasmids encoding GFP-tagged wild-type or BCL6
R305K into Raji and 293T cells and performed co-IPs using
PRMT5 or GFP antibodies. Indeed, the interaction of PRMT5
with BCL6 R305K was decreased in comparison with wild-type

Figure 7. PRMTS5 recruits BCL6 to its target genes to induce gene repression. (A) Enrichment of BCL6, SMRT, HA-tagged PRMTS5, and IgG at BCL6 targets in OCI-LY1 cells
treated with vehicle or 200 nM GSK591 for 72 hours. *P < .05; **P < .01. (B) Messenger RNA abundance of BCL6 target genes in OCI-LY1, OCI-LY7, SUDHL4, and SUDHL6 cells
treated with vehicle or 200 nM GSK591 for 96 hours. *P < .05; **P < .01. (C) Immunoblot demonstrating inhibition of SDMA using the SYM10 antibody at 72 hours after treatment
with 200 nM GSK591. IP demonstrating decrease in symmetric dimethylation of BCL6 shown in supplemental Figure 7A. (D) Pathway analysis of gene expression changes in
SUDHL6 cells treated with vehicle or 200 nM GSK591 for 24 or 96 hours. The Fisher exact test was used to calculate enrichment P values for each gene set, and the Benjamini-
Hochberg method was used for false discovery rate control. (E) GSK591 concentration that results in 50% growth inhibition (Glsg) of BCL6-dependent and BCL6-independent
DLBCL cell lines treated with vehicle or increasing concentrations of GSK591 for 6 days. Raw growth inhibition curves of GSK591 alone are shown in supplemental Figure 8A.
(F) Messenger RNA abundance of BCL6 targets in OCI-LY1 cells with combined treatment of 25 uM FX1 and 200 nM GSK591 for 48 hours. *P < .05; **P < .01 relative to vehicle.
TP < 0.05; 1TP < .01 relative to each drug alone. (G) Combination indexes of the BCL6 inhibitor FX1 with GSK591 after treating cells with increasing concentrations of GSK591
for 6 days and FX1 for 2 days. Data are representative of 3 triplicates + standard error of the mean (SEM). Raw growth inhibition curves of each drug alone and in combination
are shown in supplemental Figure 8C. (H) Mean fluorescence intensity of carboxyfluorescein diacetate succinimidyl ester of live CD19* (GhostDye ~ or DAPI-) human DLBCL samples
on day 6 after cells were exposed to GSK591 on day 0 then treated with FX1 3 days later. Data representative of 3 triplicates = SEM. *P < .05; **P < .01 relative to VEH. 1P < 0.05;
1P < .01 relative to each drug alone. () Cell viability (GhostDye~ or DAPI7) of CD19+ human DLBCL from panel H. Data are representative of 3 triplicates = SEM. *P < .05;
**P < .01 relative to vehicle. TP < .05; 1P < .01 relative to each drug alone. FACS, fluorescence-activated cell sorting; FL, follicular lymphoma; MFI, mean fluorescence intensity;
MHC, major histocompatibility complex; mRNA, messenger RNA; VEH, vehicle.
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BCL6 (Figure 6D). Together, our findings suggest that PRMT5
contributes to the repressive activity of BCL6 through symmetric
arginine dimethylation of BCL6 R305 and that this residue is
important for the BCL6-PRMTS5 interaction.

Inhibition of PRMT5 derepresses BCL6 target
genes in DLBCL cells

Having observed that PRMT5 is necessary for BCLé-mediated
repression, we next asked whether PRMTS5 and BCL6 localize
to the same genomic loci. To interrogate this, we transduced OCI-
LY1 cells with HA-tagged PRMT5 and performed chromatin IP
(ChIP) experiments for HA, BCL6, and its corepressor, SMRT.
We observed enrichment of PRMT5 at several known BCL6 tar-
get genes, notably CCR6, BANKT and CDé69 but not at two neg-
ative control regions (Figure 7A). Treatment with the PRMT5-specific
inhibitor GSK591 decreased occupancy of PRMT5, BCL6 and
SMRT at these loci.

