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ABSTRACT

Protein arginine methyltransferase 5 (PRMT5) cat-
alyzes the symmetric di-methylation of arginine
residues in histones H3 and H4, marks that are gener-
ally associated with transcriptional repression. How-
ever, we found that PRMTS5 inhibition or depletion
led to more genes being downregulated than up-
regulated, indicating that PRMT5 can also act as
a transcriptional activator. Indeed, the global level
of histone H3K27me3 increases in PRMT5 deficient
cells. Although PRMT5 does not directly affect PRC2
enzymatic activity, methylation of histone H3 by
PRMT5 abrogates its subsequent methylation by
PRC2. Treating AML cells with an EZH2 inhibitor
partially restored the expression of approximately
50% of the genes that are initially downregulated
by PRMT5 inhibition, suggesting that the increased
H3K27me3 could directly or indirectly contribute to
the transcription repression of these genes. Indeed,
ChIP-sequencing analysis confirmed an increase in
the H3K27me3 level at the promoter region of a quar-
ter of these genes in PRMT5-inhibited cells. Inter-
estingly, the anti-proliferative effect of PRMT5 inhibi-
tion was also partially rescued by treatment with an
EZH2 inhibitor in several leukemia cell lines. Thus,
PRMT5-mediated crosstalk between histone marks
contributes to its functional effects.

INTRODUCTION

Post-translational modifications of the N-terminal tails
of histone proteins are involved in various chromatin-

dependent processes, including transcriptional regulation,
DNA damage repair and DNA replication. To regulate
these cellular processes, histone modifications often act
in combination, in a context-dependent manner, in what
has been called a histone code (1). Indeed, histone mod-
ifications can promote, or antagonize, the deposition of
other histone modifications. This crosstalk can occur on the
same histone tail, often between adjacent or nearby histone
residues, or on different histone tails (2). Well-characterized
examples of these two types of crosstalk are the stimu-
lation of GCNS5-mediated histone H3K 14 acetylation by
H3S10 phosphorylation (3) and the influence of histone
H2B monoubiquitination on H3K4 methylation (4,5).

Protein arginine methylation, catalyzed by a family
of enzymes called Protein Arginine Methyltransferases
(PRMTs), is attracting more and more attention, due to its
involvement in many biological processes, including tran-
scriptional regulation, RNA processing and signal trans-
duction (6). The three types of PRMTs (Type I, Type 11
and Type I1I) catalyze asymmetric di-methylation, symmet-
ric di-methylation and mono-methylation only, respectively,
on arginine residues in histone and non-histone proteins.
PRMTS is the major type Il enzyme in mammalian cells,
catalyzing mono- and symmetric di-methylation on argi-
nine residues in histones H2A and H4 at R3 and histone
H3 at R2 and RS, as well as numerous non-histone proteins,
including p53, BCL6 and Sm proteins (6-8). Together with
its essential co-factor MEP50, PRMTS critically regulates
transcription, RNA splicing, cytokine signaling and DNA
repair (9).

Methylation on histone arginine residues can promote
the activation or repression of gene transcription. For ex-
ample, PRMT5-mediated symmetric di-methylation on hi-
stone H4R 3 and H3R 8 is considered as repressive marks for
gene expression (10); while the asymmetric di-methylation
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on H4R3 and H3R17, deposited by the type I enzymes
PRMTI1 and CARMI1 (PRMT4), respectively, is often
found on regulatory regions of active genes (10). A key issue
is whether these marks are simply associated with the state
of gene expression or exert an influence on the level of gene
expression.

One way to address this issue for individual histone marks
would be to identify crosstalk between a specific site of his-
tone arginine methylation and other histone modifications.
This has been demonstrated in several instances, with per-
haps the best characterized being the antagonizing effect of
H3R2me?2a, catalyzed by the type 1 enzyme PRMT6, on tri-
methylation of the nearby H3K4 residue, by MLL methyl-
transferases (11). Interestingly, the mono-methylation and
symmetric di-methylation of H3R2 by PRMTS seems to
facilitate the deposition of H3K4me3 by MLL1 (12,13).
Similarly, H3R8 can also be di-methylated symmetrically
and asymmetrically; PRMT5-mediated H3R8me2s antag-
onizes the acetylation of H3K9 (14), while H3R8me2a
blocks the binding of heterochromatin protein 1 (HP1) to
methylated H3K9 (15). Trans-histone crosstalk, between
H4 arginine methylation and H3 lysine methylation, has
been demonstrated in neuronal cells, in which PRMT5-
mediated H4R3me2s impairs the recruitment of MLL4,
and thus decreases H3K4 tri-methylation (16).

