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Abstract

Through an shRNA screen, we identified the protein arginine
methyltransferase Prmt1 as a vulnerable intervention point in
murine p53/Rb-null osteosarcomas, the human counterpart of
which lacks effective therapeutic options. Depletion of Prmt1
in p53-deficient cells impaired tumor initiation and mainte-
nance in vitro and in vivo. Mechanistic studies reveal that
translation-associated pathways were enriched for Prmt1
downstream targets, implicating Prmt1 in translation control.
In particular, loss of Prmt1 led to a decrease in arginine
methylation of the translation initiation complex, thereby

disrupting its assembly and inhibiting translation. p53/Rb-null
cells were sensitive to p53-induced translation stress, and
analysis of human cancer cell line data from Project Achilles
further revealed that Prmt1 and translation-associated path-
ways converged on the same functional networks. We propose
that targeted therapy against Prmt1 and its associated transla-
tion-related pathways offer a mechanistic rationale for treat-
ment of osteosarcomas and other cancers that exhibit depen-
dencies on translation stress response. Cancer Res; 77(17); 4613–
25. �2017 AACR.

Introduction
Eukaryotic translation initiation involves the assembly of trans-

lation initiation factors, eIF4G eIF4E, and eIF4A (termed eIF4F)
on the mRNA. eIF4F interacts with other factors including eIF4B,
PABP, and eIF3 to recruit a 43S ribosome complex to themRNA to
initiate translation. Translation initiation is rate-limiting and
tightly controlled by multiple mechanisms, including the phos-
phorylation of eIF2 and/or hypophosphorylation of 4EBPs,
among others. Under stress conditions, global protein synthesis
is repressed to conserve energy, while selective translation of
specific repair or prosurvival programs becomes active. Transla-

tion regulation of protein expression allows for an immediate
response to stress imposed by the environment (1, 2), thereby
ensuring cell survival.

Cancer cells sustain the tumorigenic state by adapting to stress
imposed by many hallmarks of cancer (3). An increasing number
of studies suggest that cancer cells hijack mRNA translation
machinery and selectively reactivate translation of cancer-associ-
ated genes to drive tumorigenesis andmaintain tumor-associated
phenotypes (2). Deregulation of ribosomal proteins and trans-
lation initiation factors, including the eIF4F complex, among
others, have been shown to contribute to tumor development
(4, 5). Oncogenic signaling controlled by Myc, Ras, and PI3K–
mTOR or loss of tumor suppressors such as PTEN and TP53 can
lead to aberrant translation, thereby promoting selective transla-
tion of mRNAs that support oncogenesis (5, 6). Given that
translation deregulation is a critical nexus of cancer development,
progression, and drug resistance, understanding the molecular
underpinnings of translation control may reveal new therapeutic
opportunities for the development of more effective anticancer
drugs.

Inactivation of p53 and Rb tumor suppressors is frequently
observed in many human cancers, including the most common
pediatric bone cancer, osteosarcoma. Studies of familial cancer
syndromes indicate that germline p53/Rb mutations predispose
individuals to develop osteosarcoma among other cancer types.
To investigate the underlying molecular mechanisms of osteo-
sarcoma development driven by p53 and/or Rb loss, we and
others have developed an osteosarcoma mouse model based on
deletion of p53 and Rb in osteoblastic progenitor cells (7, 8). The
model confirms the requirement of p53 in osteosarcoma tumor
initiation and progression, and shows that combined deletion of
p53 and Rb accelerates the disease. Furthermore, themodel offers
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tumor-derived cell line–based platforms for genetic vulnerability
screens. Indeed, using an shRNA-based genome-wide screening
strategy, we have previously reported that the PI3K–mTOR path-
way represents a vulnerability for p53/Rb-deficient cells (9).
Given that p53 and PI3K–mTOR pathways feed into translation,
we hypothesize that targeting translation factors and its regulators
may effectively eradicate p53/Rb-deficient tumors.

Although phosphorylation of some components of the trans-
lation machinery has been widely recognized, emerging data
suggest that protein arginine methylation of translation factors
and their interacting partners occurs in certain cellular contexts,
implicating a role of arginine methylation in translation regula-
tion (10–13). Prmt1 is one of the major protein arginine methyl-
transferases that catalyzes monomethylation and asymmetric
dimethylation of arginine-bearing substrates, including histones,
estrogen receptor, RNA-binding proteins, and numerous other
nonhistone substrates (14, 15). Thus, Prmt1 is involved in reg-
ulating a wide range of cellular processes, including transcription,
RNA processing, DNA damage response, and signal transduction.
Aberrant expression of Prmt1 has been reported in several malig-
nancies (15); however, how altered Prmt1 expression contributes
to oncogenesis remains incompletely understood. Finally, Prmt1
or arginine methylation of its major substrate H4R3 correlates
with poor clinical outcome in some cancers (16–18), suggesting
that anticancer strategies designed to target Prmt1 or Prmt1-
associated pathways may hold therapeutic potential.

Building on our previous work on identifying vulnerabilities of
cancer cells, we have discovered that p53/Rb-deficient mOS cells
are highly sensitive to translation inhibition. Among the top
candidates identified by loss-of-function screens, we have iden-
tified Prmt1 as a vulnerability of p53/Rb-null mOS cells and a
cooperating oncogenic driver of tumor initiation. Of particular
note, quantitative proteomics analysis of substrates regulated by
Prmt1 implicates its involvement in translation control. Further
mechanistic studies reveal that Prmt1 regulates global translation
at transcription, translation, and posttranslation levels. Our work
suggests that p53 and Prmt1 signaling pathways converge on
translation regulation. Analysis of the Project Achilles dataset also
implicates a correlation between Prmt1 dependency, translation-
associated dependencies, and p53 status in human cancer cells.
Taken together, these findings provide a rationale for targeting
Prmt1 and translation-associated pathways in cancers that exhibit
dependency on translation-stress response for survival.