To determine whether inhibition of PRMT5 enzymatic activity
affected expression of these genes, we treated the DLBCL cell
lines OCI-LY1, OCI-LY7, SUDHL4, and SUDHL6 with 200 nM
GSK591 and performed quantitative polymerase chain reaction to
detect target gene transcript abundance. Loss of BCLé function in
DLBCL cells generally results in variable degrees of derepression
of its direct target genes (usually in the two- to five-fold range).33%’
Accordingly, the PRMTS5 inhibitor induced variable degrees of
derepression of the BCL6 target genes CCR6, BANKT, and
CDé69 by quantitative polymerase chain reaction (Figure 7B).
Importantly we confirmed that GSK591 suppressed total SDMA
in these cells as shown by immunoblots with the SYM10 antibody
and reduced levels of BCL6 SDMA (Figure 7C; supplemental
Figure 7A). In contrast, GSK591 had no effect on BCL6 or PRMT5
protein levels (Figure 7C).

We next asked whether inhibiting PRMT5 would derepress BCLé
target genes on a broader level. To test this, we treated SUDHL6
cells with GSK591 and performed RNA-seq at 24 and 96 hours
after treatment in biological triplicates. Notably, treatment with
GSK591 induced derepression of canonical BCL6 target gene
sets such as (1) genes induced by BCL6 siRNA (P = 9.43e-03),
(2) genes induced by the BCL6 BTB domain inhibitor FX1
(P =5.71e-95), (3) genes induced by loss of function of the
BCL6 RD2 domain (P = 6.38e-69), and (4) genes regulated by
BCL6 formation of corepressor complexes at gene promoters
(P =8.92e-20) and enhancers (P = 2.10e-43), respectively (Figure 7D;
supplemental Table 1). As an alternative analysis approach,
we performed gene set enrichment analysis, which also demon-
strated significant enrichment (normalized enrichment score =
1.16, false discovery rate <0.05) of BCL6 repressed genes
among genes induced by GSK591 treatment (supplemental
Figure 7B). BCL6 normally antagonizes transcriptional activation
by CREBBP and EP300 through its recruitment of SMRT/NCOR
complexes and cooperates with EZH2 to repress GC bivalent
genes. Notably, PRMT5 inhibitors induced derepression of
known lymphoma CREBBP and EP300 target gene sets and
induced derepression of GC bivalent genes (Figure 7D). Among
gene sets downregulated after GSK591 treatment were those
involved in cell-cycle control and MYC target genes, consistent
with previously described roles for PRMT5%2? (supplemental
Figure 7C).
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PRMTS inhibitors suppress DLBCL proliferation and
enhance the effect of BCL6 inhibition

PRMTS inhibitors were reported to suppress the proliferation of
lymphoma cells,?® many of which are also dependent on BCLé.
To confirm whether PRMTS inhibitors could suppress the growth
of DLBCL cells, we exposed a panel of BCL6-dependent and
BCL6-independent cell lines to increasing doses of GSK591
(supplemental Figure 8A). PRMT5-targeted therapy suppressed
the growth of most of these cell lines and did not manifest
clear differences in growth inhibition (50% growth inhibition)
among BCL6-dependent and BCLé-independent DLBCLs
(Figure 7E). These results are consistent with the gene ex-
pression profiling results described above, which suggest that
PRMTS may impair other processes beyond BCL6 functions in
DLBCL cells.

