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Induces Lymphoma Cell Death through Reactivation of the
Retinoblastoma Tumor Suppressor Pathway and Polycomb
Repressor Complex 2 (PRC2) Silencing”
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Background: PRMT5, PRC2, and cyclin D1 are overexpressed in non-Hodgkin lymphoma (NHL).
Results: PRMT5 expression inversely correlates with levels of hypophospho-RB1 and RBL2.
Conclusion: PRMTS5 inhibition reactivates RB1 and RBL2 and silences PRC2 and cyclin D1.
Significance: PRMT5 inhibition results in NHL growth arrest and cell death.

Epigenetic regulation mediated by lysine- and arginine-spe-
cific enzymes plays an essential role in tumorigenesis, and
enhanced expression of the type II protein arginine methyl-
transferase PRMT5 as well as the polycomb repressor complex
PRC2 has been associated with increased cell proliferation and
survival. Here, we show that PRMTS5 is overexpressed in three
different types of non-Hodgkin lymphoma cell lines and clinical
samples as well as in mouse primary lymphoma cells and that it
up-regulates PRC2 expression through inactivation of the reti-
noblastoma proteins RB1 and RBL2. Although PRMTS5 epige-
netically controls RBL2 expression, it indirectly promotes RB1
phosphorylation through enhanced cyclin D1 expression. Fur-
thermore, we demonstrate that PRMT5 knockdown in non-
Hodgkin lymphoma cell lines and mouse primary lymphoma
cells leads to RBL2 derepression and RB1 reactivation, which in
turn inhibit PRC2 expression and trigger derepression of its
CASP10, DAP1, HOXAS, and HRK pro-apoptotic target genes.
We also show that reduced PRMT5 expression leads to cyclin
D1 transcriptional repression via loss of TP53K372 methyla-
tion, which results in decreased BCL3 expression and enhanced
recruitment of NF-kB p52-HDACI repressor complexes to the
cyclin D1 promoter. These findings indicate that PRMTS5 is a
master epigenetic regulator that governs expression of its own
target genes and those regulated by PRC2 and that its inhibition
could offer a promising therapeutic strategy for lymphoma
patients.

During B cell development, several DNA recombination and
modification events take place so that proper populations of
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pre-B cells are formed (1, 2). However, as B cells differentiate,
aberrant DNA mutations and translocation may occur and lead
to B cell transformation (3). Examples of B cell tumors at this
stage of B cell development include mantle cell lymphoma
(MCL),?> which represents 3—-10% of non-Hodgkin lymphoma
(NHL) derived from a subset of naive pre-germinal center (GC)
B cells located in primary lymphoid follicles or in the mantle
region of secondary lymphoid follicles. The hallmark of this
disease is the translocation t(11;14)(q13;q32), which is detected
in most if not all of cases and which juxtaposes the cyclin D1
gene at 11q13 to the immunoglobulin heavy chain locus at
14q32 (4). MCL is considered incurable, and affected patients
often have a short median survival, highlighting the need for
new therapeutic strategies (5, 6).

Upon encountering antigen, naive B cells are activated and
undergo GC reaction before they become mature B cells. Dur-
ing the GC reaction, B cells may transform into either follicular
lymphoma or GC B cell-like diffuse large B cell lymphoma
(GCB-DLBCL), and even after maturation, B cells remain sus-
ceptible to transformation, as shown in the case of activated B
cell-like DLBCL (ABC-DLBCL) (2, 3). DLBCL is the most com-
mon NHL worldwide and has been divided by global gene
expression profiling into three different types: GCB-DLBCL,
ABC-DLBCL, and primary mediastinal B cell lymphoma (7, 8).
Although most GCB-DLBCL patients can be cured with the
anti-CD20 antibody rituximab combined with chemotherapy,
>50% of ABC-DLBCL patients do not survive. Despite molec-
ular profiling of MCL, GCB-DLBCL, and ABC-DLBCL, we still
do not understand the molecular mechanisms that drive their
initiation, maintenance, and progression.

2 The abbreviations used are: MCL, mantle cell ymphoma; NHL, non-Hodgkin
lymphoma; GC, pre-germinal center; GCB-DLBCL, GC B cell-like diffuse
large B cell lymphoma; ABC-DLBCL, activated B cell-like DLBCL; sh-GFP,
GFP shRNA; RIPA, radioimmune precipitation assay; TMA, tissue microar-
ray; TRITC, tetramethylrhodamine isothiocyanate.
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It is well established that altered expression of oncogenes
and/or tumor suppressor genes results in transformation of
normal cells into malignant derivatives (9). Both activation and
repression of target genes with growth regulatory functions
have been reported in every cancer examined, and the mecha-
nisms that lead to their dysregulation almost invariably involve
epigenetic modification of chromatin (9-11). Although DNA
methylation has clearly been implicated in gene silencing and
tumorigenesis, methylation of histones at conserved lysine and
arginine residues has also been shown to play an important role
in cancer (12). Hypermethylation of histones H3R8 and H4R3
by the protein arginine methyltransferase PRMT5 has been
documented in many cancers and shown to be associated with
tumor cell growth and survival (13, 14). Similarly, increased
levels of EZH2 (enhancer of zeste homolog 2), the catalytic sub-
unit of the polycomb repressor complex PRC2, and its associ-
ated H3(Me,;)K27 mark have been reported in both solid and
lymphoid tumors (15, 16).

PRMTS5 is a member of the protein arginine methyltrans-
ferase family of enzymes that can symmetrically methylate argi-
nine residues in a variety of cellular proteins, including histones
(13). A consequence of PRMT5-induced histones H3R8 and
H4R3 is transcriptional repression of target tumor suppressor
genes (17-19). PRC2 consists of four core subunits, EZH2,
SUZ12 (suppressor of zeste 12 homolog), EED (embryonic
ectoderm development), and RBBP4/7 (retinoblastoma bind-
ing protein 4/7), and is involved in transcriptional silencing of
growth and developmentally regulated genes (20, 21). Previous
work has shown that expression of EZH2 and EED is controlled
by E2F transcription factors, which are known to be modulated
by the retinoblastoma family of tumor suppressors (22, 23).
More recently, work by our group has demonstrated that
PRMTS5 epigenetically silences RBL2, which can in turn poten-
tiate E2F function and promote cell proliferation (18). Given
these results and the fact that expression of PRMT5 and PRC2
is enhanced in a variety of cancer cells, we reasoned that
through its ability to suppress RBL2 expression, PRMT5 might
positively control PRC2 levels.

Using patient-derived cell lines from three different NHL cell
types, we show that PRMT5 promotes PRC2 expression
through transcriptional silencing of RBL2 and hyperphosphor-
ylation of RB1. We also show that inhibition of PRMT5 by
shRNA-mediated knockdown reactivates both RB1 and RBL2
tumor suppressors; restores recruitment of repressor com-
plexes to the promoter regions of EZH2, SUZ12, and EED; and
re-establishes expression of PRC2 pro-apoptotic target genes
CASP10, DAPI (death-associated protein 1), HOXAS5, and HRK
(Harakiri). The net outcome of these molecular changes is inhi-
bition of NHL cell growth and induced cell death. Furthermore,
we show that the levels of PRMT5, PRC2, and their epigenetic
marks are elevated in MCL, GCB-DLBCL, and ABC-DLBCL
human clinical samples and that both RB1 and RBL2 are inac-
tivated in NHL patient samples. To substantiate our findings,
we show that PRMT5 and PRC2 levels are elevated in mouse
primary lymphoma cells and that PRMT5 knockdown re-estab-
lishes RB1/RBL2-E2F regulation, which in turn reduces PRC2
levels and derepresses DAP1, HOXAS5, and HRK target genes.
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Taken together, these findings demonstrate the role played by
PRMTS5 in the control of NHL cell growth and survival.

