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ABSTRACT

PRMT5 is an arginine methyltransferase that ac-
counts for the vast majority of the symmetric methy-
lation in cells. PRMT5 exerts its function when
complexed with MEP50/WDR77. This activity is of-
ten elevated in cancer cells and correlates with
poor prognosis, making PRMT5 a therapeutic tar-
get. To investigate the PRMT5 signaling pathway and
to identify genes whose loss-of-function sensitizes
cancer cells to PRMT5 inhibition, we performed a
CRISPR/Cas9 genetic screen in the presence of a
PRMT5 inhibitor. We identified known components of
the PRMT5 writer/reader pathway including PRMT5
itself, MEP50/WDR77, PPP4C, SMNDC1 and SRSF3.
Interestingly, loss of PRMT1, the major asymmetric
arginine methyltransferase, also sensitizes cells to
PRMT5 inhibition. We investigated the interplay be-
tween PRMT5 and PRMT1, and found that combina-
torial inhibitor treatment of small cell lung cancer
and pancreatic cancer cell models have a synergistic
effect. Furthermore, MTAP-deleted cells, which har-
bor an attenuated PRMT5–MEP50 signaling pathway,
are generally more sensitive to PRMT1 inhibition. To-
gether, these findings demonstrate that there is a de-
gree of redundancy between the PRMT5 and PRMT1
pathways, even though these two enzymes deposit
different types of arginine methylation marks. Tar-
geting this redundancy provides a vulnerability for
tumors carrying a co-deletion of MTAP and the adja-
cent CDKN2A tumor suppressor gene.

INTRODUCTION

Arginine methylation is a prevalent post-translational mod-
ification, and roughly 0.5% of arginine residues are methy-
lated in mouse and human cells (1,2). This modification

has been implicated not only in many normal biologi-
cal processes like transcription, splicing and signal trans-
duction, but also in cancer (3). Arginine methylation is
catalyzed by a group of nine protein arginine methyl-
transferases (PRMTs), which can be classified into three
types: Type I (PRMT1, 2, 3, 4, 6 and 8) enzymes gener-
ate �-NG,NG-asymmetric dimethylarginine (ADMA), Type
II (PRMT5 and 9) enzymes generate �-NG,N’G-symmetric
dimethylarginine (SDMA) and the Type III (PRMT7) en-
zyme catalyzes the formation of �-NG-monomethyl argi-
nine (MMA) residues in mammalian cells (4,5). PRMT1
is the primary Type I enzyme and PRMT5 is the primary
Type II enzyme. PRMT1 functions largely on its own in
cells, whereas PRMT5 is always complexed with the WD-
repeat protein MEP50/WDR77 and is required for PRMT5
activity (6).

Both Type I and Type II PRMTs primarily methylate
glycine- and arginine-rich motifs within their substrates
(4,7). In vitro methylation experiments have demonstrated
that a number of GAR motif-containing proteins are sub-
strates for both PRMT1 and PRMT5, including Fibrillarin
(8), CPSF6 and PABPN1 (9), and SMD3 (10). Also, specific
arginine residues on non-GAR motif proteins, like the his-
tone H4R3 site, are modified by both PRMT1 and PRMT5
(11–13). Furthermore, when PRMT1 is knocked out in
MEFs, there is a rapid decrease in ADMA levels, concomi-
tant with a dramatic increase in SDMA levels (1), which
suggests that sites that were once methylated by PRMT1 are
now available to PRMT5. Thus, it is clear that the same argi-
nine residues can be marked symmetrically and asymmetri-
cally depending on the local concentration of the PRMT.

Although arginine methylation does not alter the posi-
tive charge of the arginine residue, it does add steric bulk
and bestow increased hydrophobicity (14), and these dis-
tinct features can promote molecular consequences, includ-
ing: (i) the recognition by Tudor domain-containing pro-
teins (15), or interference with protein–protein interactions
that are driven by PHD fingers (16) and SH3 domains
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(17). SDMA motifs are recognized by the Tudor domain
of SMN, SMNDC1/SPF30 and SND1, whereas ADMA
marks are primarily ‘read’ by the Tudor domain of TDRD3
(18). (ii) Arginine methylation also affects the activity of
certain kinases toward their substrates. Most notably, the
consensus Akt phosphorylation motif harbors a critical
arginine residue, which can be targeted for methylation by
PRMTs. In the event of methylation, Akt-dependent phos-
phorylation of the adjacent serine residue is abrogated (19).
(iii) Arginine methylation of GAR motifs has the propensity
to regulate phase separation (20). Indeed, the RNA-binding
protein FUS is a substrate for both PRMT1 and PRMT5
(21,22), and inhibition of methylation (using AdOx) of
FUS promotes phase separation (23,24). Similarly, arginine
methylation of hnRNPA2 also reduces its ability to phase
separate (25). It is unclear if ADMA and SDMA marks play
different roles in regulating phase separation.