Materials and Methods
Osteosarcoma cell culture

Derivation and genotyping of the mOS cell lines from p53 and
Rb conditional knockout mice were described previously (7, 9).
mOS cells were derived from tumor-bearing mice between 2010
and 2015 and tested for mycoplasma by PCR. Early passages
(passages < 20) of mOS cells were used in the study between
2012 and 2016. Prmt1f/f mOS cell lines were derived from tumors,
genotyped, and cultured inaMEM supplementedwith 10% FBS, L-
glutamine, and penicillin–streptomycin between 2012 and 2016.
mOS cells to be used for SILAC (stable isotope labeling by amino
acids in cell culture) experiments were cultured in light or heavy-
MEM media for SILAC prepared according to the manufacturer's
protocol (Thermo Scientific) between 2013 and 2016. All mOS
cell lines were authenticated using genotyping protocols described
here and by Walkley and colleagues (7). Human cancer cell lines

were obtained from ATCC and cultured in DMEM supplemented
with 10% FBS between 2012 and 2016. MC3T3-E1 (subclones 4
and 30) cells were purchased from ATCC between 2012 and 2016
andmaintained inaMEM supplementedwith 10% FBS, 1mmol/L
sodium pyruvate, L-glutamine, and penicillin–streptomycin. All
cell lines from ATCC, including the MC3T3-E1 cells, were tested
for mycoplasma by PCR upon receipt between 2012 and 2016. All
ATCC cell lines used in this study were early passage cells (passages
<10) and exhibited the original morphology characterized by
ATCC. We verified p53 and Rb protein expression by Western
blot analysis. No additional authentication was performed.

Mice
Prmt1-null OS model. Prmt1 conditional knockout mice were
generated by blastocyst injection from Prmt1fl/fl ES cells imported
from EUCOMM between 2009 and 2010. Prmt1f/f mice were
crossed with Osx-Creþ p53f/f, Rbf/f mice to generate Osx-Creþ

p53f/f, Rbf/f, Prmt1f/f mice.

Xenograft studies.Osteosarcoma cells were infectedwith virus and
selected with puromycin (puro) for two days. Three days post-
puro selection, 1 � 106 murine osteosarcoma were injected
subcutaneously into the flanks of NCRNU-M mice (Taconic).
Tumor volume was measured using a caliper. The estimated
volume in mm3 was calculated using the following formula:
length � width � height. All proposed animal experiments were
approved by the Boston Children's Hospital (BCH) Institutional
Animal Care and Use Committee.

Viral packaging, plasmids, and cloning
Production of lentivirus was carried out according to Luo and

colleagues (19). Retroviral virus was produced using Platinum-E
Retroviral Packaging Cell Line (20).

The following lenti-shRNA constructs were obtained from
the Broad Institute of MIT and Harvard: TRCN0000072261
(Luciferase), TRCN0000018493 (Prmt1 #1), TRCN0000018492
(Prmt1 #2), TRCN0000316215 (Eif4g1 #1), TRCN0000096809
(Eif4g1 #2), TRCN0000310243 (PRMT1#1), TRCN0000035929
(PRMT1 #2), pLKO-TRC2 control vector was purchased from
Sigma. MSCV-CreERT2 was a gift from Tyler Jacks, Koch Institute
for Integrative Cancer Research at MIT, Cambridge, MA (Addgene
plasmid #22776) and pInducer20 was a gift from Stephen
Elledge, Howard Hughes Medical Institute, Brigham and
Women's Hospital, Boston, MA (Addgene plasmid # 44012). We
purchased pENTR11 vector from Thermo Fisher Scientific.

Prmt1 and Eif4g1 were amplified from murine or human
osteosarcoma cDNAs using PCR primers that contain FLAG or
HA tag sequences. The PCR products were cloned into pENTR11
vector and sequenced verified. Prmt1/Eif4g1 cDNAs were subse-
quently moved into pInducer20 using the Gateway cloning sys-
tem (Thermo Fisher Scientific). The E144Q or the G80R Prmt1
mutants (21, 22) and the R689A eIF4G1 mutants were generated
using the Quickchange II XL site-directed mutagenesis kit (Stra-
tagene), using their corresponding wild-type pENTR11-Prmt1/
PRMT1/Eif4g1 plasmids as templates. The resulting pENTR11-
Prmt1/Eif4g1–mutant clones were sequenced verified andmoved
into pInducer20 using the Gateway system.

shRNA screens. In vitro and in vivo shRNA screens were described
previously (9). shRNA rankings were computed using the
second best rank statistical method by RIGER-E (19). For the
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in vivo screen, the following shRNA clones targeting Prmt1
and control genes were used to generate the pooled lentivirus
for the screen: Prmt1 (TRCN0000274537, TRCN0000274580,
TRCN0000018492), RFP (TRCN0000072209), GFP (TRCN00-
00072197), LacZ (TRCN0000072232), Luciferase (TRCN00-
00072253), and pLKO-empty (TRCN0000208001).

Immunoprecipitation
Whole-cell lysates were prepared using NP-40 buffer (20

mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 5 mmol/L EDTA
pH8.0, 1%NP-40) supplementedwith protease andphosphatase
inhibitors (Roche). Equal amounts of protein for each condition
were incubated with the indicated primary antibodies and Dyna-
beads Protein G (Thermo Fisher Scientific) overnight at 4�C. The
sampleswerewashed inNP-40buffer 3 times, followedbyprotein
elution using the manufacturer's protocol.

Western blot analysis
Whole-cell lysates were prepared using RIPA buffer (150

mmol/L NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 50 mmol/L Tris, pH 8.0) supplemented with protease
and phosphatase inhibitors (Roche). The amounts of proteins
werequantifiedusingDCProteinAssay (Bio-Rad). Equal amounts
of proteins were separated by SDS-PAGE and transferred to a
polyvinylidene difluoride membrane. Membranes were blocked
in 5%milk in TBST (Tris-buffered saline pH 7.6, 0.1% Tween 20),
followed by incubation with the indicated antibodies.

Antibodies and reagents
The following antibodies were obtained from Cell Signaling

Technology: mono-methyl arginine (R�GG; D5A12; #8711),
mono-methyl arginine (Me-R4-100; #8015), eIF4G1 (#2858),
eIF4G1 (D6A6; #8701), eIF4E (C46H6; #2067), phospho-eIF4E
(Ser209; #9741), eIF4A (C32B4; #2013), eIF2alpha (D7D3;
#5324), phospho-eIF2alpha (Ser51; #3398), PABP1 (#4992),
GAPDH (14C10; #2118), HA-Tag (6E2; HRP conjugate), mouse
anti-rabbit IgG conformation specific (#5127), and rabbit IgG
isotype control (#3900). We purchased Prmt1 antibodies from
Millipore (#07-404) and Abcam (ab73246 and ab7027). p53
(#554147) and p21 (sc-6246) antibodies were purchased from
BD Pharmingen and Sana Cruz Biotechnology, Inc., respectively.
Anti-GFP (ab6556) was obtained from Abcam. Anti-FLAG M2
antibody (F1804), anti-FLAG M2 affinity gel (A2220), doxycy-
cline (D9891), and 4-hydroxytamoxifen (4OHT; H7904) were
purchased from Sigma. We obtained cycloheximide (#239763)
and G418 from Calbiochem and Corning, respectively.