In characterizing various effects of PRMTS5 on gene
expression, we found that the global level of H3K27
tri-methylation was markedly increased when PRMTS5
was depleted or inhibited, in both normal and leukemic
hematopoietic cells. We do not observe a direct impact
of PRMTS on the enzymatic activity of the PRC2 com-
plex, but rather find that methylation of histone H3, at R2
and/or R8 by PRMTS, abrogates its subsequent methyla-
tion by PRC2 at K27. Given the contribution of H3K27me3
to gene silencing, we found that treating leukemia cells
with an EZH?2 inhibitor partially restored the expression
of roughly half of the genes that were initially downregu-
lated by PRMTS inhibition, and one-quarter of these genes
have increased H3K27me3 at promoter regions induced by
PRMTS inhibition, indicating that PRMTS maintains the
expression of a subset of genes by antagonizing PRC2-
mediated transcriptional repression.

Growing evidence has suggested that PRMTS5 is an onco-
gene, and a potential target in many types of human cancers,
including leukemia and lymphoma (9,10). Interestingly, we
found that the growth inhibitory effect of a PRMTS in-
hibitor could be partially rescued by simultaneous exposure
to an EZH2 inhibitor in several leukemia cell lines, suggest-
ing that this crosstalk mechanism contributes to the cellular
functions of PRMTS.

MATERIALS AND METHODS

Isolation of bone marrow and fetal liver cells from Prmt5 con-
ditional KO mice

Prmt5 control and Prmt5 KO mice were described previ-
ously (17,18). Briefly, mice with 2 FloxP sites flanking exon
7 of the Prmt5 gene were crossed with either Mx/-cre Tg
mice or Vavl-cre Tg mice (both strains were purchased from
Jackson Laboratory). For deletion of Prmt5 in adult Bone
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Marrow (BM) cells, 2- to 3-month-old Prmt5"and MxI-
Cre+;Prmt5™"" mice were given two consecutive intraperi-
toneal injections of poly (I:C) at 10 mg/Kg. BM cells were
isolated from both tibias and femurs by flushing the cells
out of the bone using syringes 7 days post first poly(I:C) in-
jection. Hematopoietic Stem and Progenitor Cells (HSPCs)
were purified by staining the cell surface lineage markers
and c-kit, followed by FACS sorting of Lineage™ and c-kit*
cells. PRMTS control and deficient Lineage- Fetal Liver
(FL) cells were isolated from E14.5 Prmt5"fand Vavi-
Cre+;Prmt5"# embryos, followed by staining of cell surface
lineage markers and FACS sorting.

Leukemia cell lines, primary patient samples and drug treat-
ment

Leukemia cell lines, HEL, Molm13, Nomo-1 and Mono-
mac6 were maintained in RPMI1640 supplemented with
10% Fetal Bovine Serum; MV4-11 cells were maintained
in IMDM with 10% Fetal Bovine Serum; and OCI-AML3
cells were cultured in MEM-alpha with 20% Fetal Bovine
Serum.

The primary patient samples were obtained from
Biospecimen Shared Resources at Sylvester Comprehen-
sive Cancer Center, University of Miami Health System.
Cells were cultured in IMDM containing 20% BIT, and sup-
plemented with B-Mercaptoethanol (55 nM), Low Density
Lipoproteins (40 pg/ml), human cytokines: IL6 (20 ng/ml),
IL3 (20 ng/ml), G-CSF (20 ng/ml), GM-CSF (20 ng/ml),
FLT3 (50 ng/ml) and SCF (50 ng/ml).

The PRMTS specific inhibitor (GSK3186000A) was pro-
vided by GlaxoSmithKline (GSK) through a Research Col-
laboration and License Agreement between GSK and Uni-
versity of Miami. The EZH?2 inhibitor (GSK343) was pur-
chased from Sigma-Aldrich. Stock solutions were prepared
in DMSO and stored at —20°C. Final DMSO concentra-
tions were kept below 0.1%.

Western blot and histone extraction

Protein samples were separated by electrophoresis on de-
naturing 4-12% premade polyacrylamide gels (Invitrogen)
and blotted to PVDF membranes (Millipore). Membranes
were blocked in TBST buffer plus 5% milk. Major an-
tibodies: H3K27me3 (Cell Signaling, 9733), H3K27me2
(Millipore 07-452) and H3K27mel (Millipore, 07-448),
H3R8me2s (Epigentek A-3706-050), PRMTS (Millipore
07-405), EZH2 (Cell Signaling 5246), Symmetric Di-methyl
Arginine (Cell Signaling 13222), UTX (Cell Signaling
33510), EED (Millipore, 09-774), RBBP4 (Bethyl Labora-
tories A301-206A-T) and SUZ12 (Cell Signaling 1335947).

Histones were purified from mouse BM cells using His-
tone Extraction Kit (Active Motif, 40028) as per manufac-
turer’s instructions. Successful purification of histones was
confirmed by Coomassie staining before they were used for
western blotting.