To help elucidate the biological roles of the different
PRMTs, genetic studies have leveraged mouse knockout
models and biochemical studies have identified specific
PRMT substrates and protein complexes (26). These ef-
forts have been aided with the recent development of spe-
cific small molecule PRMT inhibitors (27), including very
selective inhibitors to PRMT5 (28). Importantly, PRMT5
inhibition holds therapeutic promise for lymphomas and
solid tumors, and is the first PRMT inhibitor to be tested in
phase I clinical trials (29). There is also an emerging interest
in targeting PRMT5 in methylthioadenosine phosphorylase
(MTAP) null tumors (30–32). MTAP is frequently deleted
in cancer due to its proximity to the commonly deleted tu-
mor suppressor gene CDKN2A. These MTAP-null tumors
have elevated levels of methylthioadenosine (MTA), which
is the metabolite cleaved by MTAP, and MTA is a rather se-
lective inhibitor of PRMT5. Thus, MTAP-null tumors have
reduced levels of SDMA, as compared to the surrounding
normal tissue.

Here, we used the PRMT5 inhibitor as a tool agent, in
combination with a CRISPR/Cas9 genetic screen, to iden-
tify proteins that potentially reside in the PRMT5 path-
way, or function synergistically with this pathway. We found
PRMT1 to be a significant ‘hit’ in this screen, and we show
that combining Type I (MS023) and Type II (EPZ015666)
PRMT inhibitors has a synergistic effect on the growth of
small cell lung cancer and pancreatic cancer cell line mod-
els. Related to this finding, we observe that MTAP-null cell
lines are generally more sensitive to the Type I PRMT in-
hibitor compared with isogenic MTAP-expressing counter-
parts, likely due to the fact that the elevated MTA levels
in these cells serve as a ‘naturally’ occurring inhibitor of
PRMT5, which then synergizes with the Type I PRMT in-
hibitor.

MATERIALS AND METHODS

Cell lines and tissue culture

H2171, A549, MiaPaCa2, A172 and MCF-7 cells were
originally purchased from ATCC. H2171 cells stably ex-
pressing inducible Cas9 (H2171-iCas9) were generated us-
ing lentivirus infection of a Doxycycline (Dox) responsive
promoter driving Flag-tagged Cas9 (33) and subsequent
Puromycin selection. Inducible PRMT1 knockout MEFs

were obtained from Dr Stephan Richard. MTAP-rescued
cell lines were made by infecting A549, MiaPaCa2, A172
and MCF-7 cells with lentivirus expressing MTAP under
a CMV promoter, and were selected with Blasticidin S for
2 weeks. H2171 cells and H2171-iCas9 cells were cultured
with HITES medium, supplemented with 5% FBS at 37◦C
with 5% CO2. All other cells were cultured with DMEM
medium, supplemented with 10% FBS at 37◦C with 5%
CO2.

sgRNA library design

The sgRNA target sequences were selected based on SSC
score (34) and the online tool CRISPR-FOCUS (35). Each
oligo (75 nt) contains 19 nt sgRNA, 5′ universal flanking se-
quence: TATCTTGTGGAAAGGACGAAACACCg and
3′ universal flanking sequence: GTTTTAGAGCTAGAAA
TAGCAAGTTAAAAT. The ‘g’ denotes an added G to the
end of 5′ universal flanking sequence if the first nucleotide of
guide sequence did not begin with a ‘G’. This oligo library
was synthesized as a pool by Custom Array Inc. (Bothell,
WA). The sequences of sgRNAs are provided in Supple-
mentary Table S1.

Oligo amplification, pooled library cloning and transforma-
tion

The oligo library was amplified using the follow-
ing primer pair GGCTTTATATATCTTGTGGAA
AGGACGAAACACCG (forward) and CTAGCCTTAT
TTTAACTTGCTATTTCTAGCTCTAAAAC (reverse)
using Phusion High-Fidelity PCR Master Mix (NEB,
#M0531S) with four replicates, followed by purification
(Qiagen, #28706). The purified product was cloned into
the lentiviral sgRNA expression plasmid LentiGuide-Blast
using Gibson Assembly Reaction Master Mix (NEB,
#E2611S) as previously described with minor modifica-
tions (36). Briefly, Gibson ligation reaction was performed
using 50 ng of the purified PCR product of oligo library
and 450 ng BsmBI-digested LentiGuide-Blast with two
replicates. Electrocompetent cells (25 �l, Lucigen, #60242)
were transformed with 2 �l of the ligation product ac-
cording to the manufacturer’s protocol using a GenePulser
(BioRad) and plated onto 15 cm plates with carbenicillin
selection (50 �g/ml). To ensure no loss of representation,
eight parallel transformations were performed, which
should yield 200× library coverage. Colonies were scraped
off plates, combined and used for plasmid DNA extraction
with Endotoxin-Free Plasmid Maxiprep (Qiagen, #12362).
LentiGuide-Blast plasmid was generated by swapping
Blasticidin gene into lentiGuide-Puro (Addgene, #52963).