Quantitative proteomics
Enrichment of methyl-arginine–containing peptides. Cell pellets
(�200 mL packed cell volume) from SILAC-equilibrated cultures
were resuspended in 2 mL of lysis buffer (150 mmol/L NaCl, 50
mmol/L Tris pH 7.5, 10% glycerol, 0.1% RapiGest) containing
protease inhibitors (Roche) and benzonase (Sigma) and lysed
end over end for 30 minutes at 4�C. Cellular debris were pelleted
for 10 minutes at 14,000 rpm at 4�C. Five milligrams of protein
from each sample (shControl and shPrmt1) were combined.
Cysteine residues were reduced for 30 minutes at 56�C with 10
mmol/L dithiothreitol and alkylated for 20minutes in the dark at
room temperature with 22.5 mmol/L iodoacetamide. Proteins
were digested overnight at 37�Cwith 100 mg of trypsin. Digestion

was continued for another 6 hours after adding an additional
100 mg of trypsin. Complete digestion was confirmed by ana-
lyzing a 4 mg protein-equivalent aliquot by PAGE followed by
silver staining. Tryptic peptides were purified by reverse-phase
chromatography on a 100 mg SepPak tC18 96-well plate
(Waters) and solubilized in 1 mL of immuno-affinity purifica-
tion buffer (IAP buffer: 50 mmol/L MOPS/NaOH, 10 mmol/L
Na2HPO4, 50 mmol/L NaCl). Peptides containing arginine
residues modified by monomethylation, symmetric, and asym-
metric dimethylation were enriched by sequential immunoaf-
finity purification using 40 mL of antimethyl arginine antibody–
agarose bead conjugates for 2 hours at 4�C (PTMScan, Cell
Signaling Technology). Immunoprecipitates were washed three
times with 500 mL of IAP buffer, 3 times with 500 mL of water,
and eluted with 55 mL of 0.15% TFA for 10 minutes at room
temperature. Enriched methylated peptides were purified by
batch mode reverse-phase chromatography (Poros 50 R2, AB
Sciex) and redigested for 2 hours at 37�C with 500 ng of
trypsin in 20 mL of 5% acetonitrile, 50 mmol/L ammonium
bicarbonate. Redigested peptides were purified by batch mode
reverse-phase chromatography and vacuum concentrated
before LC/MS-MS analysis.

Protein normalization. A small aliquot of the supernatant
remaining after the final immuno-affinity purification step was
desalted on SOLA plate (Thermo Fisher Scientific) and used to
quantify total protein in samples treated with control and
Prmt1 shRNAs

Enrichment of endogenous eIF4G1. Cell pellets (�50 mL packed
volume) from SILAC-equilibrated 1369 cultures ("light": þ
4OHT, Prmt1-depleted; "heavy": þ Ethanol, no depletion con-
trol) were resuspended in 250 mL of lysis buffer (180 mmol/L
NaCl, 50 mmol/L Tris pH 7.5, 10% Glycerol, 0.5% Igepal)
containing protease inhibitors (Roche) and phosphatase inhib-
itor cocktail III (Sigma) and lysed on a vortexmixer for 30minutes
at 4�C. Cellular debris were pelleted for 10 minutes at 20,000�
g at 4�C and an equivalent amount of soluble proteins from
each sample (shControl and shPrmt1) were combined. The
sample was precleared for 3 hours at 4�C using 20 mL (50%
slurry) of Protein-A Sepharose beads (GE Healthcare). Endog-
enous eIF4G1 was purified overnight at 4�C using 10 mL of anti-
eIF4G1 antibody (Cell Signaling Technology) and precipitated
using 20 mL on Protein-A Sepharose beads. Beads were washed
three times using 500 mL of lysis buffer with Igepal reduced to
0.05% and once with water. Following disulfide bond reduc-
tion and cysteine alkylation with iodoacetamide, enriched
eIF4G1 was directly digested on beads using 5 mg of trypsin,
followed by LC/MS-MS analysis. A more detailed description of
LC/MS-MS analyses and data processing is delineated in the
Supplementary Methods.

Prmt1f/f genotype and excision PCR primers.A: 50-CTTGCCACACA-
AGCAGAAAG-30

B: 50-GGAGTAAGCAGACAGCCGAG-30

C: 50-TGTGTGGGAACTGTAGAGCG-30

qRT-PCRprimers.HumanPRMT1F: 50-CTTCTCACTGCTTTCCGCCT-30

Human PRMT1 R: 50-GCCGCGAACTGCATCAT-30

Human GAPDH F: 50- AAT GAAGGGGTCATTGATGG-30

Human GAPDH R: 50-AAGGTGAAGGTCGGAGTCAA-30

Prmt1-Mediated Translation in Cancer
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IHC
Bone tissues were prepared as described previously (7, 23).

Deparaffinized tissue sections were subjected to antigen retrieval
in Biocare's Decloaking Chamber (pH 6). The section was then
incubated with primary Prmt1 antibody (ab73246; 1:200) for 1
hour at room temperature. Protein detectionwas performed using
Dako Envision kit. For detection of GFP (ab6556), similar pro-
cedure was employed as described above, except that the antigen
retrieval step was performed at pH 8 instead.

Proliferation and cell-cycle analysis
Cells (1,000–2,000) were seeded in triplicates onto multiple

96-well plate or 24-well plates. Proliferation/viability was
assessed by CellTiter-Glo Luminescent Cell Viability Assay (Pro-
mega) or by Crystal violet staining (Sigma). For growth curves,
relative luminescence unit was calculated at various time points
by normalizing to the luminescence value at day 0 (20 hours
postplating). For cell-cycle analysis, osteosarcoma cells were
incubated with bromodeoxyuridine (BrdUrd) for 1 hour prior
to collection and stained according to themanufacturer's protocol
using the BrdU Flow Kit (BD Pharmingen).

Polysome profiling
Cells (1 � 107) were grown to 70%–80% confluence in mul-

tiple 15-cm2 plates. Cells were washed once with 5mL 100 mg/mL
cyclohexamide/PBS and scraped into 1 mL 100 mg/mL cyclohex-
amide/PBS. Next, cells were pelleted for 10minutes, at 300� g at
4�C and then resuspended in 300-mL polysome lysis buffer
[5 mmol/L Tris pH 7.4, 2.4 mmol/L MgCl2, 1.5 mmol/L KCl,
2 mmol/L DTT, 0.5% Triton-X, 0.5% sodium deoxycholate, and
1� cOmplete protease inhibitor (Roche)]. Lysateswere cleared for
2minutes at 12,000� g, 4�C. Fiftymicroliters of cleared lysatewas
retained for total RNA extraction and 250 mL of cleared lysate was
loaded onto 12-mL 10%–50% sucrose gradients (prepared in
15 mmol/L Tris pH 7.4, 15 mmol/L MgCl2, 150 mmol/L NaCl)
and spun for 2 hours at 40,000 rpm at 4�C on an SW40Ti rotor
(Beckman Coulter). Fractions (0.5 mL) were collected immedi-
ately after centrifugation, using a BioComp Gradient Master
instrument.