Our data suggest that PRMT5 inhibitors suppress BCL6 function
through a different mechanism than currently existing BCL6
inhibitors, which block BCL6 recruitment of corepressors to its
BTB domain.*® Therefore, we first asked whether adding PRMT5
inhibitors to BCLé inhibitors leads to greater impairment of
BCLé6-mediated repression. We exposed DLBCL cell lines to a
combination of GSK591 and the specific BCL6 inhibitor FX123
and found derepression of BCL6 target genes greater than that
achieved with either compound alone (Figure 7F; supplemen-
tal Figure 8B). Moreover, combining GSK591 and the specific
BCL6 inhibitor FX1 also yielded synergistic killing activity
against BCL6-dependent DLBCL cells (Figure 7G; supplemental
Figure 8C). Interestingly, we observe a synergistic effect on
growth inhibition in a BCL6-positive BCL6-independent cell line
(Karpas 422) with combination treatment of FX1 and GSK591,
whereas an infra-additive response is observed in the BCLé-
negative BCLé-independent cell line (Toledo) (Figure 7G). This is
likely due to a relatively modest effect on growth inhibition with
each single agent in Karpas 422 (supplemental Figure 8C). The
combinatorial inhibition of BCL6 and PRMT5 therefore yields a
greatly improved growth inhibition effect in Karpas 422 cells,
resulting in a synergistic combination index. On the other hand,
very little effect is observed in the Toledo cells with the BCL6
inhibitor alone. The PRMTS5 inhibitor is quite effective at re-
ducing growth as a single agent in Toledo cells. Therefore,
when treated together, the PRMT5 and BCL$ inhibitors do not
yield a further increase in growth inhibition in Toledo cells,
resulting in only an infra-additive combination index (supple-
mental Figure 8C).

We wanted to confirm the combinatorial effects of GSK591 and
FX1 on growth inhibition in primary DLBCL samples, as cell line
models may not accurately represent primary human tumors.
We obtained 4 viable primary DLBCL samples (2 GC-like and
2 non-GC-like) and grew them using 2 different methods. Sam-
ples from patient 1 grew successfully without any feeder layer;
however, cells from patients 2, 3, and 4 had to be grown with a
feeder layer of 40LB cells that expressed CD40 ligand and BAFF
in an organoid system.*' Like other epigenetic-targeted agents,
phenotypic effects of GSK591 occur after longer exposure to
the drug. Therefore, cells were treated initially with GSK591
and then with FX1 72 hours later. We monitored the rate at which
the proliferation dye carboxyfluorescein diacetate succinimidyl
ester was diluted out using fluorescence-activated cell sorting.
In patient 1, the combination of GSK591 and FX1 yielded
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significantly (P < .01) enhanced antiproliferative effects relative
to each drug alone even at the lowest dose tested (6.25 uM FX1
and 1.25 pM GSK591; Figure 7H). While the combination of
GSK591 and FX1 potently reduced cell viability at all concen-
trations, enhanced cell killing compared with each drug alone
was only observed at lower concentrations, likely because of
the strong antilymphoma effects of FX1 at higher concen-
trations (P < .01; Figure 71). These results were confirmed in
other patient samples (patients 2 and 3) (Figure 7H; supple-
mental Figure 8D-E). Patient 2 was more sensitive to the
antiproliferative effects of FX1, so the drug combination had
less profound effects (Figure 7H). Interestingly, PRMT5 and
BCL6 inhibition did not have strong antiproliferative effects
in patient 4. Instead, patient 4 had a strong decrease in cell
viability with the drug combination relative to each agentalone
at all concentrations tested (supplemental Figure 8D-E). Al-
though these enhanced antilymphoma effects are likely multi-
factorial, our data suggest that targeting PRMT5 can enhance
the effects of BCL6 inhibitors in antilymphoma regimens.

Discussion

The BCL6 protein is required for GC initiation, maintenance, and
the development of high-affinity antigen-selected antibodies.?
This activity has been demonstrated to be mainly mediated by
transcriptional repression through its N-terminal BTB/POZ and
middle RD2 domains, which together affect the functions of
BCL6 needed for the successful completion of the GC reaction.’"”
Although BCL6 interacts with a number of corepressor proteins,
much remains to be understood regarding its molecular mechanism
of action.

Several posttranslational modifications have been identified
as regulating BCL6 function. Acetylation of BCLé by EP300 dis-
rupts its transcriptional repressor functions.*> Moreover, BCL6
phosphorylation and ubiquitinylation target the protein for pro-
teosomal degradation.** However, additional posttranslational
modifications of BCLé likely exist and play an important role in
regulating BCL6 activity.