Lentivirus packaging of plasmid library and infection

To produce lentivirus, HEK293T cells were seeded into five
10-cm dishes at ∼40% confluence the day before transfec-
tion in fresh medium (DMEM supplemented with 10% FBS
and 1% Penicillin–Streptomycin). Before transfection, 10
�g plasmid DNA (4 �g plasmid library: 4 �g psPAX2:
2 �g pMD2.G) was added into 500 �l pre-warmed Opti-
MEM medium (Gibco, # 31985062), and then mixed with
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24 �l X-tremeGene HP DNA Transfection Reagent (Roche,
#6366236001) in 500 �l Opti-MEM medium. Thirty min-
utes after incubation at room temperature, the mixture was
dropwise added into each 10-cm dish containing HEK293T
cells. Virus supernatant was collected into a 50-ml tube 48 h
after transfection, filtered through a 0.45-�m Acrodisc sy-
ringe filter, frozen in small volume and stored at −80◦C un-
til use. To determine multiplicity of infection (MOI), target
cells in six-well plates with 5 × 106 cells/well were infected
with different volumes of virus supplemented with 8 �g/ml
polybrene (Millipore, #TR-1003-G) in fresh medium for 24
h, and then seeded into 15-cm dishes for Blasticidin (10
�g/ml) selection. Cell survival rate was tested by CellTiter-
Glo assay (Promega, #G7572) until the rate was <5% in
the untransfected population, and viral doses for different
MOIs were calculated.

Pooled screening

H2171-iCas9 cells (a minimum of 2 × 107 cells with 5 ×
106 cells/well in six-well plates per replicate) were infected
with lentivirus of plasmid library at a low MOI of ≤0.3 as
calculated above, and then selected with 10 �g/ml Blasti-
cidin for 8 days. The resulting cells were collected and pas-
saged at the density of ∼0.5 × 106 cells/ml in fresh medium
and cultured for 5 days for recovery from selection stress.
For PRMT5i screening, cells were cultured with PRMT5
inhibitor EPZ015666 at the concentration of 0.5 �M and
1 �g/ml Doxycycline to induce Cas9 expression. Cells cul-
tured with Doxycycline and DMSO were used as the con-
trol. Medium was refreshed every 2–3 days and the cell den-
sity was kept at 1 × 106 cells/ml and cell number at a min-
imum of 500-fold coverage of the library (a representation
of 500 cells per sgRNA) during each passaging until a de-
fined time point. After 18 days of culture (10 population
doublings), cells were collected for genomic DNA (gDNA)
extraction using the Blood & Cell Culture Midi kit (Qiagen,
#13343), according to the manufacturer’s instructions.

The amplification and sequencing of sgRNA li-
brary were performed as previously described with
minor modifications (36). The sgRNA inserts were
amplified first by PCR using the primer pair, Out-
erF: GGACCCAGAGAGGGCCTATT and OuterR:
AGTGGATCTCTGCTGTCCCT using PCR Master Mix
(NEB, #M0541L) from 40 �g gDNA with 5 �g gDNA in
each 100 �l reaction in order to achieve 500-fold coverage
over the EpiC library. PCR products were purified (Qiagen,
#28104) according to the manufacturer’s instructions, and
replicates were combined and then used for the second
PCR to attach Illumina adaptors and barcodes. The second
PCR was performed using 5 �l of the purified first PCR
products and the primer pair, InnerF: CAAGCAGAAG
ACGGCATACGAGATCXXXXXXTTTCTTGGGTA
GTTTGCAGTTTT (XXXXXX represents the sample
barcode) and InnerR: AATGATACGGCGACCACCGA
GATCTACACCGACTCGGTGCCACTTTT. The
primer sequences were provided in Supplementary Table
S4. The second PCR products were purified by 1.5–2%
agarose gel and purification kit (Qiagen, #28704). The
resulting amplicons were quantified by Nanodrop and
verified by agarose gel. Sequencing was performed on a

NEXTSeq 500 (Illumina) using custom Illumina sequenc-
ing primer and indexing primer with a 75 bp single read
run. Amplifications were carried out with 12 cycles for the
first PCR and 16 cycles for the second PCR.

Data processing

The screen data were processed using MoPAC (Modular
Pipeline for Analysis of CRISPR screens), a software tool
for differential essentiality analysis of CRISPR-based func-
tional screens. In brief, sequencing reads were aligned to the
sgRNA library and were counted. The read count table was
processed with a quality-control module, a rank-weighted
average algorithm for gene essentiality measurement, a nor-
malization module for removing biases caused by different
depths of selection and the assessment of statistical signifi-
cance based on normal distribution (Z-score). The MoPAC
tool is publicly available at https://sourceforge.net/projects/
mopac/.

PRMT inhibitor treatment

MS023 (Sigma, # SML1555) and EPZ015666 (Sigma, #
SML1421) are dissolved in DMSO. Cells were treated with
different concentrations of each compound or compounds
combined for a total of 6 days in the synthetic lethality as-
say, and 8 days for the proliferation assay for the MTAP-
rescued lines. Culture media were changed and new drugs
were added every other day. DMSO was used for untreated
control.