In vitro methylation assay

The methylation assay was performed in methylation buffer
containing 10 mM Hepes pH 7.5, 100 mM NacCl, 0.25 mM
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Ethylenediaminetetraacetic acid (EDTA) (8.0), 10 mM
DTT, 2.5 mM MgCI2 and 5% glycerol supplemented with
1uCi *H-SAM (Amersham) or 12.5 uM cold SAM, with
a four hour incubation at 30°C. The reaction was stopped,
by adding Sodium dodecyl sulphate (SDS) loading buffer,
and the proteins were resolved on SDS-polyacrylamide gel
electrophoresis gels. HA-PRMTS5/MEPS50 complex was pu-
rified from transfected 293T cells by anti- HA immunopre-
cipitation. The recombinant PRMTS5/MEPS50 complex was
purchased from Reaction Biology Corporation (HMT-22-
148), and the EZH2 complex (containing EZH2, EED and
SUZ12) was purchased from Active Motif (31337). Recom-
binant H2A, H3 and H3.1/H4 tetramers were purchased
from New England Biolabs. The recombinant and HeLa nu-
cleosomes were obtained from Active motif (31466) and Re-
action Biology Corporation (HMT-35-130), respectively.

The histone H3 peptides (residues 1-31), wt or with sym-
metric di-methylation on R2, R8 or both, were custom syn-
thesized by Genemed Synthesis Inc. The recombinant nu-
cleosomes with or without symmetric di-methylation on
R2, R8 or both were custom synthesized by EpiCypher
Inc. The concentration of these peptides was determined
by Pierce Quantitative Colorimetric Peptide Assay (Thermo
Fisher Scientific, 23275); and the concentration of nu-
cleosomes was determined be Pierce BCA Protein Assay
(Thermo Fisher Scientific, 23225).

The methylation assay was also performed with MTase-
glo™ Methyltransferase Assay kit, purchased from Promega
(V7601), according to the Manufacturer’s instruction.
Briefly, H3 peptides or nucleosomes were diluted to differ-
ent concentrations, and incubated with 250 ng EZH2 com-
plex, together with 20 wM SAM for 4 h at 30°C. The methyl-
transferase activity was determined by luminescence using
a microplate reader (BioTek, Synergy 2).

RNA sequencing and data analysis

Molml3 cells were treated with DMSO, EZH2i (1 n.M),
PRMTSi (1 pM) and EZH2i (1 wM) plus PRMTS5i (1 wM)
for 4 days. Cells from four independent experiments were
collected and total RNA was purified using an RNeasy
Plus Mini Kit (Qiagen). Library preparation and RNA-
sequencing were completed at Oncogenomics Core Facil-
ity at the Sylvester Comprehensive Cancer Center. Samples
were sequenced using 75 bp paired ends with an Illumina
NextSeq 500 and subsequent sequencing reads (~40 to 50
million per sample) were trimmed and filtered using Cu-
tadapt. Fastq files were aligned to Ensembl 87: GRCh38.p7
human transcriptome using STAR aligner [v2.5.3a] and
RSEM [v1.3.0] to obtain expected gene counts. GC nomina-
tion between sequencing runs was performed using EDAseq
v.2.12.0 within lane GC normalization. Differential expres-
sion was determined using DESeq2 [v1.30.0] and R [v3.4.1]
with a Benjamini-hochberg FDR cutoff of 0.05. Heatmaps
were generated using Euclidean distances between sample
blind, variance stabilized transformed counts from DE-
Seq?2.

For splicing analysis, rMATS v3.1.0 (-t paired —libType
fr-firstrand) and STAR v2.6.0c were used to align and com-
pare differential splicing events. Fastq files were aligned to
hg38 and Gencode V28 was used for splicing annotations.

Differential splicing events were filtered for significance ¢ <
0.05 and inclusion level difference of at least 20%.

ChIP-sequencing and data analysis

Molm13 cells were treated with DMSO, EZH2i (1 pM)
and PRMTS5i (1 pM) for 4 days. Cells from two indepen-
dent experiments were collected and subjected to ChIP-
sequencing using antibody specific for H3K27me3 (Cell Sig-
naling, 9733). Briefly, cells were fixed in 1% formaldehyde
for 5 min at RT, and then lyzed with sonication buffer
(16.7 mM Tris pH 8, 167 mM NacCl, 0.1% SDS, 1% Tri-
ton X-100, 1 mM EDTA) supplemented with proteasome
inhibitor cocktail (Millipore, 535140). Chromatin was son-
icated with Bioruptor Pico (Diagenode) for 14 cycles with
30 s on and off. Immunoprecipitation was performed with
4 ng of cell lysate and 2 pg of antibody against H3K27me3
overnight at 4°C, and the antibody-chromatin complex was
then pulled down with 20 wl of magnetic Protein A beads
(NEB S1425s) 20 ng of drosophila chromatin (Active Mo-
tif, 53083) was included for normalization. The beads were
washed twice with each of the following buffers: high salt
buffer (20 mM Tris pH 8, 500 mM NacCl, 0.1% SDS, 1%
Triton X-100 and 2 mM EDTA); Li buffer (10 mM Tris pH
8, 0.25 M LiCl, 1% NP40, 1% sodium deoxycholate and 1
mM EDTA,); TE buffer (pH 8). The beads were then sus-
pended in 30ul buffer (100 mM Tris pH 8, 250 mM NacCl,
I mM EDTA and 0.1% SDS,) with 1 pl of Proteinase K
(Invitrogen, AM2546) and incubated at 65°C for 4 h. The
DNA in the supernatant was purified with Agencourt AM-
Pure beads (Beckman Coulter A63880). The purified DNA
was used for DNA library construction (NEB, E7645) and
sequenced on Illumina Nextseq 500 platform.