Herein, we identified the arginine methyltransferase PRMT5
as a novel interacting partner of BCL6. Our data demonstrate
that BCL6 interacts with PRMT5 via its RD2 domain. Moreover,
PRMTS and its complex partner, MEP50, contribute to BCL6-
mediated transcriptional repression by posttranslational arginine
methylation of BCL6 residue R305. Mice with a GC B-cell-
specific knockout of PRMT5 have decreased GC formation
following immunization, similarly to mice with GC B-cell con-
ditional deletion of BCLé. Furthermore, RNA-seq and ChIP
experiments following treatment with a PRMTS5 inhibitor dem-
onstrate the derepression of many BCLé target genes with a
simultaneous decrease in BCL6 and SMRT enrichment at their
promoters. CCR6 was among the targets where PRMT5 regu-
lates BCL6 repressor activity. Interestingly, CCRé knockout mice
have an expanded GC B-cell phenotype reminiscent of that
induced by BCL6 constitutive expression,** and induction of
CCRé plays a critical role in memory B-cell function.*® These data
allude to the importance of CCR6 being repressed by BCL6
during the GC reaction and derepressed for normal GC exit
when BCL6 function is terminated. In DLBCL, derepression of
CCRé by targeted inhibition of PRMT5 and BCL6 might allow
for the induction of GC exit programs and eventual cell death.

PRMT5 REGULATES BCL6 ACTIVITY

These data underscore the importance of the cooperation be-
tween BCL6 and PRMT5 in governing BCL6-controlled tran-
scriptional programs.

The effects of PRMT5 on BCLé functions may go beyond its
methylation of the R305 residue. In addition, while PRMT5 does
not directly interact with the BTB/POZ domain of BCL6, it is
found in complexes containing BCL6 BTB domain-interacting
proteins (eg, NCOR and SMRT)*# and these proteins are im-
portant for mediating BCL6 repressive activity. Whether PRMTS
regulates BCL6's BTB/POZ repressive ability via posttranslational
modification of these repressive components is unknown and
remains to be elucidated.

Our data also demonstrate that PRMT5 interacts with the
C-terminal ZNF domain of BCL4. Unlike its interaction with the
RD2 domain, this interaction did not mediate transcriptional
repression, consistent with previous reports analyzing the func-
tion of the ZNF domain. However, PRMT5's interaction with the
ZNF domain may play a role in regulating BCL6 function in a
nontranscriptional repressive capacity (ie, protein stability) and
needs to be examined further.

Interestingly, PRMT5-targeted therapy caused growth in-
hibition in BCLé-independent DLBCL cell lines. However
many studies have demonstrated pleotropic functions of
PRMTS5 in growth and survival. For example, PRMTS5 has been
shown to interact with and methylate other transcription
factors such as E2F1, nuclear factor kB, and MYC.#7-4° PRMT5
has also been shown to modulate the cell-cycle control pro-
teins Rb and CDK4.5°5" Furthermore, PRMT5 regulates
splicing by methylating Sm proteins.3?:52 These proteins are all
known to play important roles in the GC reaction and are
implicated in B-cell lymphoma. Because of PRMT5’s multi-
faceted functions, we believe that BCLé-independent cell
lines still require PRMTS5 to regulate these other biological
processes critical for their survival.

With our current work, we expand the role of PRMTS5 in tumors to
include facilitating the actions of BCL6, which is an oncogene in
many tumor types other than lymphoma.*® Preclinical studies
demonstrated that PRMTS inhibition suppresses the growth of
many tumors, including mantle cell lymphoma and leukemias,
among others.?65355 Our studies demonstrate that inhibition of
PRMTS may provide additional suppression of BCL6 in tumors
where BCL6 plays an important biological role. Hence the
combination of PRMT5 and BCL6 inhibitors could be used as a
general treatment strategy where inhibitors that affect 2 func-
tions of a given oncogene are given together to promote tumor
killing.
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