RNA sequencing analysis
RNAs from cytoplasmic, pooled light (<3 ribosomes) poly-

some fractions, and pooled heavy (>3 ribosomes) polysome
fractions were precipitated using TRIzol-LS (Thermo Scientific).
Five-hundred micrograms of RNAs were used to prepare cDNA
libraries using the IIlumina Truseq v2 kit. The libraries were
quantified and sequenced using Illumina Nextseq sequencer.

The fastq files were aligned to mm10 using STAR (24) with
default parameters, followed by counting the aligned reads in the
genomic transcripts annotations from GenomicFeatures (25)
using Rsamtools (26).The differentially expressed gene analysis
was performed usingDESeq (27), with the threshold-adjusted P <
0.05, fold-change > 1.5. The change in transcriptional activity due
to Prmt1 KO was presented as the log2-fold change of the gene
expression in totalmRNAs isolated from theKOas comparedwith
the control. Enrichment of gene sets were performed using the
default GSEAPreranked algorithm, GO gene sets, and hallmark
gene sets (28).

The change in translational activity due to Prmt1 KO was
quantified as the ratio between the efficiently translated (associ-
ated with heavy polysomes) and the poorly translated (associated

with light polysomes) mRNAs. Translation efficiency was defined
as the difference between the log2 ratios of the KOand the control.
Transcripts that were down or upregulated by more than 1.5-fold
were analyzed to determine any functional enrichment using
DAVID bioinformatics Resources 6.8. (29).

The Gene Expression Omnibus (GEO) accession number for
the RNA sequencing (RNA-seq) data reported in this article is
GSE93309.

Analysis of Project Achilles dataset
The PRMT1 gene dependency scores for 501 cell lines were used

to rank all gene dependencies from the Achilles v2.20.1 dataset
using theRNMI (rescalednormalizedmutual information)metric
in the PARIS algorithm (30, 31). The ranked list of gene depen-
dencies most to least associated with PRMT1 dependency was
subsequently analyzed using Gene Set Enrichment Analysis
(GSEA v2.2.2; http://www.broadinstitute.org/gsea/) and the c5
genesets (GO terms) from MSigDb (28). GSEA was run using
default settings, using the "GseaPreranked" tool, except that data
was not collapsed to gene symbols (this was done prior to GSEA).
ATLANTIS model is described in detail in the publication by
Tsherniak and colleagues (31)

Results
Genome-scale shRNA screening in vitro reveals vulnerability of
p53/Rb-null osteosarcoma cells to Prmt1 inhibition

To discover potential vulnerabilities of p53/Rb-null cancer
cells, we previously performed a genome-scale shRNA screen in
vitrousingp53/Rb-nullmurine tumor–derivedosteosarcoma cells
(9). The screen surveyed approximately 8,000 genes for their roles
in p53/Rb-null cell proliferation. Many of the top ranking candi-
dates represent pathways associated with translation, develop-
ment, cell cycle, and adhesion. This led us to speculate that p53/
Rb-null cells may rely on one or more of these pathways for
survival.

To validate the screen, we focused our investigation on Prmt1,
which was one of the top 50 candidates. We found that Prmt1-
targeting shRNAs were significantly depleted upon growth of p53/
Rb-null cells, implicating Prmt1 in proliferation or cell survival
in vitro (Fig. 1A). We verified the specificity of the Prmt1-targeting
shRNAs and their effects on p53/Rb-null cell proliferation by an
shRNA-mediated knockdown strategy. Comparedwith the control,
independent Prmt1-targeting shRNAs depleted >80 % of Prmt1
protein level andwas accompaniedby growtharrest (Fig. 1BandC).
Consistent with this observation, cell-cycle analysis showed that
depletion of Prmt1 led to an increase in the percentage of apoptotic
(sub-G0) cells, while the percentage of proliferating cells (S-phase)
was significantly decreased in Prmt1 knockdown cells (Fig. 1D).
Both p53/Rb-null and p53-null/Rb-wt mOS cells were sensitive to
Prmt1 depletion, suggesting that Rb tumor suppressor protein does
not play a major role in conferring Prmt1 resistance. Similarly,
depletion of Prmt1 in human osteosarcoma also led to growth
arrest and death (Supplementary Fig. S1A and S1B).

Prmt1 is essential for tumorigenicity of p53/Rb-null
osteosarcoma cells in vivo

To assess the dependence of in vivo tumor formation on Prmt1,
we employed apooled, shRNA screening approach in vivo to assess
multiple shRNAs for their role in tumor formation. Specifically,
we introduced a pool of Prmt1-targeting and control shRNAs into
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p53/Rb-null mOS cells, which were then used to establish tumor
xenografts. In confirmationof the in vitro results,we found that the
majority of Prmt1 shRNAs were depleted in tumors as compared
with the control shRNAs (Fig. 1E). To validate the in vivo screen,we
infected p53/Rb-null mOS cells with Prmt1-targeting or control
shRNAs. Knockdown of Prmt1 impaired murine xenograft for-
mation, supporting a role of Prmt1 in promoting in vivo tumor-
igenicity (Fig. 1F).

Prmt1 is required for tumor initiation in p53/Rb-null
osteosarcoma mice

Deletion of p53 and Rb leads to osteosarcoma development
with high penetrance in mice (7, 8). To assess whether Prmt1
expression is required for osteosarcoma initiation, we generated
Osx-Creþ; p53flox/flox; Rbflox/flox; Prmt1flox/flox conditional knock-
out (hereinafter, Prmt1f/f osteosarcoma) to permit combined
inactivation of p53, Rb, and Prmt1 in committed osteoblast

progenitor cells. We confirmed that depletion of Prmt1 in Osxþ

(GFPþ) osteoblasts (Supplementary Fig. S2A). Prmt1f/f osteo-
sarcoma mice developed normally. MicroPET/CT imaging
showed that Prmt1wt and Prmt1f/þ osteosarcoma mice had
earlier tumor onset than Prmt1f/f osteosarcoma mice (Supple-
mentary Fig. S2B). Indeed, deletion of Prmt1 significantly
extended the lifespan of the mice (Fig. 2A). Heterozygous loss
of Prmt1 did not extend survival, as compared with wild-type
mice. These findings indicate that loss of Prmt1 inhibits tumor
development driven by p53/Rb loss.