To generate signal files normalized by drosophila spike-
in, a bowtie2 index was generated from a combined
GRCh38 (ENCODE) and BDGP6 (Ensembl) genome fasta
files (bowtie2 = 2.3.3.1). Sequencing reads were then
trimmed (cutadapt = 1.15) and aligned to the merged
genome. Average counts per million reads (CPM) were cal-
culated genome-wide in 100bp bins across all samples. An
interpolated non-parametric local regression (LOWESS,
python = 3.7, statsmodels = 0.10.1) was used to model dif-
ferences between samples based on the binned signal values
of spike-in chromatin. This model was then used to adjust
the hg38 signal. Scripts can be found at https://github.com/
diderote/lowSpike. Heatmaps were generated using deep-
tools (3.3.1).

Cell viability, cell cycle and synergy analysis

For drug synergy analysis, cells were seeded in 24-well plates
at 80,000 cells/ml and treated for 4 or 6 days with different
doses of drugs, alone or in combination. Cell viability was
assessed by a CellTiter-Glo Luminescent Cell Viability As-
say (Promega G7570), according to the manufacturer’s pro-
tocol. Bliss synergy was calculated using the bioconductor
package synergyfinder v1.0.0 using default parameters for
calculating bliss independence (19).

For cell-cycle analysis, cells were treated with the indi-
cated inhibitors for 4 days, cells were then fixed in 70%
ethanol overnight at —20°C and stained in PI staining buffer
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containing 50 pwg/ml PI, 100 wg/ml RNase A, 0.1% Tri-
ton X-100 and phosphate-buffered saline for 30 min at RT.
Stained cells were then subject to FACS analysis by BD
FACSCanto II.

RESULTS

PRMTS depletion or inhibition upregulates global H3K27
tri-methylation in hematopoietic cells

To determine whether PRMT5-mediated arginine methy-
lation exhibits cross-talk with histone lysine methylation,
we extracted core histones from bone marrow (BM) cells
of control and PRMTS5 conditional knockout mice, and as-
sessed the level of histone H3 K4, K9, K27 and K36 methy-
lation and H4 K20 methylation by Western blotting (Fig-
ure 1A). We found that H3K27 di- and tri-methylation are
significantly upregulated in PRMTS5-null BM cells, while
H3K27 mono-methylation and methylation of other lysine
residues (H3K4, K9 and K36, and H4K20), are largely
unaffected. We confirmed the upregulation of H3K27me3
in adult hematopoietic stem and progenitor cells (HSPCs)
(Figure 1B) and lineage negative fetal liver (FL) cells (Fig-
ure 1C) isolated from PRMTS5 control and depleted mice.
Consistent with the increase in H3K27me3 in the PRMTS-
null BM and FL cells, we also found marked upregulation of
H3K27me3 in PRMTS knockdown MV4-11 cells (Figure
1D), and in PRMTS inhibitor-treated human leukemia cell
lines, HEL (Figure 1E), MV4-11 and Molm13 (Figure 1F).
Treating these cells with an EZH2 specific inhibitor com-
pletely abrogated H3K27 tri-methylation (Figure 1E and
F), indicating that the EZH2-containing PRC2 complex is
the major enzymatic complex catalyzing this modification
in these leukemia cells.

PRMTS does not directly affect PRC2 enzymatic activity,
but PRMTS5-mediated H3 arginine methylation antagonizes
H3K27 methylation by PRC2

Three core components of the PRC2 complex, EZH1/2,
EED and SUZ12, are required for its enzymatic activity to-
ward histone H3 (20). To explore whether these proteins
can be directly methylated by PRMTS5/MEP50, we uti-
lized an in vitro methylation assay and either recombinant
PRMTS5/MEPS50, or PRMTS5/MEPS0 purified from trans-
fected 293T cells. PRMTS was unable to methylate EZH2,
EED or SUZ12, even though it readily methylated recombi-
nant histone H2A (Supplementary Figure S1A and B). To
examine other mechanisms by which PRMTS could con-
trol H3K27 di- and tri-methylation, we examined PRMTS5
inhibitor-treated leukemia cells, and found no change in
the protein expression level of any of the three PRC2 core
components (Supplementary Figure S1C), nor did we find
that PRMTS activity level affects PRC2 complex formation,
using immunoprecipitation and PRMTS inhibitor-treated
MV4-11 cells (Supplementary Figure S1D). We also de-
termined that the level of PRC2 co-factors RBBP4 and
JARID?2, or the H3K27me3 demethylase UTX, did not
change in PRMTS5 inhibited cells (Supplementary Figure
S1E).