Cell proliferation assay and counting

The CellTiter-Glo luminescent kit (Promega) was used to
measure the cell viability as well as the cell growth. Briefly,
cells were incubated in opaque-walled multiwell plates. At
the time of measuring, the pre-warmed reagent was directly
added to the cell culture with 1:1 ratio in volume. The plates
were shaken on a horizontal shaker at room temperature for
10 min and applied to a luminescence plate reader.

Antibodies and western blot analysis

The PRMT1 antibody was a generous gift from Dr Stephan
Richard. Other antibodies used were anti-�-actin (Sigma
#A1978), anti-MMA (Cell Signaling Technologies #8015),
anti-SDMA (Cell Signaling Technologies #13222), anti-
ADMA (Epicypher #13–0011 (Figure 2B) and Collab-
oration with Cell Signaling Technologies (Figure 4F)),
anti-Smith Antigen (Y12 clone, Invitrogen #MA5–13449)
and anti-MTAP (Cell Signaling Technologies #4158). Cell
lysates were harvested and applied to western blotting.
Briefly, cells were harvested, washed three times with
phosphate-buffered saline (PBS) and then lysed with RIPA
buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% NP-
40, 0.1% sodium dodecyl sulphate (SDS), 1% sodium de-
oxycholate, 5 mM ethylenediaminetetraacetic acid). Cell de-
bris was discarded and SDS loading buffer was added to
the supernatant. Protein samples were boiled for 5 min and
loaded to sodium dodecylsulphate-polyacrylamide gel elec-
trophoresis gel. Then, the proteins were electrophoresed

https://sourceforge.net/projects/mopac/
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to separate and transferred to a Polyvinylidene difluoride
(PVDF) membrane. The membrane was blocked with 5%
fat-free milk for 1 h at room temperature and then incu-
bated with primary antibodies at 4◦C overnight. The mem-
brane was then washed three times with PBST and incu-
bated with secondary antibodies for 1 h at room tempera-
ture. After washing three times with PBST, the membrane
was incubated with ECL reagent and the signals were de-
tected on X-ray film.

RESULTS

A CRISPR/Cas9 genetic screen identifies PRMT1 depen-
dency with PRMT5 inhibition

We hypothesize that some proteins, especially epigenetic
regulators, function synergistically with PRMT5. In order
to discover novel dependencies associated with PRMT5
inhibition, we searched for genetic vulnerabilities using
a CRISPR screening approach. A potent and specific
PRMT5 small molecule inhibitor (EPZ015666) was re-
cently identified that facilitates this screen (28). We de-
signed a barcode guide RNA (gRNA) library, named ‘EpiC’
for ‘Epigenetic regulator CRISPR’, which primarily tar-
gets epigenetic regulators and a list of major cancer reg-
ulators. The EpiC library harbors sgRNAs targeting 1016
epigenetic or cancer regulators in total. Ten sgRNAs were
designed for each gene, which facilitated robust bioinfor-
matic analysis. We also included sgRNAs that target 99
core-essential genes (990 sgRNAs, positive controls), 267
sgRNAs that target the AAVS ‘safe harbor’ locus and 797
non-targeting sgRNAs (negative controls) (Figure 1A and
Supplementary Table S1).

The PRMT5 and MEP50 levels are elevated in multiple
cancer types such as lung carcinomas and pancreatic ductal
adenocarcinomas, and are associated with poor prognosis
(Chen et al.). To identify a cancer cell model suitable for the
screen, we analyzed publically available gene expression and
shRNA screen datasets from Cancer Cell Line Encyclope-
dia (CCLE) and the DepMap project, respectively (37). We
selected H2171, a small cell lung cancer model that is char-
acterized by high PRMT5 mRNA expression but weak cel-
lular dependency on PRMT5 (Supplementary Figure S1).
This allowed a wide dynamic range of cell viability measure-
ments in the screen. A stable Cas9-inducible (iCas9) H2171
cell line was generated and infected with the pooled lentivi-
ral EpiC library. The infected H2171 cells were subjected
to Doxycycline (Dox) induction and a 18-day selection un-
der the treatment of EPZ015666 or DMSO (Figure 1B). At
0.5 �M EPZ015666 treatment, H2171 cells display a signifi-
cant reduction of SDMA signal (Supplementary Figure S2)
and we used this inhibitor concentration for the screen. The
propensity for sgRNA loss or retention was then gauged by
deep-sequencing of the sgRNA spacer sequence (Supple-
mentary Table S2). We performed bioinformatics analysis
using the Modular Pipeline for Analysis of CRISPR screens
(MoPAC), a computational tool recently developed for dif-
ferential essentiality analysis in high-throughput CRISPR-
based functional screens. The quality-control analysis in
MoPAC showed distinct signal distributions of positive and
negative controls (Supplementary Figure S3), indicating ro-
bustness of cell viability measures in the experiment. With