EXPERIMENTAL PROCEDURES

Plasmid Construction and Cell Infection—PRMTS5 knock-
down was achieved using lentiviral constructs that express two
PRMTS5-specific sShRNAs (sh-PRMT5-1 and sh-PRMT5-2) as
described previously (24). Briefly, plasmids pLentiX2DEST/
sh-PRMT5-1, pLenti-CMV-GFP-DEST/sh-PRMT5-1, and
pLentiX2DEST/sh-PRMT5-2 were constructed by first cloning
double-stranded oligonucleotides that encode PRM T'5-specific
shRNAs into the entry vector pENTER/pTER™. Plasmids
pLentiX2DEST/sh-PRMT5-1 and pLenti-CMV-GFP-DEST/
sh-PRMT5-1 were constructed using sense-1 (5'-GATCCCG-
CCCAGTTTGAGATGCCTTATGTGTGCTGTCCATAAG-
GCATCTCAAACTGGGCTTTTTGGAAA-3') and antisense-1
(5'-AGCTTTTCCAAAAAGCCCAGTTTGAGATGCCTTAT-
GGACAGCACACATAAGGCATCTCAAACTGGGCGG-
3') primers, whereas plasmid pLentiX2DEST/sh-PRMT5-2 was
constructed using sense-2 (5'-AAAAACACTTCATATGTCTG-
AGACCTGTCTC-3’) and antisense-2 (5'-AATCTCAGACAT-
ATGAAGTGTTTCCTGTCTC-3') primers, both of which were
designed to include sticky ends compatible with BglIl and HindIII
and were cloned into the BgllI- and HindIII-linearized pENTER/
pTER™ vector. Positive clones were identified by EcoRI digestion
and confirmed by DNA sequencing. Next, plasmids pENTER/
pTER"/sh-PRMT5-1 and pENTER/pTER™/sh-PRMT5-2 were
individually recombined into either the pLentiX2DEST or pLenti-
CMV-GFP-DEST vector as described previously (24), and positive
clones were identified by EcoRV digestion in the case of
pLentiX2DEST/sh-PRMT5-1 and pLenti X2DEST/sh-PRMT5-2
or by EcoRI digestion in the case of pLenti-CMV-GFP-DEST/
sh-PRMT5-1, followed by DNA sequencing. To generate lenti-
viral particles that express PRMTS5-specific shRNA, plasmid
pLentiX2DEST/sh-PRMT5-1, pLentiX2DEST/sh-PRMT5-2, or
pLenti-CMV-GFP-DEST/sh-PRMT5-1 was transfected along
with pLP1, pLP2, and pVSG into 293T cells, and 72 h later, the
supernatant was harvested and used to infect NHL or Eu-BRD2
lymphoma cells as described previously (25).

Cell Culture, B Cell Isolation, and FACS Analysis—NHL cell
lines and mouse primary Eu-BRD2 lymphoma cells were grown
in RPMI 1640 medium supplemented with 10% FBS and 1 mm
sodium pyruvate. Normal human B cells were collected under
an institutional review board-approved and Health Insurance
Portability and Accountability Act-compliant protocol and iso-
lated from tonsilar tissues as described previously (17). Mouse
normal B cells were isolated from spleens of FVB mice using
CD19 MicroBeads (Miltenyi Biotec) as specified by the manu-
facturer, whereas mouse primary En-BRD2 lymphoma cells
were purified from spleens of FVB female mice (Taconic Farms,
Germantown, NY) that were sublethally irradiated with 4 grays
using an RS-2000 irradiator and maintained on water contain-
ing sulfamethoxazole (0.8 mg/ml) and trimethoprim (0.16
mg/ml) as described previously (26). To evaluate proliferation
of lymphoma cells, an equal number (8 X 10°) of parental cells
infected with lentivirus expressing either control GFP shRNA
(sh-GFP) or sh-PRMT5-1 were plated in 6-well plates, and via-
ble cells were counted every 2 days for 6 days using trypan blue
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dye exclusion. To assess the effect of PRMTS5 inhibition on cell
death, 8 X 10° control sh-GFP or test sh-PRMT5-1 cells were
seeded into 6-well plates, harvested 72 h later, and stained with
anti-annexin V antibody and propidium iodide (BD Biosci-
ences) as specified by the manufacturer before they were ana-
lyzed on a Beckman Coulter FC500 flow cytometer. To monitor
growth of Eu-BRD2 lymphoma cells in vivo, sublethally irradi-
ated 8-9-week-old FVB female mice were injected intrave-
nously with an equal number (5 X 10*) of GFP cell-sorted pri-
mary lymphoma cells infected with lentiviral particles that
express GFP along with either control sh-GFP or sh-PRMT5-1.
Mice were then monitored every day for the development of
lymphoma and were killed at the first appearance of clinical
symptoms. All mouse experiments were performed in compli-
ance with Federal and Institutional Animal Care and Use Com-
mittee regulations.