To further explore whether PRMTS activity affects PRC2
enzymatic activity, we purified the PRC2 complex from
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DMSO or PRMTS inhibitor-treated MV4-11 cells using
an antibody specific for EZH2, and determined its methyl-
transferase activity using an in vitro methylation assay. We
found no change in the ability of PRC2 to methylate H3 in
vitro, despite changes in the level of PRMTS activity in the
MV4-11 cells from which PRC2 was purified (Supplemen-
tary Figure S1F).

The PRMTS5/MEPS50 complex has been shown to methy-
late recombinant free histones H2A and H4 at R3, and
H3 at R2 and R8 in vitro; however, how this methyltrans-
ferase complex modifies nucleosomal histones is still con-
troversial. Surprisingly, we found that PRMTS/MEPS50 pri-
marily methylated H3 in mono- and oligo-nucleosomes iso-
lated from HeLa cells in an in vitro methylation assay (Fig-
ure 2A). In contrast, the PRMTS/MEPS50 failed to methy-
late H3 within recombinant nucleosomes, although H2A
and H4 were weekly methylated, implicating that other his-
tone modifications may be required before nucleosomal H3
can be methylated by PRMTS5/MEPS50. Supporting its ef-
fect on histone H3, we did observe a significant decrease
in H3R8me2s levels after PRMTS was knocked down by
shRNAs (Figure 2B) or inhibited by chemical inhibitor
(Figure 2C), in leukemia cells.

We next determined how PRMT5-mediated H3 arginine
methylation could impact histone lysine methylation by
EZH?2 complex using in vitro methylation assays. As shown
in Figure 3A and Figure S2A, pre-incubation of all three
H3 variants (H3.1, H3.2 and H3.3) with PRMTS5/MEP50
dramatically decreased their subsequent methylation by the
EZH2 complex. Interestingly, auto-methylation of EZH2
was not affected by the presence of PRMTS5/MEP50, sug-
gesting that EZH2 enzymatic activity was intact (Supple-
mentary Figure S2B). To exclude the possibility that the
presence of PRMT5/MEPS50 in the reaction could inter-
fere with EZH2 enzymatic activity, we utilized biotinylated
recombinant H3 as substrate, purified H3 by streptavidin
beads after its methylation by PRMTS5/MEP50 and then
performed an EZH?2 in vitro methylation assay using both
unmodified H3 and pre-methylated H3 as substrates (Fig-
ure 3B). We observed a similar decrease in H3K27 methy-
lation as shown in Figure 3A.

To further determine the antagonizing effect between H3
R2 and R8 methylation and H3K27 methylation, we syn-
thesized unmodified H3.1 peptide (from aa 1 to 31) and
the same peptides that were symmetrically di-methylated on
H3 R2, H3 RS8 or on both. The correct post-translational
modifications of these peptides were first confirmed by a
dot blot assay, using antibodies specific for H3R2me2s and
H3R8me2s (Supplementary Figure S2C); these peptides
were then subjected to in vitro methylation assays. As shown
in Figure 3C, methylation on R2 or RS, but especially on
both residues, markedly impaired the methylation of these
peptides by EZH2. We confirmed the impaired ability of
EZH2 to methylate the modified peptides in a more quanti-
tative manner, using the MTase-glo Methyltransferase As-
say (Figure 3D). We next determined how methylation on
these two arginine residues could affect the ability of the
EZH2 complex to methylate histone H3 when packed in
nucleosomes; we observed the same inhibitory effect on ly-
sine methylation when we performed this assay using the
modified nucleosomes (Figure 3E). At last, we determined
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Figure 1. PRMTS5 deletion or inhibition upregulates the global level of H3K27 tri-methylation in normal and malignant hematopoietic cells. (A) Histones
were purified using Histone Extraction Kit from BM cells isolated from two control and two MxI-Cre+ Prmt5 conditional KO mice 7 days post poly
(I:C) injection. Mono-, di and tri-methylation on H3K27, as well as tri-methylation on H3K4, H3K9, H3K36 and H4K20 were determined by western
blot. (B) Lineage- and c-kit+ HSPC cells were isolated from BM of day 7 control and Prm¢5 KO mice. Cells were stimulated with or without cytokine
mixture of murine SCF (100 ng/ml), IL-3 (20ng/ml), IL-6 (20ng/ml) and FLT3 ligand (100 ng/ml) for 10 min at 37°C. The level of PRMTS, H3K27me3,
H3K27ac, H3S10ph and total H3 were determined by western blot with whole cell lysate. (C) Lineage- FL cells isolated from E14.5 Prmt5 control and
Vavl-Cre+ KO embryos were subject to Western blot and an Odyssey Image System to determine the level of histone H3, H3K27me3 and EZH2 protein. A
representative Western blot is shown at left, and a bar graph showing the increase in H3K27me3/H3 ratio at right (n = 3). (D) M V411 cells were transduced
with lentiviruses expressing a scramble ShRNA or shRNAs against PRMTS. Level of PRMTS and H3K27me3 was shown with western blot, while H4
was used as a loading control. Leukemia cell lines HEL (E), MV411 and Molm13 (F) were treated with DMSO, PRMTS Inhibitor 1 or 10 uM or EZH2
Inhibitor 1 wM for 4 days. Level of H3K27me3, EZH2 and PRMTS5 was determined by western blot; while H3, H4 or B-actin was used as loading controls.
The efficiency of PRMTS Inhibitor was confirmed by the reduced level of cellular symmetric di-methylated arginine (SDR).