an FDR cut-off threshold set at 0.1, MoPAC identified
seven genes whose loss sensitized the cells to EPZ015666
treatment in comparison to the DMSO condition (Fig-
ure 1C and Supplementary Table S3). We found the top
ranked genes include PRMT5 itself. The increased sensitiv-
ity of PRMT5-loss cells to EPZ015666 is consistent with the
dosage-sensitive PRMT5 dependency model proposed pre-
viously (30). We also identified other factors in the PRMT5
pathway, including (i) WDR77 (MEP50) that is the primary
PRMT5 cofactor (38,39), (ii) SMNDC1 (SPF30) a Tudor
domain-containing protein that ‘reads’ SDMA marks (40),
(iii) PPP4C that is in a protein complex with SMN (41),
which is also a major ‘reader’ of SDMA marks and (iv) the
splicing factor SRSF3 that regulates alternative splicing in
a similar manner to PRMT5 (42,43). In addition to these
known players in the PRMT5 pathway, three novel epige-
netic regulators were also top-listed, including HDGFRP2,
PRMT1 and INO80B. The differential selection effects in
the screen can also be visualized by direct comparison of
the log2 fold-changes corresponding to multiple sgRNAs
that target the PRMT1 and PRMT5 genes, suggesting high
reproducibility (Figure 1D). Indeed, PRMT1 is thought
largely to be in an independent pathway, but our data pro-
vides evidence for a degree of redundancy between PRMT1
and PRMT5. Moreover, PRMT1 is a cancer therapeutic
target with potent inhibitors. Therefore, we further inves-
tigated the dependency of cells on PRMT1, when PRMT5
activity is reduced.

PRMT1 is the key Type I enzyme that displays a degree of
redundancy with PRMT5

PRMT1 is the primary Type I PRMT, accounting for
roughly 90% of global ADMA deposition (44). To con-
firm that PRMT1 loss sensitizes the cells to PRMT5 inhi-
bition, we took advantage of PRMT1 inducible knockout
MEFs, developed by the Richard group (45). We treated this
MEF line with tamoxifen (4-OHT) to induce the deletion of
PRMT1 gene. Additionally, EPZ015666 was used to inhibit
PRMT5 activity. Both PRMT1 knockout and PRMT5 in-
hibition led to suppression of cell proliferation to certain
degree (Figure 2A). Using a Bliss independence model (46),
we computed the expected combinatorial effect of PRMT1
knockout and PRMT5 inhibition, assuming no synergistic
effect is present. The expected effect was then compared to
the observed effect upon the combined treatment with Ta-
moxifen (PRMT1 loss) and EPZ015666. We found the com-
bined treatment resulted in greater inhibition of cell prolif-
eration than expectation, confirming the synergy between
PRMT1 loss and PRMT5 inhibition. The effects of PRMT1
loss and PRMT5 inhibition on arginine methylation levels
were confirmed by western analysis using methyl-specific
antibodies (Figure 2B). These data suggest that PRMT5
and PRMT1 share certain cellular functions with regards to
cell proliferation. Of note, loss of CARM1 (ranked 20th) or
PRMT6 (ranked 55th) also sensitized cells to the PRMT5
inhibitor to a milder level in our screen (Supplementary Ta-
ble S3), and all three of these PRMTs (PRMT1, CARM1
and PRMT6) may act through different mechanisms that
all synergize with PRMT5. Thus, the Type I enzymes dis-
play a degree of redundancy with PRMT5, where PRMT1
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Figure 1. A CRISPR/Cas9 synthetic lethal screen with PRMT5 inhibitor EPZ015666 in H2171 cell line. (A) A pie chart showing the distribution of sgRNA
composition in the EpiC library. (B) The workflow of the CRISPR/Cas9 screen. Pooled sgRNA oligos are cloned into LentiGuide-Blast plasmid and used
for lentivirus packaging. After infection with the lentivirus, the iCas9 cell pool is subjected to Blasticidin selection. During screen, doxycycline (Dox, 1
�g/ml) was applied to induce Cas9-mediated knockout, and the cells were treated with PRMT5 inhibitor EPZ015666 (0.5 �M) or DMSO. Genomic
DNA were harvested 18 days after Dox and EPZ015666/DMSO treatments. Nested PCR was performed to amplify sgRNA sequences, followed by next-
generation sequencing. (C) All the 1016 genes in the EpiC library are ranked in order of Z scores, which measure the significance of essentiality changes
with EPZ015666 treatment compared to the DMSO control. The top 7 genes with the most significant essentiality change (FDR < 0.1), as well as SRSF3
(FDR = 0.14, rank 8th), are highlighted. (D) The Log2 fold-change of sgRNA abundance in the PRMT5 inhibitor treatment versus DMSO control. The
sgRNAs targeting PRMT1 and PRMT5 are highlighted.
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Figure 2. Validation of the synergistic effect of PRMT1-loss and PRMT5-
loss using PRMT1 knockout MEF cells. PRMT1-inducible knockout
MEF cells were treated with Tamoxifen (4-OHT), PRMT5 inhibitor or two
chemicals combined for 6 days. 4-OHT treatment induced PRMT1 loss.
(A) Cell viabilities under the treatments of DMSO, 4-OHT, EPZ015666,
and the combination of 4-OHT and EPZ015666. Cell viability in each
treated sample was measured using the CellTiter-Glo luminescence assay.
The expected cell viability with 4-OHT+EPZ is computed using the Bliss
Independence Model, which assumes no synergy. The P-value is based on
paired T-test applied on three replicates. (B) The western blots showing the
levels of MMA, ADMA, SDMA and PRMT1.

is the primary arginine methyltransferase to compensate for
PRMT5 loss.