Real-time RT-PCR, ChIP, Western Blot, and Immunofluo-
rescence Assays—Total RNA was isolated using TRIzol rea-
gent, and reverse transcription was performed essentially as
described previously (19, 24). To measure the mRNA levels of
target genes, real-time PCR was carried out using the TagMan
system in a 10-ul reaction as described previously (17). The
following primer sets and probes were used in real-time PCR
analyses: PRMTS5 (forward, 5'-TATGTGGTACGGCTGC-
ACA-3';reverse, 5'-TGGCTGAAGGTGAAACAGG-3'; probe
31), RBL2 (forward, 5'-TTGTTGGGTGCTTTTTATATA-
TGC-3'; reverse, 5'-TTTCCATAAACTAAGTCCAAAGCA-
3'; probe 62), EZH2 (forward, 5'-GAAAACTTGGTGAACGC-
CTAA-3'; reverse, 5-CCAACAAACTGGTCCCTTCT-3';
probe 35), SUZ12 (forward, 5'-GGGAGACTATTCTTGATG-
GGAAG-3'; reverse, 5'-ACTGCAACGTAGGTCCCTGA-3';
probe 16), EED (forward, 5'-ATCAAATACTTTGGTGT-
TATTCATTC-3'; reverse, 5'-ATTGATACCTAACTGCCA-
ACTTAAT-3'; probe 21), B-actin (forward, 5'-GGTAGACG-
CGATCTGTTGG-3'; reverse, 5'-GGCATGGAATCAACCT-
CAAC-3'; probe 2), CASPI0 (forward, 5'-GGGAAAAAGGC-
AGATAAGCA-3’; reverse, 5'-TCAGGACTGGGTAGCCT-
GAT-3'; probe 18), DAPI (forward, 5'-ACAAGGATGACC-
AGGAATGG-3’; reverse, 5'-TGACCCCAGAGATGAAC-
ACA-3'; probe 45), HOXAS5 (forward, 5'-CGTCCACGCACT-
CTCCTC-3'; reverse, 5'-CTGGAGTTGCTTAGGGAGTT-3';
probe 83), HRK (forward, 5'-CCTGGAGCGATCGTA-
GAAAC-3'; reverse, 5'-TGTTTCTGCAGCTGGATTTC-3;
probe 60), CCNDI (forward, 5'-GAAGATCGTCGCCACCTG-
3'; reverse, 5'-GACCTCCTCCTCGCACTTCT-3’; probe 67),
BCL3 (forward, 5'-ACTGCCTTTGTACCCCACTC-3’; reverse,
5'-GGTATAGGGGTGTAGGCAGGT-3'; probe 6), TP53 (forward,
5'-TCCACTTCTTGTTCCCCACT-3'; reverse, 5'-AAAGACC-
CAAAACCCAAAATG-3'; probe 75), mouse Prmt5 (forward, 5'-
GCTGTCACCTGAGTGTCTGG-3'; reverse, 5'-GATGCTCA-
CGCCATCATCT-3'; probe 99), mouse Ezh2 (forward, 5'-GTG-
GGGAGATTATTTCTCAGGA-3'; reverse, 5'-ACGAATTTT-
GTTGCCCTTTC-3'; probe 35), mouse SuzI2 (forward, 5'-AAG-
TTCAAAACAGCACCAGTTG-3'; reverse, 5'-GCTGCATGG-
AAGGCAGCAGTC-3'; probe 16), mouse Eed (forward, 5'-CGA-
TGGTTAGGCGATTTGAT-3'; reverse, 5'-TCGCCCAAGAA-
TAGTCACATTA-3'; probe 88), mouse Rb/2 (forward, 5'-TGC-
TGGGTGCTTTTTATATATGC-3'; reverse, 5'-GAATTGAC-
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CAGATCATCGCTAA-3'; probe 60), mouse Dapl (forward, 5'-
TCCAGCCTTCATGGGACTAC-3'; reverse, 5'-AAAATTTG-
AGGAGCCCATCC-3'; probe 64), mouse Hrk (forward, 5'-ATG-
TCATTCTTGCTCACTGAGAACT-3';reverse, 5'-GTGTAGC-
TCGTGCCAGGAC-3'; probe 16), mouse Hoxa5 (forward, 5'-
ACGGCCTACACTCGCTACC-3’; reverse, 5'-GTAGCGGTT-
GAAGTGGAATTCTT-3'; probe 32), mouse RbI (forward, 5'-
GCGGCAACTACAGCCTAGAG-3'; reverse, 5'-TGCGGCAA-
GCAACATATAAA-3’; probe 3), mouse Ccndl (forward, 5'-
CTCCTCTTCGCACTTCTGCT-3'; reverse, 5'-GAGATTGTG-
CCATCCATGC-3'; probe 67), mouse Tp53 (forward, 5'-AGGG-
CTGAGACACAATCCTC-3'; reverse, 5'-GCTGAGCCCTAG-
CTACAAGGT-3'; probe 74), and mouse Bcl3 (forward, 5'-CTC-
CAATGGCCTCCAGTC-3'; reverse, 5'-AAGCCAGGAGCAT-
CTTTCG-3'; probe 94). To normalize mRNA levels, levels of 18 S
rRNA were measured in both control and test cell lines using 1X
premixed 18 S primer/probe set (Applied Biosystems). To moni-
tor recruitment to target genes, ChIP assays were performed using
cross-linked chromatin from either normal or transformed B cells
as described previously (19, 24). The following primer sets and
probes were used in ChIP assays: RBL2 (forward, 5'-ATTTTTG-
GCCCCCTTGAA-3'; reverse, 5'-GCACCCGTAGTCTTGAG-
CAC-3’; probe 3), EZH2 (forward, 5'-GGACGGGACAGA-
CACAAGTT-3'; reverse, 5'-CCGTCCTTTGTCTGAGTGC-3;
probe 28), SUZ12 (forward, 5'-GCAGGTTGTAGGGAGAC-
GAA-3'’; reverse, 5'-CGGTGTTTTGCGAGTCTTG-3'; probe
19), EED (forward, 5'-GGTACTTTCCATTCGCCAGA-3’;
reverse, 5-TCCTTGAAGATAGAAATGCAAAAAC-3'; probe
38), CCNDI (forward, 5-CGGGCTTTGATCTTTGCTTA-3';
reverse, 5'-TCTGCTGCTCGCTGCTACT-3'; probe 1), and BCL3
(forward, 5'-CTGCATCCAGGATTCCAGTT-3'; reverse, 5 -GAG-
TGCAGCTTCTATGGTGGA-3'; probe 4).

To examine expression of PRMT5 and its downstream target
genes, radioimmune precipitation assay (RIPA) extracts were
prepared and analyzed by Western blot analysis as described
previously (19, 27). When phospho-RB1 levels were measured,
RIPA extracts were prepared in the presence of the following
inhibitors: 10 mm B-glycerophosphate, 1 mm Na;VO,, and 50
mM NaF. Antibodies against PRMT5 and its epigenetic marks
as well as SUZ12 have been described previously (17, 19, 28).
Polyclonal antibodies against RB1, RBL1, RBL2, EZH2, EED,
E2F1-4, E2F6, HDAC1, HDAC2, cyclin D1, CDK4, CDKe,
CDKN2A/p16, CDKN1A/p21, HOXA5, HRK, BCL3, p300, and
NEF-kB p52 were purchased from Santa Cruz Biotechnology.
Anti-EZH?2, anti-caspase-10, anti-DAP1, anti-caspase-3, and
anti-phospho-RB1 (Ser-780, Ser-795, and Ser-807/Ser-811)
antibodies were purchased from Cell Signaling Technology,
whereas anti-H3(Me;)K27, anti-TP53, and anti-methyl-TP53
antibodies were purchased from Abcam. Both anti-H3K9ac
and anti-H3K14ac antibodies were purchased from EMD Mil-
lipore, and anti-B-actin antibody was purchased from Sigma-
Aldrich. Immunofluorescence experiments were performed as
described previously (17).

Immunohistochemistry—To evaluate PRMT5 expression in
NHL patient samples, formalin-fixed primary tumor samples
collected from 53 MCL patients (34 common, 14 blastoid, and 5
pleomorphic histologic subtypes) and 62 DLBCL patients (29
GCB and 33 ABC histologic subtypes) were used. Studies that
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examined expression of PRMT5, EZH2, and their associated
epigenetic marks as well as RB1, phospho-RB1 (Ser-795), and
RBL2 levels were performed on a second tissue microarray
(TMA) generated from formalin-fixed, paraffin-embedded tis-
sue samples corresponding to 16 MCL and 18 DLBCL cases,
which were included in the original TMA studied for PRMT5
expression. The second TMA used in these experiments was
constructed as reported previously (29). All cases were
retrieved from the archives of the Hematopathology Unit,
Department of Experimental, Diagnostic and Specialty Medi-
cine (DIMES), University of Bologna. MCL cases were classified
in the three morphologic variants according to the World
Health Organization classification (4): nine common variant,
four blastoid variant, and three pleomorphic variant. DLBCL
samples were classified as GCB- and ABC-like according to the
Hans algorithm (31): 10 GCB-DLBCL and 8 ABC-DLBCL. Par-
affin-embedded sections (4-um thick) were cut from TMA
blocks, dewaxed, and submitted to antigen retrieval by heating
in Dako PT Link (PT100/PT101, DakoCytomation, Glostrup,
Denmark). Slides were placed in EnVision FLEX high pH target
retrieval solution (K8004, DakoCytomation) at 92 °C for 5 min
and then incubated at room temperature with the following
antibodies: anti-PRMT5 (1:120 dilution), anti-H3(Me,)R8
(1:180), anti-H4(Me,)R3 (1:960), anti-EZH2 (1:120), anti-
H3(Me;)K27 (1:40), anti-RB1 (1:120), anti-phospho-RB1 (Ser-
795; 1:30), and anti-RBL2 (1:120). All antibodies were diluted
with Dako REAL antibody diluent (52022, DakoCytomation).
Immunostaining was performed using the Alkaline REAL alka-
line phosphatase/RED rabbit/mouse detection system (K5005,
DakoCytomation). Finally, sections were counterstained with
hematoxylin. For negative controls, primary antibodies were
omitted. A cutoff of staining of >30% of the examined cells was
assigned as a positive score, according to formerly defined cri-
teria (29). The staining intensity regarded as weak, moderate, or
strong was also recorded. Immunohistochemical preparations
were visualized using an Olympus BX41 microscope equipped
with an Olympus UPlanFI 40X/0.75 numerical aperture objec-
tive, and images were captured using an Olympus CAMEDIA
C-3040 Zoom digital camera.