whether arginine methylation affects the interaction be-
tween H3 and PRC2 using an in vitro binding assay, and
recombinant un-modified H3 protein or H3 protein pre-
methylated by PRMTS5/MEPS50 complex; we found no im-
pact of arginine methylation of histone H3 on the affinity of
the PRC2 complex for histone H3 (Supplementary Figure
S2D). Taken together, the data show that arginine methy-
lation of histone H3 at R2 and R8 by PRMTS5 blocks its
lysine methylation by the EZH2 complex at K27.

PRMT5-mediated histone arginine methylation maintains
gene expression via blocking H3K27 tri-methylation by
PRC2

PRMT5-mediated H4R3 and H3RS8 methylation has been
reported to generate repressive marks for transcription,
likely through the recruitment of transcriptional co-
repressors, including SIN3A, HDACs and MBDs (21).
However, we have found that PRMTS5 deletion, or inhi-
bition, in hematopoietic cells leads to more than 50% of
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strates. The loading of histones and PRMTS5 protein are shown by Coomassie staining. (B). MV4-11 cells were transduced by lentiviruses expressing
control shRNAs or two different shRNAs against PRMTS. Levels of PRMTS and H3R8 symmetric di-methylation was determined by western, H3 served
as a loading control. (C). Molm13 cells were either untreated or treated with DMSO, PRMTS5 inhibitor at 0.5 and 1 wM for 4 days. The level of H3R8me2s

was determined by western blot analysis.

the altered genes being downregulated (17). To determine
whether PRMTS maintains gene expression via antago-
nizing PRC2-mediated H3K27 tri-methylation, we treated
Molm13 cells with an EZH?2 inhibitor, a PRMTS inhibitor
or a combination of both inhibitors and performed RNA-
sequencing analysis. While EZH?2 inhibition had a very
mild effect on gene expression, affecting fewer than 100
genes that were either up- regulated (65%) or downregulated
(35%) at least 2-fold, PRMTS inhibition resulted in a 2-
fold-change in the expression of ~1300 genes, with roughly
half being downregulated and half upregulated (Figure 4A).
Pathway analysis of PRMTS target genes reveals their in-
volvement in cell cycle, DNA repair and signaling path-
ways (Figure 4B). In contrast to what we reported for nor-
mal HSPCs, we did not observe upregulation of a p53 gene
signature, even though p53 is wild-type in these cells (17).
The top 20 differentially expressed genes in each treatment
group, compared to DMSO control group, are listed in Sup-
plemental Tables S1-3.

Consistent with crosstalk between PRMTS5 and
EZH2/PRC2 function, we found that treating cells
with an EZH?2 inhibitor restored or partially restored the
expression of 53% (335 genes) of the PRMT5i-induced 2-
fold downregulated genes, while 42% of PRMT5i-induced
upregulated genes were no longer 2-fold upregulated in
the presence of the EZH2 inhibitor (Figure 4C). Fig-
ure 4D shows an example of restored downregulated
genes (HISTIHIB), and an unchanged upregulated gene
(STC3) in the combined treatment group, compared to the
PRMTS inhibitor-treated group. Not surprisingly, when
the PRMTS5 inhibitor-induced gene expression profile was
directly compared to the combined treatment cells, we
found that the majority of the differentially expressed genes

(about 70%) between these two groups were upregulated
genes (Figure 4E). We confirmed our RNA-seq results for
several genes, using Real-time PCR; three representative
PCR results are shown in Figure S3A.

To examine the upregulation of H3K27me3 in PRMTS5
inhibited cells in a more site-specific manner, we per-
formed ChIP-sequencing analysis in DMSO-, EZH2i- and
PRMTS5i-treated Molm13 cells. Consistent with our west-
ern blot results, PRMTS inhibition led to a global increase
in H3K27me3, and also a significant increase in H3K27me3
at the TSS region of genes (Supplementary Figure S3B and
C). The H3K27me3 mark occupied 1/3 of all TSS regions
in this AML cell line, and majority of these tri-methylation
peaks were abrogated by the EZH?2 inhibitor (Supplemen-
tary Figure S3C); however, treating cells with the EZH2
inhibitor resulted in only moderate changes in the gene
expression profile, suggesting that loss of H3K27me3 at
TSS does not result in changes in gene expression in most
cases. Most importantly, we found increased H3K27me3
level at the promoter regions of a quarter of the genes (88
out of the 335 genes) that were initially downregulated by
PRMTS5i and restored or partially restored by EZH?2i (Fig-
ure 5A). Two representative ChIP-seq tracks in Figure 5B
show that PRMTS inhibition leads to increase in the height
of H3K27me3 peak at the TSS region of IGFBP2 (as well
as IGFBP5, which is not expressed in this cell line), and an
increase in the width of the H3K27me3 peak at the TSS
of PTPN13. The changes in this histone mark are reflected
by changes in the expression of these two genes assessed by
qPCR (Figure 5B).