ToassesswhetherPrmt1wasdeleted in tumors arising inPrmt1f/f

osteosarcoma mice, we isolated DNA and protein from Prmt1f/f

osteosarcoma tumors. The tumors retained residualPRMT1protein
expression and a nonexcised Prmt1 allele (Fig. 2B; Supplementary
Fig. S2C). Thus, residual protein was detected in Prmt1f/f osteosar-
coma tumors, either due to tumor cells that escaped Cre-mediated
excision or due to a leaky requirement for Prmt1.
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Figure 1.

shRNA screening identifies Prmt1 as an
essential gene for tumor-derived p53-
deficient mOS cells. A, Log2-fold
change in shRNA abundance for p53/
Rb-null mOS cell line at the end of the
genome-scale in vitro shRNA screen
relative to the initial reference pool.
Prmt1-targeting shRNAs are
highlighted in red. B, Western blot
analysis of Prmt1 expression in control
(shLuc) and Prmt1 knockdown p53/Rb-
null and p53-null/Rb-wt mOS cells. C,
Proliferation of p53/Rb-null and p53-
null/Rb-wt mOS cell lines infected with
nontargeting shRNA (shLuc) and
Prmt1-targeting shRNAs. RLU, relative
luminescence unit. D, Cell-cycle
analysis of p53/Rb-null and p53-null/
Rb-wt mOS cells infected with control
and Prmt1-targeting shRNA. The mean
and SD of triplicate samples are shown
and t tests were performed to
determine the statistical significance
between samples. �� , P < 0.01; ��� P <
0.001.E, Log2-fold change in shRNA
abundance for mOS xenografts relative
to the initiation reference pool. shRNAs
targeting Prmt1 are highlighted in red,
while nontargeting control shRNAs are
highlighted in green. F, Growth of p53/
Rb-null xenografts established using
control shRNA (n ¼ 8) and Prmt1-
targeting shRNA (n ¼ 8) infected mOS
cells. The data are represented as mean
þ SEM. P values for the last time points
are shown.
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Wederived cell lines fromPrmt1f/f osteosarcoma tumors. These
mOS tumor cell lines retainedPrmt1 expression.Upon expression
of 4OHT-inducible Cre (CreER), the cells underwent Prmt1
inactivation and growth arrest (Fig. 2C–E). Thus, residual Prmt1
detectable in the tumors reflects incomplete excision and the
generation of Prmt1þ tumors. Taken together, these findings
provide persuasive evidence that Prmt1 is essential for initiation
of osteosarcoma in vivo.

Cell growth and survival depend on catalytically active Prmt1
Prmt1 mediates cellular processes by catalyzing protein argi-

nine methylation. We next sought to determine whether the
methyltransferase activity is required for the function of Prmt1
in sustaining p53/Rb-null cell growth. We introduced a single
amino acid substitution in the S-adenosyl-methionine binding
domain of the wild-type murine Prmt1 (E144Q) and human
PRMT1 (G80R). These Prmt1 mutants were previously shown to
be defective in catalytic activity (21, 22, 32). We expressed a
doxycycline-inducible wild-type Prmt1 or catalytically-inactive
Prmt1 mutants in Prmt1f/f osteosarcoma cells harboring CreER
(Fig. 2D–F). We then assessed the ability of the mutants to rescue
proliferative defects of Prmt1 conditional knockout cells. Upon
Cre activation, Prmt1f/f osteosarcoma cells lost Prmt1 expression

and underwent growth arrest as expected (Fig. 2D and E). Induc-
ible wild-type murine or human Prmt1, but not the catalytically
inactive mutants (E144Q mPrmt1 or G80R hPRMT1), substan-
tially rescued proliferation of conditional Prmt1 knockout cells
(Fig. 2D–F). Thus, we conclude that themethyltransferase activity
of Prmt1 is required to sustainproliferation and survival of Prmt1-
deficient cells.

Quantitative proteomics identify Prmt1 substrates and
associated pathways

We employed a SILAC-based quantitative proteomics strategy
to identify substrates methylated by Prmt1 in p53/Rb-null mOS
cells (Fig. 3A). Control and Prmt1 knockdown cells were labeled
with culture media containing either heavy (13C6

15N4 and
13C6)

or light L-arginine and L-Lysine. Proteins from equal numbers of
control and Prmt1 knockdown cells were extracted for subsequent
tryptic digestion and antibody-based enrichment of arginine-
methylated peptides. The abundance of isotopically encoded
methylated peptides was determined across biological replicates
by multidimensional LC/MS-MS analysis (Supplementary Table
S1; refs. 33, 34). We also analyzed immunopurification super-
natants to measure differences in protein abundance between
control and Prmt1-depleted cells and to normalize methylated
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Prmt1 is required for tumor initiation
driven by p53/Rb loss. A, Conditional
knockout Prmt1f/f mice were crossed to
OsxCreþ, p53f/f; Rbf/f to generate
OsxCreþ, p53f/f; Rbf/f; Prmt1f/f mice.
Kaplan–Meier survival plot and
summary of median survival of
Prmt1þ/þ, Prmt1þ/f, and Prmt1f/f

osteosarcoma mice. Log-rank test was
performed for comparison. � , P <
0.0001. B, Western blot analysis of
Prmt1 protein expression in Prmt1þ/þ,
Prmt1 þ/f, and Prmt1f/f p53/Rb-null
osteosarcoma tumors. Gapdh
expressionservedas the loadingcontrol.
C,Westernblot analysis of Prmt1 protein
expression inCre-ER–expressing tumor-
derived Prmt1f/f p53/Rb-null mOS cell
lines following vehicle (ethanol) or
tamoxifen (4OHT) treatment. D,
Proliferation assessment of conditional
Prmt1 KO (Prmt1f/f CreER) cells
expressing a doxycycline-inducible
wild-typePrmt1 followingvehicle, 4OHT,
or both 4OHT and doxycycline
treatment by Crystal violet staining. E,
Proliferation assessment of conditional
Prmt1 KO (Prmt1f/f CreER) cells
expressing a doxycycline-inducible
catalytic point mutant Prmt1 (E144Q or
G80R) following vehicle, 4OHT, or both
4OHT and doxycycline treatment by
Crystal violet staining. Representative
images of the three replicate
experiments are shown. F,Western blot
analysis of doxycycline (Dox)-inducible
murine wild-type Prmt1 (mPrmt1), Prmt1
catalytic mutant (E144Q), human wild-
type Prmt1 (hPrmt1), and Prmt1 catalytic
mutant (G80R) in 4OHT-treated
Prmt1 conditional knockout p53/Rb-null
mOS cells (Prmt1f/f CreER).
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peptides ratios. This analysis further allowed us to confirm the
specific depletion of Prmt1 in the knockdown cells as compared
with the control, and ascertain that abundance of several other
protein arginine methyltransferases remained unchanged (Sup-
plementary Fig. S3A). Of note, the majority of the R-methylated
peptides purified using methyl-R–specific antibodies did not
change in abundance upon Prmt1 knockdown (Fig. 3B). Prmt1
depletion resulted in marked downregulation of 110 and 237 R-
bearing peptides purified using admR and mmR antibodies,
respectively (Fig. 3B and C).