Statistical Analysis—Results are expressed as means = S.D.
unless specified otherwise. Paired ¢ tests and analysis of vari-
ance were used to generate p values for comparisons between
two groups and when multiple samples within different groups
were used, respectively.

RESULTS

Expression of PRMTS5 and PRC2 Inversely Correlates with
RBL2 Levels—W'e previously showed that PRMT5 epigenetically
silences RBL2 expression and that its knockdown inhibits lym-
phoma cell growth (17, 18). However, the molecular mechanisms
by which PRMT5 promotes lymphoma cell growth and survival
remain unclear. EZH2, the catalytic subunit of PRC2, has been
shown to be highly expressed in metastatic prostate and breast
cancer as well as in lymphoma (32—34). What is more interesting is
that EZH2is adownstream target gene of E2F transcription factors
(23). To investigate the relationship between PRMT5, RBL2, and
PRC2, we examined their expression in three different types of
NHL cells, including pre-GCB MCL (Mino and JeKo), GCB-
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DLBCL (Pfeiffer and Toledo), and post-GCB ABC-DLBCL
(SUDHL-2 and OCI-Ly3) (Fig. 14). Both PRMT5 and PRC2 were
overexpressed, whereas RBL2 levels were suppressed in NHL cells
compared with normal resting or activated CD19" B cells. In
accord with these results, real-time RT-PCR revealed that the
mRNA levels of PRC2 components were elevated by 1.6 —5-fold
(p <107?) and that RBL2 mRNA levels were suppressed by 2—10-
fold (p < 10™?) in NHL cell lines (Fig. 1B).

Using normal B cells as a control and one representative cell line
from each NHL cell type, we tested whether PRMT5 and its epi-
genetic marks can be detected at the RBL2 promoter (—85 to —16)
(Fig. 1C). Both PRMT5 and its induced marks were enriched by
2.5—8-fold (p < 10~ ) at the RBL2 promoter region in all three
NHL cell lines. We also analyzed the global levels of PRMTS5,
PRC2, and RBL2 by immunofluorescence (Fig. 1D). Consistent
with the Western blot results, PRMT5, PRC2, and their associated
marks were elevated in NHL cell lines. In contrast, RBL2 protein
levels were high in normal B cells and undetectable in NHL cells.
These observations suggest that PRMT5, through its ability to sup-
press RBL2, promotes PRC2 expression.

PRMTS Knockdown Results in RBL2 Derepression and PRC2
Silencing—To determine whether PRMT5 can affect RBL2 and
PRC2 expression, JeKo, Pfeiffer, and SUDHL-2 cells were infected
with lentivirus that expresses either control sh-GFP or two
PRMT5-specific sShRNAs (sh-PRMT5-1 and sh-PRMT5-2), and
total RNA and RIPA extracts were analyzed (Fig. 2). Both RNA and
Western blot analyses showed that PRMT5 knockdown triggered
RBL2 derepression and PRC2 silencing (Fig. 2, A and B). Because
both PRMT5-specific shRNAs gave similar results, we performed
further experiments using only sh-PRMT5-1. To further confirm
our Western blot results, we measured the global levels of PRMT5,
RBL2, and PRC2 by immunofluorescence (Fig. 2C). Our findings
show that although PRMT5, PRC2, and their induced epigenetic
marks were elevated, RBL2 expression was suppressed in control
uninfected and sh-GFP-infected Pfeiffer cells. When PRMT5 was
knocked down, RBL2 expression was restored, and PRC2 levels
were decreased. Similar results were observed by immunofluores-
cence in JeKo and SUDHL-2 cells (data not shown). Furthermore,
when we measured the proliferation of control sh-GFP- and
sh-PRMT5-1-infected NHL cells, there was a clear inhibition of
growth in cells in which PRMT5 was knocked down (Fig. 3A),
which was accompanied by enhanced cell death as determined by
increased annexin V staining (Fig. 3B) and caspase-3 activation
(Fig. 3C). In light of these results, we tested whether PRMT5
knockdown could affect expression of PRC2 downstream target
genes, which regulate cell death. On the basis of previously pub-
lished ChIP-Seq data (35, 36), we selected four PRC2 pro-apop-
totic target genes, including CASPI0, an initiator caspase that acti-
vates CASP3 and CASP7 (37); DAPI, which acts as a positive
mediator of apoptosis (38); HOXAS, a transcription factor silenced
in >60% of breast carcinomas and whose re-expression induces
apoptosis (39); and HRK, which activates cell death through inhi-
bition of Bcl-2 and Bcl-x; (40). Real-time RT-PCR analysis showed
that despite the fact that the kinetics of reactivation for PRC2 pro-
apoptotic target genes varied within and between NHL cell lines,
all four target genes were derepressed by 1.5—4-fold (p < 10™?) in
PRMTS5 knockdown cells (Fig. 3D). Similar results were observed
in JeKo and SUDHL-2 cells (data not shown). Importantly, tran-

JOURNAL OF BIOLOGICAL CHEMISTRY 35537



PRMT5 Up-regulates PRC2 via RB1/RBL2 Inactivation

-l
A g g B
g 0 . g
= Q Q o B W suzi2
[ - [11] Q ) 0 eeo
Lg g 8 E g H rsL2
3 Vo 5
o & [ _'| N4
'g g o 9 g 'g 4 2
25582835 8
x <S32RnO T
= N ee=seesessee® PRMTS N
—_— - - RBL2 ¢
B Ao —tes. EZH2 S
W i T i
= suz12 Ll ) 2 5 A & LA
——— EE D 2 < 4 & b 4 by
B-ACTIN @ = S 3 5 % 3
o = =) le)
»
C
B-cell JeKo Pfeiffer - SUDHL-2
5 5" 5 5°
£ €8 £ E
§4 § 6 §4 © 4
= = f ‘E
52 t‘I:.) 4 52 ] 2
T B o} %
2 £ o 2y o ll e
BERE BEgE 44 BERE
o O o O o o o O
£S= ES2 == £ES=
™M < ™ < ™M < ™M <
T T T T
D B cell JeKo Pfeiffer SUDHL-2
DAPI Ab Merge DAPI Ab Merge APl Ab Merge
EEE BEN HEE-
ENE RRE HEE-~-
B CAEAeS e | I
HEE S I O R v s
HEHEEE EEE---
HEE BAN B
HEE EEE |
>
ENE HHH BB
EEE B I 8 v