PRMTS plays a key role as a regulator of RNA splicing,
so we examined alternative splicing in the PRMTS5 inhibited
cells, using DMSO treated cells as control. We found ~6000
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methylation assay with 250 ng EZH2 complex, and the enzyme activity was determined with the MTase-Glo Methyltransferase Assay kit.

aberrant splicing events, affecting ~1500 genes. The major-
ity (70%) of these events is exon skipping (Supplementary
Figure S4A). There is modest overlap between the differen-
tially expressed genes and the genes whose splicing is altered
(Supplementary Figure S4B).

PRMT5-mediated repression of H3K27 tri-methylation con-
tributes to its cell-cycle effects

PRMTS is highly expressed in many human cancers, and it
appears to be indispensable for cell proliferation and sur-
vival (9,10). Treating a variety of human leukemia cells
with a PRMTS inhibitor impairs their proliferation (18), so
we hypothesized that the PRMT5-mediated repression in
H3K27m3 contributes to its growth inhibitory effects. We
treated several AML cell lines (MV411, Molm13, Nomo-
1, HEL, MonoMac6 and OCI-AML3) and two primary

AML patient cells (the information of these two patients
is listed in Supplementary Table S4) with the PRMTS in-
hibitor alone, the EZH2 inhibitor alone, or the combina-
tion of the two inhibitors, and determined cell viability us-
ing the CellTiter-Glo Luminescent Cell Viability Assay, af-
ter 4 or 6 days of treatment. The synergistic or antagonistic
effect of these two inhibitors was analyzed using the Bliss
Model (22). As shown in Figure 6A and Supplementary
Figure S5, in four of the six leukemia cell lines tested, and
one of the two primary AML cells, that proliferated signifi-
cantly in vitro, the EZH2 inhibitor provided partial rescue of
the PRMTS5 inhibitor-induced impaired proliferation. The
strongest antagonizing effect was seen in the Molm13 and
Nomo-1 cells, while an additive effect was seen in the MV4—
11 and MonoMac6 cells (Figure 6A and Supplementary
Figure S5). The antagonistic effect of these two inhibitors
on cell proliferation was also observed by counting the num-
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ber of alive cells at the end of 4- or 6-day treatment (Fig-
ure 6B). Clearly, PRMT5-mediated crosstalk between his-
tone arginine and lysine methylation contributes only par-
tially to the changes observed in cell proliferation rates. We
next analyzed cell cycle in Molm13 cells, using PI staining
and FACS cell cycle analysis (Figure 6C and D), and found
that the EZH?2 inhibitor partially rescued the decreased per-
centage of cycling cells (cells in the S/G2/M phases of the
cell cycle) that occurs secondary to PRMTS inhibition, even
though the EZH2 inhibitor alone had no effect on cell-cycle
progression.

DISCUSSION

We have identified an important crosstalk between PRMTS5-
mediated arginine methylation and PRC2-mediated lysine
methylation at the N-terminal tail of histone H3 that helps

explain the ability of PRMTS to positively regulate gene ex-
pression. PRMTS inhibition or depletion leads to a global
increase, as well as an increase at the promoter region of a
subset of PRMT5-target genes, in H3K27 tri-methylation.
The extensive biochemical and genetic analysis we per-
formed demonstrates that the symmetric di-methylation of
histone H3 on R2 and RS§ antagonizes the ability of the
PRC2 complex to accomplish H3K 27 tri-methylation. This
crosstalk mechanism exerts a substantial effect on PRMTS-
mediated regulation on gene expression and cell prolifera-
tion (Figure 7).

To elucidate the mechanism of how PRMTS deficiency
upregulates H3K27me3, we found no evidence that PRMTS
disrupted the PRC2 complex or directly methylated any
of its components. Furthermore, PRC2 methyltransferase
activity is normal in PRMT5-deficient cells, and EZH2
auto-methylation occurs normally in the presence of ac-
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tive PRMTS5. Thus, it does not seem that PRMTS alters
PRC2 activity directly to regulate H3K27me3 levels in the
cell. Rather, it appears that histone H3 R2 and R8 methy-
lation can impair the ability of PRC2 to mediate H3K27
tri-methylation. Recombinant histone H3 that has been pre-
methylated by PRMTS/MEPS50, cannot be fully methylated
by PRC2, and the symmetric di-methylation of R2 and/or