We next analyzed gene ontology (GO) term enrichment
across the sets of putative PRMT1 protein substrates identified
in our SILAC proteomic data. This analysis showed that each set
was enriched for distinct annotation, with an overall prepon-

derance of terms related to mRNA/RNA processing, stability
metabolism, binding, and splicing (Supplementary Fig. S3B).
In particular, we observed an enrichment of the GO-term
"Regulation of translation" among monomethylated and
asymmetric dimethylated putative Prmt1 substrates corrobo-
rating our experimental findings for genetic vulnerabilities of
p53/Rb-null cells in the shRNA screen (Fig. 3D; Supplementary
Fig. S3B). Of note, we found that one of the translation-
associated genes identified, the eukaryotic translation initia-
tion factor 4 gamma 1 (Eif4g1), was essential for p53/Rb-null
cell proliferation. Indeed, shRNA-mediated knockdown of
eIF4G1 in p53/Rb-null cells dramatically impaired growth of
p53/Rb-null cells (Fig. 3E). eIF4G1 depletion also led to down-
regulation of eIF4E, which is another essential component of
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Quantitative SILAC proteomics reveals novel Prmt1 substrates and associated pathways. A, Experimental workflow for identifying R-methylated proteins
in SILAC-labeled control and Prmt1 knockdown p53/Rb-null mOS. B, Histogram distribution of the log2 ratio measured for peptides enriched using antibodies
against monomethyl ("mmR"), asymmetric ("admR"), and symmetric dimethyl ("sdmR") arginine residues (top to bottom). The kernel density plot of the log2
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and asymmetric dimethyl arginine residues following Prmt1 depletion are significantly enriched for factors that regulate translation. E, Proliferation of p53/Rb-null
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translation initiation complex (Fig. 3F). Taken together, these
data implicate Prmt1-mediated translation regulation via
eIF4G1 methylation as critical to cell growth and survival of
p53/Rb-null cells.

Prmt1 methylates R689 and/or R698 of eIF4G1
To validate the proteomics findings and identify arginine

residues that were specifically modified by Prmt1, we conducted
a more detailed analysis on the R methylation status of eIF4G1.
SILAC-based proteomics identified three potentially Prmt1-regu-
lated methyl-R sites on eIF4G1 (Fig. 3D). Comparison of mass
spectrometry MS/MS data for endogenous and synthetic eIF4G1
peptides confirmed single monomethylation of R689, as well as
double monomethylation of both R689 and R698 (Supplemen-
tary Fig. S4A and S4B).

To further verify that the R689 site was indeed regulated by
Prmt1, we designed a secondary SILAC-based proteomics
approach to quantitatively measure the methyl-R689 status of
eIF4G1 using the Prmt1f/f osteosarcoma CreER system. For this
experiment, cultures from vehicle control and 4OHT-treated
Prmt1 conditional knockout cells were labeled with "heavy" and
"light" SILAC media, respectively. Equal cell numbers of control
and conditional knockout cells were combined, followed by
enrichment of eIF4G1 using eIF4G1 specific antibodies. Peptides
from enriched eIF4G1 were subsequently analyzed by LC/MS-MS
to determine their relative abundance in the control as compared
with the conditional knockout. Consistent with the original
proteomics screen, loss of Prmt1 led to a dramatic decrease in
R689 monomethylation (Supplementary Fig. S4C). Moreover, in
vitro methyl transferase assay also confirmed that eIF4G1 is a
substrate of Prmt1 (Supplementary Fig. S4D).

R689 site of eIF4G1 contributes to protein stability
We next engineered p53/Rb-null cells to stably express HA-

tagged wild-type eIF4G1 or the corresponding HA-tagged R689A
eIF4G1 mutant to evaluate the function of R689 site. We per-
formed a cycloheximide chase assay to determine the relative
stability of wild-type eIF4G1 versus R689A eIF4G1 mutant. We
observed that the full-length and the cleaved product of the wild-
type protein were more stable over time, whereas the R689A
eIF4G1 mutant exhibited a shorter half-life, suggesting that the
R689 site contributes to the stability of eIF4G1 (Supplementary
Fig. S4E).

Prmt1 methylates the translation initiation complex
Emerging evidence suggests that some components of the

translation initiation complex are arginine-methylated (11,
12). In light of our proteomics findings, we hypothesized that
Prmt1-mediated methylation of the translation initiation com-
plex might play a key role in promoting oncogenic activities of
p53/Rb-null cells. To test this hypothesis, we evaluated the effect
of Prmt1 loss onR-methylated eIF4G1, eIF4A, eIF4E protein levels
by methyl-R-specific immunoprecipitation, followed by Western
blot analysis of eIF4G1, eIF4A, eIF4Eprotein levels.We found that
shRNA-mediated Prmt1 knockdown and Cre-mediated knockout
of Prmt1 following treatment with 4OHT led to a dramatic
decrease in R-methylated eIF4G1, eIF4A, and eIF4E, whereas
Pabp1, a Carm1 target, was unaffected (Fig. 3G and H; ref. 13).

We next investigated whether Prmt1 physically interacts with
the translation initiation complex. We generated p53/Rb-null

cells that stably expressed doxycycline-inducible flag-tagged
Prmt1. Following doxycycline treatment, we performed a flag-
tagged Prmt1 pulldown, followed by Western blot analysis of
eIF4G1 and eIF4E in the coimmunoprecipitates.Weobserved that
Prmt1 coimmunoprecipitatedwith eIF4G1 and eIF4E (Fig. 3I). To
confirm this interaction, we also performed an eIF4G1 pull-down
and found that Prmt1 coimmunoprecipitated with eIF4G1, along
with eIF4E, and eIF4A (Fig. 4A). Taken together, these experiments
indicate that Prmt1 interacts with and methylates components of
the translation initiation complex to regulate their activities.