FIGURE 1. Overexpressed PRMT5 epigenetically silences RBL2 and promotes PRC2 expression in patient-derived NHL cell lines. A, RIPA extracts (20 ng)
from normal B (resting or activated), pre-GCB MCL (Mino and JeKo), GCB-DLBCL (Pfeiffer and Toledo), and post-GCB ABC-DLBCL (SUDHL-2 and OCl-Ly3) cells
were analyzed by immunoblotting using the indicated antibodies. Anti-B-actin antibody was used as control. B, the levels of RBL2, EZH2,SUZ12,and EED mRNAs
were measured in normal and transformed B cells by real-time RT-PCR using gene-specific primers and probe sets. This experiment was conducted three times
in triplicate, and 18 S rRNA was used as internal control. C, ChIP experiments were performed on cross-linked chromatin from either normal or transformed B
cells using preimmune (Pl), anti-PRMT5, anti-H3(Me,)R8, and anti-H4(Me,)R3 antibodies. ChIP assays were carried out twice in triplicate. -Fold enrichment with
each antibody was calculated relative to the preimmune sample. D, normal resting and transformed B cells were fixed and incubated with the indicated primary
antibodies (Ab), and FITC-labeled goat anti-rabbit antibody was used to detect PRMT5, PRC2, and their marks as well as RBL2. DAPI was used to stain nuclei.
Pictures were taken at [100 magnification, and data in each graph are represented as means = S.D.

scriptional derepression correlated with increased CASP10,
DAP1, HOXAS5, and HRK protein expression (Fig. 3E). Collec-
tively, these results indicate that PRMT5 promotes NHL cell
growth and survival by indirectly suppressing expression of cell
death-inducing genes.
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Reduced PRMTS Expression Restores Recruitment of RB1/
RBL2-HDAC?2 Repressor Complexes to the EZH2, SUZ12, and
EED Promoters—Having found that RBL2 derepression corre-
lates with PRC2 silencing and knowing that expression of EZH2
and EED is controlled by E2Fs in human fibroblasts (23), we
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FIGURE 2. PRMT5 knockdown results in RBL2 reactivation and PRC2 suppression. A, total RNA isolated from JeKo, Pfeiffer, and SUDHL-2 cells infected with
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control uninfected, sh-GFP-infected, and sh-PRMT5-1-infected Pfeiffer cells was carried out as described in the legend to Fig. 1D, except that TRITC-labeled goat

anti-rabbit antibody was used as secondary antibody (Ab).

sought to assess the role of RB-E2F in PRC2 regulation in NHL
cells. First, we examined the promoter regions of EZH2, SUZ12,
and EED (—1 to +0.5 kilobase pairs) for the presence of E2F-
binding sites using TESS software (41). Our analysis indicated
that there are 15 and 17 E2F-binding sites in the EZH2 and
SUZI12 promoters, respectively, whereas the EED promoter
region contains only one E2F-binding site. Using antibodies
that recognize individual E2F transcription factors, we per-
formed ChIP assays using cross-linked chromatin from both
normal and transformed B cells (Fig. 44). Binding of E2F1-4
was enriched by 2—9-fold (p < 10~ ®) in the promoter region of
PRC2 components in normal B cells; however, only E2F1, E2F3,
and E2F4 showed increased binding in NHL cells in compari-
son with the preimmune control. We also examined the
recruitment of pocket proteins and discovered that association
of RB1 and RBL2 was enhanced by 2.5-6-fold (p < 10™%) in
normal B cells but not in NHL cells. Because pocket proteins are
known to repress E2F-driven genes through direct interaction
with and recruitment of histone deacetylases (22), we also eval-
uated HDAC2 recruitment and acetylation of H3K9 and H3K14
in the promoter region of PRC2 subunits. Consistent with RB1
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and RBL2 binding, recruitment of HDAC2 was increased by
2.5-5.5-fold (p < 10~ 3) in normal B cells but not in NHL cells,
suggesting that deficiency in recruitment of RB1/RBL2-
HDAC?2 repressor complexes contributes to PRC2 up-regula-
tion in NHL cells.

To evaluate the role of PRMT5 in PRC2 regulation, we
knocked down its expression and monitored the recruitment of
relevant E2F and RB proteins to the promoter region of PRC2
components in both control sh-GFP and PRMT5 knockdown
Pfeiffer cells (Fig. 4B). Our results show that although there was
no change in binding of E2Fs, there was a 2—4-fold (p < 10~?)
enhancement of RB1 and RBL2 recruitment in PRMT5
knockdown cells compared with control cells. HDAC2
recruitment was also increased and was accompanied by
H3K9/H3K14 deacetylation in the promoter region of PRC2
components in PRMT5 knockdown cells, highlighting the
important role played by RB1/RBL2-HDAC2 repressor com-
plexes in PRC2 regulation. Similar results were observed in
JeKo and SUDHL-2 cells (data not shown). These results
show that PRMT5 inhibition reactivates RB1/RBL2 and sup-
presses PRC2 expression.
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FIGURE 3. Reduced PRMTS5 expression inhibits NHL cell growth and induces cell death. A, proliferation of sh-GFP- and sh-PRMT5-1-infected NHL cells was
determined by seeding 8 X 10° cells in each well and counting the number of viable cells every 2 days for 6 days. This experiment was conducted twice in
triplicate. B, apoptosis of uninfected and infected JeKo, Pfeiffer, and SUDHL-2 cells was assessed by FACS analysis using propidium iodide (P/)/annexin V
staining. C, JeKo, Pfeiffer, and SUDHL-2 cells were infected with either control sh-GFP or sh-PRMT5-1 lentivirus, and activation of caspase-3 was analyzed by
Western blotting. Uninfected cells were used as control (Ctrl). D, total RNA was prepared at the indicated times from control sh-GFP- or sh-PRMT5-1-infected
Pfeiffer cells, and expression of CASP10, DAP1, HOXA5, and HRK was analyzed by real-time RT-PCR as described in the legend to Fig. 1B. E, expression of PRC2
pro-apoptotic targets in JeKo, Pfeiffer, and SUDHL-2 cells infected with either sh-GFP or sh-PRMT5-1 was evaluated by Western blotting using RIPA extracts (20
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expression was analyzed 48 h post-infection. Data in each graph are represented as means = S.D.

PRMTS5 Up-regulates Cyclin D1-CDK4/6 Proliferative Sig-
naling in NHL Cells—A major growth regulatory network that
is altered in various cancer cells is the cyclin D1-CDK4/6-RB
pathway, which controls the E2F-driven transcriptome (42, 43).
We have found by ChIP assay that RB1 recruitment is enhanced
to the promoter region of PRC2 components in PRMT5 knock-
down cells (Fig. 4), suggesting that RB1 has regained its tran-
scriptional inhibitory activity, which may occur only if RB1
becomes hypophosphorylated. To test this hypothesis, we
examined the relationship between PRMT5 and phospho-RB1
in NHL cells (Fig. 54). We discovered that RB1 phosphoryla-
tion at multiple sites (Ser-780, Ser-795, and Ser-807/Ser-811)
was more abundant in NHL cells than in normal B cells. We also
analyzed expression of cyclin D1, CDK4, CDK®6, and their
inhibitors and found that despite increased expression of
CDKN2A/p16 and or CDKN3/p21, RB1 was still hyperphos-
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phorylated, suggesting that cyclin D1-CDK4/6 complexes are
functional in NHL cells.