Dual inhibition of ADMA and SDMA production synergisti-
cally inhibits cell proliferation

To further investigate the potential synergistic effect of
PRMT1 and PRMT5 loss on cell proliferation, we com-
bined Type I (MS023) and Type II (EPZ015666) PRMT
inhibitors, at different concentrations, on H2171 and Mi-
aPaCa2, a pancreatic ductal carcinoma cell model (Figure
3A). We chose to test MiaPaCa2 as a second model be-
cause this cell line is distinct from H2171 cells in that it
has lower levels of PRMT5 RNA expression and it is sen-
sitive to PRMT5 knockdown (Supplementary Figure S1).
MiaPaCa2 is also an MTAP-null line. The small molecule
inhibitor MS023 is a rather general inhibitor of ADMA
production in cells. It not only inhibits PRMT1 activity,
but also inhibits the activity of PRMT3, CARM1, PRMT6
and PRMT8. As individual agents, 1–10 �M of EPZ015666
showed a mild inhibition of H2171 cell growth and a clear
inhibition of MiaPaCa2 cell growth, while 1–10 �M of
MS023 suppressed the proliferation rates of both cell lines.
In a combinatorial setting, lower concentrations of MS023
and EPZ015666 (0.1–1 �M) inhibited the proliferation rates
of both H2171 and MiaPaCa2 cells (Figure 3A), suggesting
a synergistic effect.

We used two alternative methods, the combination index
(CI) and the Bliss independence model, to evaluate syn-
ergism between MS023 and EPZ015666 in a quantitative
manner (46). With a CI representation, both the ‘effect-
oriented’ and ‘dose-oriented’ mapping of the data demon-
strates synergism between MS023 and EPZ015666 (Figure
3B and C). Similarly, the Bliss independence model showed
a synergistic effect >10% in both cell types, in a dosage
range of 0.3 to 3.0 �M for MS023, and 0.1 to 1.0 �M for
EPZ015666, respectively (Supplementary Figure S4A and
B). Thus, in two different cell types, the combined loss of
SDMA and ADMA has dramatic effects on cell prolifera-
tion rates and cell viability.

MTAP-deletion is associated with higher sensitivity to Type
I PRMT inhibition

Recent studies have shown that MTAP-deleted cells are vul-
nerable to PRMT5 knockdown (30–32). This is due to the
fact that MTAP-null cells have elevated levels of MTA, an
analog of S-adenosylmethionine (AdoMet). MTA inhibits a
large number of methyltransferases at high concentrations,
but is 100-fold more selective against PRMT5 (IC50 = 3–5
�M). Thus, MTAP-null tumors (and cells) are likely to have
reduced levels of SDMA, as compared to the surrounding
normal tissue. Based on our findings above (Figures 2 and
3), we speculated that MTAP-null cells, which have atten-
uated SDMA levels, would be sensitive to the inhibition of
Type I PRMTs by MS023.

To test this hypothesis, we took four known MTAP-
null cell lines and rescued them to generate isogenic cell
line pairs. These cell lines represent a spectrum of cancer
types––A549 (lung carcinoma), MiaPaCa2 (pancreatic car-
cinoma), A172 (glioblastoma) and MCF7 (breast adeno-
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Figure 3. Synergistic interaction of SDMA and ADMA inhibition in the
H2171 and MiaPaCa2 cell lines. (A) H2171 and MiaPaCa2 cells were
treated with increasing concentrations of Type I (MS023) and Type II
(EPZ015666) PRMT inhibitors, and analyzed for cellular viability. Com-
pound treatment was performed for 6 days and the relative cell numbers
(as a percentage of the untreated group) were counted. (B) The combina-
tion index (CI) values were calculated using CompuSyn software (Com-
boSyn, Inc., Paramus, NJ, USA) as a function of the fraction of cells af-
fected (Chou-Talalay plot). Synergistic interactions are implied by values
below 1, while values above 1 indicate antagonistic interactions. (C) Nor-
malized isobolograms (Chou-Chou plots) corroborate the synergism for
the indicated drug concentrations, the diagonal line corresponding to an
additive effect. Combination data points falling on the lower left of this line
indicate synergism, while those falling on the upper right indicate antago-
nism. The Key at the bottom represents the combination treatments used
in �Ms, with ‘E’ representing EPZ015666 and ‘M’ representing MS023.

carcinoma). All four cell lines displayed reduced prolifer-
ation in the presence of MS023 (Figure 4A–D, blue line).
While rescuing of MTAP did not affect the cell prolifera-
tion when treated with DMSO control (Figure 4A–D, black
and orange lines), three of the lines (A549, MiaPaCa2 and
A172) were less sensitive to MS023 treatment (Figure 4A–

D, pink line) when MTAP was rescued. Indeed, after 8 days
of culture, in the presence of MS023, the three MTAP re-
constituted cells displayed a 20% increase in cell number. In
the case of MCF-7 cells, the reintroduction of MTAP had
no effect on the sensitivity to MS023. These results suggest
that a subset of MTAP-null cancer lines are more sensitive
to Type I PRMT inhibition than their rescued counterparts.