Prmt1 regulates global translation in p53/Rb-null cells
As translation initiation appeared as one of themajor pathways

affected following Prmt1 depletion, we next investigated whether
global mRNA translation was impaired upon Prmt1 depletion.
We employed polysome profiling to quantify the mRNA trans-
lation activities of the conditional Prmt1 knockout in comparison
with the control cells using the Prmt1f/f osteosarcoma CreER
system. We found that loss of Prmt1 led to a reduction in the
level of polysome-associated mRNAs and an accumulation of
poorly translated/freemRNAs, consistentwith a translation defect
phenotype (Fig. 4B).

We further elucidated transcriptional changes following Prmt1
knockout by RNA-seq analysis. Prmt1 depletion led to significant
downregulation of 1,228 genes and upregulation of 878 genes at
the transcription level (fold change ¼ 1.5; P < 0.05; Supplemen-
tary Fig. S5A). The RNA-seq data confirmed deletion of Prmt1 in
the conditional knockout versus the control, as well as deletion of
p53 and Rb in all samples (Supplementary Fig. S5B and data not
shown). Gene set enrichment analysis (GSEA) of differentially
expressed genes revealed that translation-related gene sets were
among those that were significantly downregulated upon Prmt1
depletion (Fig. 4C; Supplementary Fig. S5C; Supplementary Table
S2). In addition, as Prmt1 and p53 appear to cooperate in
transcription activation (35), we also assessed the effect of Prmt1
loss on p53 target genes by GSEA analysis. Interestingly, although
our cells do not express p53, p53 target genes appeared to be
induced upon Prmt1 loss (Fig. 4D; Supplementary Fig. S5C;
Supplementary Table S3). In particular, loss of Prmt1 led a
marked increase in Cdkn1a/p21, a transcriptional target of p53
(Fig. 4E; Supplementary Fig. S5C). These data implicate a role for
Prmt1 in transcriptional regulation of translation-related genes
and p53 target genes.

Wenext sought to identify genes thatwere regulatedbyPrmt1 at
the translation level. To this end, we analyzed Prmt1-dependent
changes in the "heavy" (>3 ribosomes) polysome-associated
mRNA profiles relative to the changes observed in the "light"
(<3 ribosomes) polysome-associatedmRNAprofiles by RNA-seq.
All biological replicates clustered in their respective groups
(Supplementary Fig. S5D). In total, we found 837 genes were
significantly downregulated and 230 genes were significantly
upregulated in the "heavy" polysomes as a result of Prmt1 loss
(Fig. 4F). As Prmt1 regulates many genes at the transcriptional
level, we excluded genes that were transcriptionally regulated,
and then performed functional analysis on the remaining genes
using DAVID (29). Among the biological processes identified,
translation-associated GO terms were enriched in the list of
downregulated genes (Fig. 4F; Supplementary Fig. S5E; Sup-
plementary Table SS4). There were no significantly enriched
processes associated with upregulated genes. In aggregate, these
data implicate Prmt1 in control of growth/survival in part
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through regulating translation-associated genes at both tran-
scription and translation levels.

Prmt1 regulates eIF4F integrity and assembly
To gain further molecular insight into the impact of Prmt1 loss

on the translation initiation complex, we examined the interac-
tion between eIF4G1 and its interacting partners by coimmuno-
precipitation in conditional Prmt1 knockout cells relative to
control. Although Prmt1 depletion had very minor effects on
eIF4G–eIF4E interaction, we observed a marked decrease in
eIF4G1 association with eIF4A and Pabp1 in independent p53/
Rb-null cell lines (Fig. 4A). In addition, Prmt1 knockout increased
cleavage of eIF4G1 protein. However, other markers of stress-

induced translation such as phospho-eIF2a were not consistently
evident (Fig. 4E). Together, these observations implicate Prmt1 in
modulating the assembly and integrity of the translation initia-
tion complex.

p53-deficient mOS cells are vulnerable to p53-mediated
translation inhibition

In light of our RNA-seqdata andother studies that suggest a role
of p53 in translation control, we next investigated whether loss of
p53 contributed to translation dependencies in the p53-deficient
cells we have employed. We established p53/Rb-null and p53-
null/Rb-wt tumor–derived cells that stably expressed a doxycy-
cline-inducible p53 protein. Upon induction of p53 expression,
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Prmt1 regulates global translation
initiation. A, Assessment of eIF4G1
interaction with other members of the
translation initiation complex and
Prmt1 by immunoprecipitation in two
independent vehicle-treated control
and 4OHT-treated Prmt1f/f CreER mOS
cells (1373 and 1369). B, Polysome
analysis of RNAs isolated from control
(red) and Prmt1f/f CreER mOS treated
with 4OHT (blue). The positions of free
ribosomal subunits (40S, 60S),
monosomes (80S), and polysomes are
indicated. Representative trace of one
out of three biological replicates is
shown. C and D, GSEA analysis of the
preranked list of differentially
expressed genes in the Prmt1f/f CreER
mOS control as compared with the
conditional knockout. Normalized
enrichment score (NES) and false
discovery rate (FDR) are both
indicated. E, Western blot analysis of
indicated proteins in vehicle-treated
control and 4OHT-treated Prmt1f/f

CreER mOS cells. fl, full-length protein;
cl, cleaved protein. F, Analysis of
mRNA abundance associated with the
"heavy" polysome relative to the
"light" polysome following Prmt1
depletion in Prmt1f/f CreER mOS.
The translation efficiency (y-axis) is
defined as the difference between the
log2 ratios of the "heavy" to "light" in
the conditional KO versus the control.
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downregulated at the translation level,
respectively. Red dots highlight
downregulated transcripts associated
with translation GO processes.
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proliferation of p53-deficient cells was greatly reduced (Fig. 5A).
In addition to induction of Cdkn1a/p21 protein expression, p53
activation was also accompanied by translation inhibition, as
evidenced by an increase in phospho-eIF2a, and eIF4G1 cleavage,
reminiscent of the Prmt1 knockout phenotype (Fig. 5B). These
observations suggest that p53 and Prmt1 downstream targetsmay
converge on translation-related pathways.