To determine whether PRMTS5 is involved in promoting
cyclin D1-CDK4/6 signaling, we inhibited its expression by
shRNA-mediated knockdown in JeKo, Pfeiffer, and SUDHL-2
cells and monitored cyclin D1-CDK4/6 expression as well as
RB1 phosphorylation (Fig. 5B). In all three NHL cell types,
PRMTS5 inhibition led to decreased cyclin D1 expression. In
addition, we noticed a modest decrease in CDK6 levels, whereas
CDK4 was unaffected. To measure the activity of cyclin
D1-CDK4/6 complexes, we monitored the levels of phospho-
RB1 using three distinct antibodies. In agreement with decreased
cyclin D1 protein levels, RB1 phosphorylation was inhibited in
PRMTS5 knockdown NHL cell lines. These results suggest that
cyclin D1-CDK4/6-mediated RB1 phosphorylation depends on
the presence of PRMT5.
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To shed more light on the mechanism by which PRMT5 inhi-
bition triggers cyclin D1 down-regulation, we measured cyclin
D1 mRNA and protein expression at different time points after
PRMTS5 knockdown (Fig. 5, C and D). Cyclin D1 mRNA levels
begun to drop as early as 36 h, whereas cyclin D1 protein
expression decreased 48 h post-infection in knockdown Pfeiffer
cells. Similar results were observed in JeKo and SUDHL-2 cells
(data not shown). Prior work showed that the NF-«B p52-BCL3
complex drives cyclin D1 expression in H1299 and U20S cells
and that TP53-mediated inhibition of BCL3 results in cyclin D1
transcriptional repression (44). However, the mechanism by
which TP53 represses BCL3 remains unknown. The same
report also showed that loss of BCL3 expression promotes for-
mation of NF-«kB p52-HDAC1 complexes, which actively
repress cyclin D1 transcription.

To investigate if cyclin D1 expression is regulated via a sim-
ilar mechanism in NHL cells, we measured 7P53 and BCL3
mRNA and protein expression before and after PRMT5 knock-
down. We found that BCL3 transcription was inhibited 36 h
post-infection and that this correlated with decreased BCL3
protein expression in knockdown Pfeiffer cells (Fig. 5, Cand D).
Decreased expression of BCL3 was also observed in knockdown
SUDHL-2 cells (data not shown). However, because JeKo cells
are TP53-deficient despite detectable 7P53 mRNA levels (Ref.
45 and data not shown), we analyzed cyclin D1, TP53,and BCL3
mRNA and protein expression as well as RB1 phosphorylation
in Mino cells infected with lentivirus that expresses either sh-
GFP or sh-PRMT5-1 (data not shown). Consistent with our
findings in Pfeiffer and SUDHL-2 cells, expression of cyclin D1
was inhibited in PRMT5 knockdown Mino cells, as was RB1
phosphorylation (data not shown). Moreover, BCL3 mRNA
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and protein expression was decreased 48 h post-infection (data
not shown). Remarkably, 7P53 mRNA and protein expression
increased 36—48 h after PRMT5 knockdown in Pfeiffer and
SUDHL-2 cells but not in Mino cells (data not shown), which
are known to express high levels of TP53 (45), suggesting that
TP53 is involved in BCL3 transcriptional repression in NHL
cells.

To verify that TP53 is directly involved in BCL3 transcrip-
tional repression, we monitored its recruitment to the BCL3
promoter in Pfeiffer cells (Fig. 5E) and in Mino and SUDHL-2
cells (data not shown). TP53 binding was enhanced by 2—4-fold
(p < 1073) in both control sh-GFP and PRMT5 knockdown
NHL cells, suggesting that BCL3 transcriptional repression
does not depend on TP53 protein induction. Because TP53 is
methylated at Lys-372 by KMT7 (SET7/9), and it is known that
this modification enhances TP53 transcriptional activity (46),
we measured its levels as well as presence at the BCL3 promoter
before and after PRMT5 knockdown. In all three NHL cell lines,
TP53K372 methylation was reduced 48-72 h post-infection
(Fig. 5D), as was binding of Lys-372-methylated TP53 to the
BCL3 promoter, which showed a maximal decline 60-72 h
post-infection (Fig. 5E), indicating that loss of TP53K372 meth-
ylation correlates with decreased BCL3 promoter activity. We
also monitored recruitment of p300 and HDAC2 and found
that their binding correlated with TP53-mediated BCL3 tran-
scriptional activation and repression, respectively.

Given that BCL3 down-regulation coincided with cyclin D1
suppression, we examined recruitment of NF-kB p52, BCL3,
and HDACI1 to the cyclin D1 promoter in all three NHL cell
types (Fig. 5F and data not shown). Our findings indicate that
even though NF-«B p52 binding did not change over time,
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FIGURE 5. PRMTS5 inhibition antagonizes cyclin D1-CDK4/6 signaling. A, RIPA extracts (20 ng) from normal and transformed B cells were examined by
immunoblotting using the indicated antibodies. p-RB1, phospho-RB1. B, JeKo, Pfeiffer, and SUDHL-2 cells were infected with either control sh-GFP or
sh-PRMT5-1 lentivirus, and RIPA extracts (20 ng) were analyzed by Western blotting. Uninfected cells were used as control (Ctrl). C, Pfeiffer cells were infected
with sh-PRMT5-1 virus, and the mRNA levels of PRMT5, cyclin D1, BCL3, and TP53 were measured by real-time RT-PCR at different time points. For comparison,
the steady-state levels of the target genes examined were determined before infection and are shown at time point 0 h. D, RIPA extracts (20 ng) were analyzed
by Western blot analysis using the indicated antibodies, except for the anti-TP53 Western blot, where 100 ug of RIPA was analyzed instead. ChIP experiments
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BCL3 recruitment showed a steady decrease that started at 36 h PRMTS Overexpression Correlates with RB1/RBL2 Inactivation
and became maximal at 72 h post-infection in PRMT5 knock-  and Enhanced PRC2 Expression in NHL Patient Samples—
down NHL cells. Concomitantly, HDAC1 recruitment to the Having established that PRMT5 is overexpressed in NHL cell
cyclin D1 promoter increased gradually between 36 and 72 h  lines and that it up-regulates PRC2 expression through inacti-
post-infection. Collectively, these results suggest that PRMT5  vation of RB1 and RBL2, we wanted to verify our findings in
promotes cyclin D1-CDK4/6 proliferative signaling through NHL patient samples. First, we evaluated PRMT5 expression in
modulation of the TP53/NF-«kB p52/BCL3 pathway. primary lymphoma samples collected from patients with MCL
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(n = 53), GCB-DLBCL (n = 29), and ABC-DLBCL (n = 33)
(Table 1). PRMTS5 was abundantly expressed in the majority of
MCL, with histologic subtypes showing 85% positivity in com-
mon MCL, 93% in blastoid variant tumors, and 100% in pleo-
morphic variant tumors. When we examined DLBCL samples,
97% of GCB-DLBCL and 100% of ABC-DLBCL showed
PRMTS5 overexpression.

We next explored the expression profile of PRMT5, EZH2,
their associated marks, RB1, and RBL2 in primary tumor sam-
ples collected from patients with MCL, GCB-DLBCL, and
ABC-DLBCL. However, because of limitation of tissue avail-
ability on most TMAs, these studies were performed on a newly
constructed TMA as described previously (29). Both PRMT5
and its induced H3(Me,)R8 and H4(Me,)R3 marks were pres-
ent in all cases of MCL, GCB-DLBCL, and ABC-DLBCL (Fig. 6
and Table 2). EZH2 and H3(Me;)K27 were strongly positive in
100% of MCL and ABC-DLBCL specimens. All GCB-DLBCL
samples showed EZH2 expression, with 80% of the clinical sam-

TABLE 1

Expression of PRMT5 in primary lymphoma tumor specimens

MCL has been classified as three morphologic variants according to the World
Health Organization (30). DLBCL has been classified as GCB and ABC phenotypes
according to the Hans algorithm (31).