To investigate possible phenotypes or behaviors that dis-
tinguish the MCF-7 cell line from the other three lines,
we examined the MTAP copy number and PRMT5 depen-
dency in 646 cancer cell lines from the DepMap project
(37) (Figure 4E). By graphing PRMT5 knockdown against
MTAP copy number, we clearly observe the vulnerability
that was previously reported (30–32). Interestingly, approx-
imately 15% of MTAP-null cell lines are insensitive to a re-
duction in PRMT5 levels by knockdown, including MCF-
7. The other three lines we tested in this rescue experi-
ment (A549, MiaPaCa2 and A172) were all sensitive to
PRMT5 knockdown. Thus, the sensitivity to Type I PRMT
inhibition is associated with cellular dependency on the
PRMT5 pathway, confirming the synergy between PRMT1
and PRMT5 inhibitions.

Finally, we investigated the impact of MTAP rescue on
the SDMA levels of these four cell lines. It has previously
been shown that MTAP reconstituted lines display an in-
crease in SDMA levels (30,32). This is consistent with the
fact that the reintroduction of MTAP into these lines re-
duces MTA levels, and thus also alleviates the inhibition of
PRMT5. We performed western analysis with the four res-
cued lines using a general anti-SDMA antibody, and the
Y12 monoclonal antibody that recognizes symmetrically
methylated SMB. We also observed the corresponding in-
crease in SDMA levels (Figure 4F), but only in the lines that
are sensitive to PRMT5 knockdown (Figure 4E) and re-
sponsive to MTAP rescue with regards to MS023 treatment
(Figure 4A–D). Changes in SDMA levels are not observed
in the rescued MCF-7 cell line. Taken together, MTAP-
deletion is associated with higher dependency on PRMT1
in those cells that are sensitive to PRMT5 knockdown and
display reduced SDMA levels upon MTAP loss.

DISCUSSION

The CRISPR screen identified multiple vulnerabilities in the
presence of PRMT5 inhibition

Among the top hits in the screen were PRMT5 itself and
WDR77 (MEP50), which is the critical PRMT5 cofactor
(38,39), and the identification of these two genes provides
internal validation of the screen. Furthermore, the identifi-
cation of SMNDC1 (SPF30) also makes sense as it is a Tu-
dor domain-containing protein that is a well-characterized
‘reader’ of SDMA marks, which are deposited by PRMT5
(40). The second highest ranked hit is PPP4C that is a
serine/threonine phosphatase (47). PPP4C has been re-
ported to interact with the SMN complex (41), and SMN
is the major ‘reader’ of SDMA marks (48). Unfortunately,
there has been no follow-up to determine how PPP4C po-
tentially regulates the SMN complex. The EpiC sgRNA li-
brary did contain guides to both SMN1 and SMN2, but
they were not ‘hit’ in the screen, likely due to the fact that
these two proteins are identical in sequence and function
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Figure 4. Different sensitivities of MTAP-deleted and MTAP-rescued cells to Type I PRMT inhibition. (A–D) MTAP-deleted cells were reconstituted
with the stable re-expression of MTAP. These isogenic cell pairs were cultured for 8 days in the presence of DMSO or 1 �M of MS023 (0.1 �M for
MiaPaCa2 cells). Different cell types display differing degrees of sensitivity to MS023, which we established empirically. The cell growth curves are plotted
for A549 (A), MiaPaCa2 (B), A172 (C) and MCF-7 (D) cell lines. The expression levels of MTAP are shown for each pair of cell lines. (E) A scatter plot
showing the sensitivities of MTAP-deleted cells to PRMT5 knockdown. Each dot in the scatter plot represents a cancer cell line. Data retrieved from the
DepMap project (https://depmap.org/portal/). (F) Using total cell lysates from MTAP-deleted and MTAP-rescued cells, the levels of SDMA, ADMA, SmB
methylation (Y12) and MTAP were analyzed by western blot.

https://depmap.org/portal/
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redundantly in most tissues. It will be important to test
the effects of a PPP4C inhibitor like Fortriecin on MTAP-
null/reconstituted cell line pairs to further investigate the
dependency of these cells on this phosphatase, through its
ability to regulate the integrity of the SMN complex.

HDGFRP2 was also a highly ranked hit in our CRISPR
screen (Figure 1C). The cellular functions of this protein re-
main largely unknown (49), although it has been implicated
in the DNA repair pathway and homologous recombina-
tion (HR) (50). Hdgfrp2 knockout mice develop normally
and are fertile (51), which suggests that only in the context
of PRMT5 pathway attenuation is there for any cellular sen-
sitivity to Hdgfrp2 loss. Interestingly, the HDGFRP2 pro-
tein harbors a PWWP domain that can bind methylated ly-
sine residues (50), and it is possible that this domain could
‘moonlight’ as a SDMA-binding domain.