R8 in an H3 peptide or protein that is packaged in nu-
cleosomes, impairs K27 methylation by PRC2, suggesting
that H3 arginine methylation directly impairs H3 methyla-
tion on K27. We did not observe disruption of the interac-
tion between histone H3 and the PRC2 complex in vitro,
which suggests that the effect is likely mediated by a di-
rect interference with the deposition of the methyl mark
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on K27. Histone modifications, such as H3K27me3 and
H3K9me3, have been shown to have allosteric effect on
EZH2 methyltransferase activity (23), which could explain
how H3R2/R8me2s affects PRC2 activity. Further investi-
gation on how PRMT5-mediated histone arginine methyla-
tion regulates the activity of PRC2 on chromatin will shed
additional light on mechanisms of gene repression.
PRMTS has been shown to methylate histones H2A
and H4 at R3 and H3 at R2 and RS. Although, active
PRMTS5/MEP50 complex can readily methylate free H2A
and H4 (24), it primarily methylates H3 when histones are
packed in nucleosomes purified from HeLa cells in vitro
(Figure 2A). The inability of PRMTS/MEPS50 to methylate
H3 in the recombinant nucleosome, suggests that other hi-
stone modification(s) may be required for this methyltrans-
ferase to methylate nucleosomal H3. The PRMTS5/MEP50
core complex has been reported to interact with other
co-factors, including pICLn, COPRS5 and RioK1 (25-27),
which function to determine the substrate specificity of
PRMTS; thus, it is possible that the methylation of nucle-
osomal H2A or H4 requires other important co-factors, in
addition to MEP50. Nonetheless, histone H2A has been
shown to be methylated in the cytoplasm of mouse ES cells
(28), and we found that PRMTS5 prefers H4, rather than H3,
in the H3/H4 tetramer (Figure 2A). Therefore, it is also pos-
sible that H2A and H4 are methylated on R3 before their de-
position onto the chromatin. In addition, PRMTS5 shuttles
between cytoplasmic and nuclear compartments, and the
subcellular localization of PRMTS is cell type specific (29—
31); thus, the function of PRMT5-mediated histone argi-
nine methylation could be cell context-dependent. It is likely
that H3 arginine methylation increases and H3K27me3 de-
creases upon PRMTS5 translocation into the nucleus. How-
ever, it is still unclear how upstream signaling regulates
PRMTS shuttling between these two cell compartments.
PRMTS and its effects on histone methylation are gener-
ally considered to be components of the gene repression ma-
chinery. Indeed, PRMTS is found in several repressive com-
plexes, including SIN3A, HDAC and NuRD complexes
(21). However, several recent studies have highlighted the
role of PRMTS in both up- and downregulation of gene ex-
pression (12-13,32-33). We have identified another mech-
anism by which PRMTS can maintain gene activation, via
blocking the deposition of H3K27me3. We demonstrated

that a subset of PRMT5-target genes is regulated through
this crosstalk mechanism, using gene expression profiling.
Our genome mapping of H3K27me3 reveals that PRMTS
inhibition leads to a global increase in H3K27me3 level, as
well as increased H3K27me3 at the promoter regions of a
fraction of these PRMTS target genes.

It remains elusive why the PRMTS5i and EZH2i have
antagonizing effects on the proliferation of some AML
cell lines, and an additive effect on others (Figure 6A).
We explored whether PRMTS protein levels or subcellu-
lar localization could determine the combinational effect
of these inhibitors, but failed to see any correlation. Cer-
tainly, many other factors may influence the response, such
as the cell-specific components of the PRC2 complex, the
genomic distribution of H3K27me3, or the presence or ab-
sence of non-histone substrates that are methylated on argi-
nine or lysine by PRMTS5 or EZH2. Further investigation is
clearly needed to delineate the basis for the variable effect
seen.

As PRMTS is often overexpressed in tumor cells, and
PRMTS inhibitors are currently in phase I clinical trials for
treating cancer patients, this crosstalk mechanism may have
important therapeutic implications. Furthermore, EZH2
deletion or loss-of-function mutations are seen in certain
cancer types, including myeloid leukemia, T-ALL and ma-
lignant peripheral nerve sheath tumors, etc., and it will be
important to determine how EZH2 genetic loss or muta-
tion affects the tumor cell response to PRMTS inhibitors.
We attempted to explore this issue by depleting EZH?2 using
shRNAs in Molm13 and Nomo-1 cells, however, neither cell
could proliferate or survive with a reduced level of EZH2
protein, even though a biologically effective concentration
of EZH2 inhibitor had little effect on the proliferation of
either cell line. These data suggest that EZH2 may have
methyltransferase-independent functions, which are impor-
tant for the survival and proliferation of AML cells. Indeed,
similar observations have been reported by several other
groups (34,35). While MTAP deficiency may predict for a
better response to PRMTS and PRMT]1 joint inhibition
(36), we do not yet know which mutations will predict for
a clinically relevant response to combination treatment that
targets PRMTS5 and H3K27 methylation. Further investiga-
tion of combination epigenetic-targeted therapies are war-
ranted in AML and other cancers as well.
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