Lymphoma histology Total cases PRMT5-positive PRMT5-negative

PRMT5 Up-regulates PRC2 via RB1/RBL2 Inactivation

ples showing global staining for H3(Me,)K27. Interestingly, all
lymphoma histologic subtypes showed a diffuse and strong
nuclear staining for RB1 and phospho-RB1 (Ser-795), which
were detected in 88% of MCL samples and in 100% of GCB-
DLBCL and ABC-DLBCL specimens. Consistent with our find-
ings in patient-derived NHL cell lines, RBL2 was either silenced
or weakly expressed in all primary tumor specimens. These
results support our cell line data and further demonstrate the
positive correlation between PRMT5, phospho-RB1, and PRC2
and the inverse correlation between PRMT5 and RBL2.
PRMTS Knockdown Results in Enhanced Mouse Primary
Lymphoma Cell Death—To demonstrate the relevance of
PRMTS5 in controlling lymphoma cell growth and survival, we
examined its expression in mouse primary lymphoma cells
derived from the Eu-BRD2 transgenic mouse, which expresses
BRD2 (double bromodomain-containing protein 2) under the
control of a murine immunoglobulin heavy chain promoter-
enhancer construct (26). A key feature of En-BRD2 transgenic
mice is that they develop an aggressive B cell lymphoma similar
to human DLBCL as determined by transcriptome analysis
(47). Inlight of our results, we reasoned that PRMT5 expression
might be altered in Eu-BRD2 primary lymphoma cells and that
it might up-regulate PRC2 expression through inactivation of
the RB-E2F pathway. Therefore, we examined expression of

Mglo“mmon 34 29 5 PRMTS5 and its target genes in control CD19"* B cells and
Bllastoid . 14 13 1 Eun-BRD2 primary lymphoma cells (Fig. 7, A and B). Real-time
P i 5 5 0

comorphie RT-PCR and Western blot analyses revealed that PRMT5 and

DLBCL . S
GCB 29 28 1 PRC2 expression was elevated in primary lymphoma cells and
ABC 33 33 0 inversely correlated with RBL2 levels. We also found a positive

PRMT5  H3(Me,)R8 H4(Me,)R3 EZH2 H3(Me;)K27 RB1 RBL2
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FIGURE 6. PRMT5 overexpression correlates with enhanced levels of PRC2 and phospho-RB1 and RBL2 suppression in NHL clinical samples. Overex-

pression of PRMT5 in MCL (n = 16), GCB-DLBCL (n = 10), and ABC-DLBCL (n

= 8) primary tumors is associated with H3(Me,)R8 and H4(Me,)R3 hypermeth-

ylation, constitutive phosphorylation of RB1 (Ser-795), silencing of RBL2, and increased PRC2 expression and the associated H3(Me;)K27 mark. Representative
panels from the three tumor cell types are shown for each antibody. Immunohistochemical staining was performed on a TMA constructed from evaluable cases

as described under “Experimental Procedures.”

TABLE 2

Summary of PRMT5, RB1, RBL2, and EZH2 immunohistochemical staining in clinical samples

Immunohistochemical results indicate the number of positive cases/number of evaluable cases. MCL has been classified as three morphologic variants according to the
World Health Organization (30). DLBCL has been classified as GCB and ABC phenotypes according to the Hans algorithm (31).

Lymphoma histology PRMT5 H3R8me2 H4R3me2 EZH2 H3K27me3 RB1 Phospho-RB1 RBL2
MCL
Common 9/9 9/9 9/9 9/9 9/9 9/9 8/9 2°/9
Blastoid 4/4 4/4 4/4 4/4 4/4 4/4 3/4 0/4
Pleomorphic 3/3 3/3 3/3 3/3 3/3 3/3 3/3 14/3
DLBCL
GCB 10/10 8/10 10/10 9/10 8/10 10/10 10/10 5°/9
Post-GCB 8/8 8/8 7/8 6/8 8/8 8/8 8/8 14/8

“ Faint positivity.
? Faint positivity in three cases.
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FIGURE 7. Expression of PRMT5, PRC2, and cyclin D1 is elevated in mouse primary lymphoma cells. A, real-time RT-PCR was performed on total RNA from normal
B and Eu-BRD2 cells, and the levels of the indicated target genes were determined as described in the legend to Fig. 1B. B-Actin mRNA levels are shown as a control.
B, RIPA extracts (40 u.g) were analyzed by immunoblotting using the indicated antibodies. Total RNA (C and E) and RIPA extracts (D and F) were collected 48 h after
infection, and the levels of the indicated target genes and proteins were determined. G, Kaplan-Meier curve showing survival of mice injected with activated E-BRD2
cells infected with either control sh-GFP-GFP or sh-PRMT5-1-GFP lentivirus. Eu-BRD2 cells were activated for 24 h by adding recombinant human interleukin-4 (15
ng/ml) and goat anti-human IgG + IgM (15 pg/ml) before infection with control sh-GFP-GFP or sh-PRMT5-1-GFP lentivirus. GFP-positive control and test cells were
purified by FACS analysis and injected into sublethally irradiated FVB mice. H, weight of spleens isolated from mice shown in G./, activated Eu-BRD2 lymphoma cells
were infected with either control sh-GFP-GFP or sh-PRMT5-1-GFP lentivirus, stained with propidium iodide (P/) and annexin V 72 h later, and analyzed by FACS analysis
asdescribed in the legend to Fig. 3B. Activation of Eu-BRD2 cells was carried out by adding 15 ng/ml recombinant human interleukin-4 and 15 ug/ml goat anti-human
1gG + IgM.J, weights of individual mice (n = 11/group) injected with either sh-GFP-GFP- or sh-PRMT5-1-GFP-infected lymphoma cells were monitored for 2 weeks and
normalized to one at day 0. The average weight for each group is plotted as means * S.D.

correlation between enhanced cyclin D1 expression and RB1
phosphorylation.

To evaluate the contribution of PRMT5 to PRC2 regula-
tion in Eu-BRD2 primary lymphoma cells, we knocked down
its expression and measured the levels of RB1, RBL2, and
PRC2 components as well as RB1 phosphorylation 72 h post-
infection (Fig. 7, C and D). We found that PRC2 expression
was reduced and correlated with RBL2 derepression and RB1
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hypophosphorylation. We also found that cyclin D1 expres-
sion was inhibited at the transcriptional level and correlated
with BCL3 repression. More importantly, TP53K372 meth-
ylation was also decreased in PRMT5 knockdown primary
lymphoma cells, suggesting that the mechanism of cyclin D1
regulation is conserved between human and mouse lym-
phoma cells. Consistent with decreased PRC2 levels, expres-
sion of DAP1, HOXAS5, and HRK was increased in PRMT5
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knockdown cells and was accompanied by enhanced cell
death (Fig. 7, E, F, and I).