Prmt1 dependency correlates with translation-associated
dependencies and p53 mutation in human cancer cells

In recent years, the Achilles dataset has facilitated the discovery
of biomarkers associated with context-specific dependencies in
human tumor cell lines (30). To investigate Prmt1 dependency in
the context of human cancer cell lines, we interrogated the panel
of cells containedwithin the shRNA screen–based Project Achilles
dataset (https://portals.broadinstitute.org/achilles). We hypoth-
esize that cell lines that have preferential dependency on Prmt1
should exhibit similar dependency on genes belonging to the
same functional gene network. Using the PARIS (Probability
analysis by Ranked Information Score) algorithm, we identified
other genetic dependencies that correlate with Prmt1 dependency
(30, 36). Interestingly, GSEA analysis of the ranked list of corre-
lated genes revealed that Prmt1 dependency positively correlates
with dependencies on translation-associated gene sets, as well as
other Prmt1-regulated processes including many that are associ-
ated with RNA processing (Fig. 6A; Supplementary Table S5). We
also used a newly developed random-forest–basedmethod called
ATLANTIS to identify biomarkers that are associated with pref-
erential dependency on PRMT1 (31). Interestingly, we found that
p53 mutational status correlates with PRMT1 dependency across
human cell lines of multiple lineages (Fig. 6B). Taken together,
these data imply that PRMT1, translation, and p53 mutation are

involved in common genetic networks that may constitute an
Achilles heel of many human cancer cells.

Discussion
Our search for genetic dependencies of p53/Rb-null mOS cells

has led to the discovery of the important role of Prmt1 in p53/Rb-
null cell growth and survival. We show that Prmt1 is required for
the tumorigenicity of established p53/Rb-null cells and tumori-
genesis of p53 and Rb-null cells in vivo,while not affecting normal
bone development. In addition, embryonic stem cells derived
fromPrmt1mutant are viable (37). Thus, Prmt1 is not essential in
all cell types but rather exhibits cell context–specific requirements.
Furthermore, analysis of the Project Achilles dataset reveals cor-
relation of Prmt1 dependency with translation-related dependen-
cies and p53 mutation, suggesting common pathways. Interest-
ingly, emerging data suggest that translation associated genes are
potential targets of gain-of-function mutant p53 (38). Hence,
p53-mutant cells may be more dependent on translation-associ-
ated pathways and/or Prmt1-mediated translation pathways for
growth or survival. Future studies are needed to elucidate the
relationship between Prmt1 dependency, translation-associated
dependency, and the p53 status of the cancer cells.

At a mechanistic level, various isoforms of Prmt1 methylate
diverse arginine-bearing substrates in the cytoplasm and/or the
nucleus to promote tumorigenicity (39). Our proteomics study
identified some substrates of Prmt1 that have been previously
described, as well as novel substrates of Prmt1, including some
components of the translation initiation complex. Consistent
with previous reports, R-methylation of translation factors by
Prmt1 or other Prmt family of proteins has been demonstrated
in human cell lines and mouse tissues (10–13). However, the
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p53-deficient mOS cells are sensitive
to p53-induced translation stress.
A, Proliferation of p53/Rb-null and
p53-null/Rb-wt expressing a
doxycycline-inducible p53 following
treatment with vehicle control or
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luminescence unit. B, Western blot
analysis of the indicated proteins in
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p53/Rb-null and p53-null/Rb-wt cells
that express a doxycycline-inducible
p53. fl, full-length protein; cl, cleaved
protein.
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biological consequence is incompletely understood. Here, we
have found that depletion of Prmt1 in p53/Rb-null cells results
in marked loss of global translation and destabilization of the
translation initiation complex. Using RNA-seq analysis and
pathway discovery tools, we found that Prmt1 regulates trans-
lation-related gene sets at both transcription and translation
levels. The types of mRNAs that display a strong Prmt1 depen-
dency remain to be determined, as some translation factors
exhibit context-dependent translation activities. For example,
select translational programs display a strong dependency on
eIF4G1 or eIF4E in cancer (40–42). Furthermore, pathway
analysis of the RNA-seq data indicates that other oncogenic
and tumor suppressor networks, including Myc, E2F, Kras, and
p53, are affected as a result of Prmt1 loss. Given that other
studies have shown that mRNA translation serves as a node of
convergence of many oncogenic and tumor suppressor path-
ways, the cumulative effects of Prmt1 loss on transcription,
translation, and posttranslational modification may contrib-
ute to the translation phenotype observed in p53/Rb-null cells
(5, 43).

In addition to Prmt1-associated translation dependency, p53/
Rb-null mOS cells are vulnerable to translation inhibition via
eIF4G1-mediated or p53-induced translation blockade. It is note-
worthy that Prmt1, eIF4G1, or p53 signaling all converge on
translation. However, each of these individual factors exerts a
different context-dependent biological effect. For example, deple-
tion of eIF4G1 leads to downregulation of some of its associated

translation factors, whereas depletionof Prmt1 does not.Hence, it
is possible that eIF4G1 may play a broader role in translation
control, whereas Prmt1-mediated methylation may serve to fine-
tune specific translation programs. Future experiments will be
needed to delineate the role of Prmt1, eIF4G1, and p53 in
regulating cancer-specific translation program.

Hyperactivation of translation has been implicated in
tumorigenesis, including some p53-deficient tumors (5, 6,
44). This in turn leads to cancer-specific dependency on trans-
lation and pathways that feed into the translation machinery.
Although we have not observed a consistent increase in Prmt1
nor eIF4G1 expression in cancer cells as compared with normal
cells (Supplementary Fig. S6), published gene expression anal-
ysis of p53/Rb–deficient skin cells exhibits an increased in
Eif4g1 expression (45). Thus, it remains to be determined
whether dependency on Prmt1 and translation-associated
pathways is due to hyperactivation of translation in p53/Rb-
null cells.

Using osteosarcoma model driven by p53/Rb-loss, we have
identified Prmt1 as an essential oncogene and a regulator of
translation. Our findings indicate that Prmt1 stabilizes the trans-
lation machinery and regulates translation activity to promote
tumor initiation andmaintenance. Taken together, these findings
implicate that therapeutic agents targeting Prmt1 and/or its-asso-
ciated translationmachinerymayholdpromise for treating cancer
that are addicted to translation and upstream pathways that feed
into the translation network.
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Prmt1 dependency correlates with translation-associated dependencies and p53 mutation in human cancers. A, GSEA analysis of the ranked list of gene
dependencies associated with PRMT1 dependencies across 501 human cancer cell lines from the Achilles dataset. Black bars at the bottom of the figure indicate
the location of genes positively correlated with Prmt1 dependency and the green curve indicates the running enrichment score for the gene set. Normalized
enrichment score (NES) and false discovery rate (FDR) are shown.B,ATLANTISmodel for PRMT1 using known physical interactors as features. PRMT1 dependency is
shown frommost to least dependent cell line in columns. The top five predictive markers are shown in the successive rows; copy number (CN) and expression (Exp)
values are z scores (high to low, red to blue). Horizontal bars on the right indicate the relative contribution to the model's out of bag R2.
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