INO80B (ranked 7th) and INO80 (ranked 23rd) were
also significant hits in this screen (Figure 1C and Supple-
mentary Table S3). The INO80 complex facilitates ATP-
dependent remodeling of chromatin and, like HDGFRP2,
has been implicated in the regulation of HR (52). Impor-
tantly, PRMT5 was recently identified as a regulator of HR-
mediated DNA repair through the TIP60/p400 complex
(53). Thus, targeting of the HR pathway may also be a vul-
nerability for cells or tumors experiencing reduced PRMT5
activity. Another significant hit was SRSF3 (ranked 8th)
(Supplementary Table S3), which is an oncogenic splicing
factor. High levels of SRSF3 promote the inclusion of exon
6 of MDM4, which is required for a functional form of
MDM4 that can target p53 for degradation (42). Similarly,
PRMT5 is also critical for MDM4 exon 6 inclusion (43).
PRMT5 and SRSF3 potentially regulate the same alterna-
tive splicing events, and it is thus not surprising to detect
SRSF3 in this screen.

On the other end of the screen are the sgRNAs that
are enriched in cells which display reduced sensitivity to
PRMT5 inhibition. In a clinical setting, these hits may rep-
resent genes or pathways that could be lost to bestow resis-
tance on this type of therapeutic intervention. Interestingly,
the top hit is METTL14, which is an RNA methyltrans-
ferase that deposits the N6-methyladenosine (m6A) mark
(Figure 1C). The relevance of this hit is reinforced with the
finding that sgRNAs that target METTL3 are also signifi-
cantly enriched. METTL14 and METTL3 form a complex
and both enzymes are required for optimal activity of the
m6A methylosome (54).

What are the key shared substrates for PRMT1 and PRMT5?

The synergistic effects of PRMT1 and PRMT5 on cell pro-
liferation imply that they may share common substrates
that are regulated in the same way by both SDMA and
ADMA marked motifs. Both PRMT1 and PRMT5 methy-
late RG/RGG motif-containing proteins (7), leading to a
number of shared substrates that can be methylated by both
PRMT1 and PRMT5. Indeed, histone H4 is methylated at
the R3 site by both PRMT1 and PRMT5 (11,13), and was
one of the first examples of the same residue being sym-
metrically methylated in two different ways. Other examples
of common substrates include hnRNP A1 (55,56), Sam68,
SLM-1, SLM-2 (57,58) and G3BP1 (59,60). These stud-

ies suggest a complicated crosstalk between PRMT1 and
PRMT5 on many joint substrates, and it is unlikely that any
one substrate will be responsible for the synergy seen be-
tween PRMT1 and PRMT5. Rather, the pleiotropic nature
of this redundancy may be the driving force of the interde-
pendency. It is also possible that the synergy we observe be-
tween PRMT1 and PRMT5 is not due to their redundant
roles on common methylation sites, but rather because of
their shared roles, through distinct substrates, in regulating
major biological pathways like phase separation (20) and
splicing (26).

Predicting sensitivity to Type I PRMT inhibitors in MTAP-
null cells and tumors

It should be noted that PRMT1 was identified as a vul-
nerability in MTAP-deleted cells in the shRNA screen per-
formed by the Marks group (32), and was ranked 12th, just
after the PRMT5 cofactor RIOK1. However, it was not
identified in the other two screens (30,31). Thus, it is perhaps
not surprising that we identified PRMT1 in our CRISPR
screen, in which PRMT5 activity was suppressed using a
small molecule inhibitor instead of shRNA knockdown
(Figure 1C and D). Therefore, it is likely that the synergy
between PRMT1 and PRMT5 loss is dosage-dependent,
where an inhibitor-based approach provides a higher quan-
titative resolution. We further show that when PRMT5 ac-
tivity is suppressed due to elevated MTA levels (in MTAP-
null cells), the cells are more sensitive to PRMT1 inhibi-
tion by MS023 in most cases, but not all (Figure 4A–D).
The question is thus: Is it possible to predict which MTAP-
null cell lines or tumors will be responsive to Type I PRMT
inhibitor treatment? We tested four pairs of MTAP recon-
stituted lines, and found that the responsive lines (A549,
MiaPaCa2 and A172) were all sensitive to PRMT5 knock-
down (Figure 4E). The responsive lines also displayed lower
SDMA levels in the absence of MTAP (Figure 4F). It is un-
clear what mechanism allows MCF-7 cells to escape sensi-
tivity to PRMT5 knockdown or what accounts for the lack
of SDMA change upon MTAP reconstituted. It could be
increased PRMT5 activity in these cells, or reduced SDMA
demethylase activity (if it does exist). The sensitivity of
MTAP-null cell lines to PRMT5 knockdown could be used
as an indicator for sensitivity to Type I PRMT inhibitors.
This approach will not be of much use in predicting the
responsiveness of MTAP-null tumors to this type of treat-
ment in the future. However, immunohistochemical staining
of tumor biopsies, using anti-SDMA antibodies, may be of
predictive value.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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