Because Eu-BRD2 primary tumor cells induce an aggressive
lymphoma that results in animal death within 2-3 weeks, we
assessed the impact of PRMT5 knockdown on their growth and
survival in vivo. Mouse primary lymphoma cells were infected
with either control sh-GFP-GFP or sh-PRMT5-1-GFP lentivi-
rus, and GFP-positive cells were purified 24—36 h post-infec-
tion by FACS analysis and immediately injected into sublethally
irradiated FVB mice (Fig. 7G). The Kaplan-Meier survival curve
showed that mice (n = 11) injected with control sh-GFP lym-
phoma cells succumbed to disease within 13—-15 days and
showed splenomegaly (Fig. 7H) as well as weight loss (Fig. 7). In
addition, necropsy of sick animals showed evidence of lym-
phoma in peripheral blood, bone marrow, lymph nodes, lungs,
liver, kidneys, and pancreas (data not shown). In contrast, mice
injected with sh-PRMT5-1-GFP lymphoma cells (z = 11) sur-
vived for >24 weeks without any clinical symptoms (p < 10~ %).
These results show that PRMTS5 inhibition results in primary
lymphoma cell growth arrest and death.

DISCUSSION

Understanding how cancer cells acquire the ability to survive
and proliferate uncontrollably requires the discovery of mech-
anisms that contribute to aberrant expression of target genes
that in turn adversely affect critical regulatory checkpoints. We
have determined that PRMTS5 is overexpressed in three differ-
ent types of NHL cell lines and clinical samples and that it
up-regulates PRC2 expression through inactivation of RB1 and
RBL2. We have demonstrated that PRMT5 epigenetically
silences RBL2 and indirectly contributes to RB1 inactivation
by phosphorylation. Consequently, these events result in
decreased recruitment of RB1/RBL2-HDAC2 repressor com-
plexes to the EZH2, SUZ12, and EED promoters, augmenting
PRC2 expression and function in NHL cells. We have shown
that PRMT5 knockdown reactivates the RB1/RBL2-E2F tumor
suppressor pathway and antagonizes cyclin D1-CDK4/6 signal-
ing in both NHL cell lines and mouse primary lymphoma cells.
Further investigation revealed that although the levels of
PRMT5, PRC2, and their induced epigenetic marks are
enhanced, both RB1 and RBL2 are inactivated in NHL clinical
samples. In agreement with our findings in NHL cell lines and
patient samples, we have shown that PRMT5 overexpression
results in enhanced PRC2 and cyclin D1 levels in mouse pri-
mary lymphoma cells and that PRMT5 knockdown restores
RB1 and RBL2 tumor suppressor activity, induces expression of
pro-apoptotic target genes, and inhibits tumor cell growth and
survival in an aggressive DLBCL mouse model.

Our findings show that reactivation of both RB1 and RBL2
restores transcriptional repression of EZH2, SUZ12, and EED
promoters, which in turn brings about derepression of CASPI10,
DAP1, HOXAS, and HRK pro-apoptotic target genes and pro-
motes lymphoma cell death. We have shown that the reason
why RB1 becomes dephosphorylated is due primarily to
decreased cyclin D1 expression, which depends on loss of
TP53K372 methylation. Changes in methylation of TP53K372
probably affect its ability to interact with co-activator proteins
and favors its association with co-repressors. In fact, our results
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support this notion because we have found that recruitment of
TP53 to the BCL3 promoter was unaffected, whereas binding of
methylated TP53K372 was inhibited after PRMT5 inhibition.
Concomitantly, binding of p300 to the BCL3 promoter was
reduced, and HDAC2 recruitment was increased. Previous
work showed that the consequence of decreased BCL3 expres-
sion in H1299 or U20S cells is formation and recruitment of
NEF-kB p52-HDACI1 repressor complexes to the cyclin D1 pro-
moter (44). Our results support this model of cyclin D1 tran-
scriptional repression as demonstrated by the gradual loss of
BCL3 recruitment, persistent NF-«B p52 binding, and enrich-
ment of HDACT1 at the cyclin D1 promoter in PRMT5 knock-
down NHL cells.

One question that arises from these experiments is how
PRMTS5 inhibition triggers loss of TP53K372 methylation. It is
known that TP53 is methylated at different sites by different
lysine methyltransferases, including KMT7 and KMT3C (46,
48). In the same way that histones are demethylated by specific
demethylases, TP53(Me,)K370 is demethylated by KDM1
(LSD1), an event that renders TP53 less active (49). It is tempt-
ing to speculate that PRMT5 controls TP53K372 methylation by
suppressing expression of a currently unidentified TP53K372
demethylase. Upon PRMT5 inhibition, derepression of this de-
methylase would reduce the levels of transcriptionally active,
methylated TP53K372 and trigger BCL3 repression. Another pos-
sibility is that PRMT5 may play an active role in the maintenance
of KMT7 expression. In this case, PRMT5 knockdown would
reduce KMT7 expression and de novo TP53K372 methylation.
Currently, it is not clear if either or both scenarios are at work, but
more investigation is required to determine the contribution of
PRMTS5 to post-translational regulation of TP53.

We have shown that PRMT5 knockdown results in cyclin D1
suppression and loss of RB1 phosphorylation in JeKo cells
despite the fact that they lack TP53 expression. One interpre-
tation of this result is that there are other mechanisms involved
in regulating cyclin D1 expression, which are impacted by
PRMTS5 inhibition. In fact, cyclin D1 is known to be a direct
target of the Wnt/B-catenin signaling pathway, which has
recently been shown to be constitutively turned on in hepato-
cellular carcinoma cells through PRC2-mediated suppression
of Wnt antagonists AXIN2, NKD1, PPP2R2B, PRICKLEI, and
SFRPS5 (50). Therefore, it is possible that through its ability to
promote PRC2 expression, PRMT5 indirectly contributes to
Wnt antagonist suppression and that PRMT5 knockdown
could inhibit Wnt/B-catenin signaling, thereby causing cyclin
D1 transcriptional repression. Another possible explanation
is that PRMT5 epigenetically silences cyclin D1-specific
microRNAs, which become derepressed upon PRMT5 knock-
down and inhibit cyclin D1 expression. Evidence in support of
this mechanism of cyclin D1 regulation comes from recent
findings that show that miR-33 inhibits cyclin D1 and CDK6
expression in Huh7 and A549 cell lines (30), and our results
showing that, in addition to miR-33, PRMT5 epigenetically
silences two other cyclin D1-specific microRNAs, miR-96 and
miR-507, in JeKo cells.®> Furthermore, ongoing studies in our

3 V. Karkhanis and S. Sif, unpublished data.
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laboratory have clearly shown that PRMT5 knockdown results
in derepression of miR-33, miR-96, and miR-507.? It is worth
noting that both transcriptional and translational regulatory
mechanisms may be at play in JeKo cells as well as in other NHL
cell lines, and it is going to be important to investigate to what
extent each regulatory step influences cyclin D1 expression in
the context of PRMTS5 inhibition.

Our findings show that PRMT5 inhibition in mouse primary
lymphoma cells results in reactivation of the RB1/RBL2-E2F
tumor suppressor pathway; suppression of the PRC2 complex;
and derepression of DAPI, HOXAS5, and HRK pro-apoptotic
genes. Furthermore, we have determined that the same regula-
tory networks restored in patient-derived NHL cell lines are
also reactivated in Ex-BRD2 primary lymphoma cells, as evi-
denced by loss of TP53K372 methylation and decreased expres-
sion of BCL3 and cyclin D1. Moreover, when we reduced
PRMT5 expression in primary lymphoma cells and examined
growth and survival in vivo, we discovered that transplant of
PRMTS5-specific shRNA-infected primary lymphoma cells into
sublethally irradiated FVB mice resulted in significantly
improved survival compared with the control group, establish-
ing PRMTS5 as an important molecular target and demonstrat-
ing that PRMTS5 inhibition is a promising epigenetic therapy.
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