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ABSTRACT

The type Il arginine methyltransferase PRMT5 is re-
sponsible for the symmetric dimethylation of histone
to generate the H3R8me2s and H4R3me2s marks,
which correlate with the repression of transcription.
However, the protein level of a number of genes
(MEP50, CCND1, MYC, HIF1a, MTIF and CDKN1B) are
reported to be downregulated by the loss of PRMT5,
while their mRNA levels remain unchanged, which is
counterintuitive for PRMT5’s proposed role as a tran-
scription repressor. We noticed that the majority of
the genes regulated by PRMT5, at the posttranscrip-
tional level, express mRNA containing an internal ri-
bosome entry site (IRES). Using an IRES-dependent
reporter system, we established that PRMT5 facili-
tates the translation of a subset of IRES-containing
genes. The heterogeneous nuclear ribonucleopro-
tein, hnRNP A1, is an IRES transacting factor (ITAF)
that regulates the IRES-dependent translation of Cy-
clin D1 and c-Myc. We showed that hnRNP A1 is
methylated by PRMT5 on two residues, R218 and
R225, and that this methylation facilitates the inter-
action of hnRNP A1 with IRES RNA to promote IRES-
dependent translation. This study defines a new role
for PRMT5 regulation of cellular protein levels, which
goes beyond the known functions of PRMT5 as a
transcription and splicing regulator.

INTRODUCTION

Arginine methylation is a prevalent posttranslational mod-
ification, and roughly 0.3% of all arginine residues in cellu-
lar proteins are methylated (1). Three types of methylargi-
nine species exist: monomethylarginine (MMA), asymmet-
ric dimethylarginine (ADMA) and symmetric dimethylargi-
nine (SDMA). To date, nine protein arginine methyltrans-
ferases (PRMTs) have been identified that lay down these
three different methyl marks (PRMT1-9) (2). PRMTS is a
type II methyltransferase that is responsible for depositing

the majority of the SDMA modification in the cell. It gen-
erates the H2AR3me2s, H3R8me2s and H4R 3me2s histone
marks, which are generally believed to associate with re-
pressed gene expression (3—7). However, in certain contexts
PRMTS also functions as a transcription activator (8-10).

A number of gene products are regulated by PRMTS5
at the protein level, while their mRNA levels remain un-
changed, suggesting a role for PRMTS in posttranslational
regulation. These include MEP50, CCND1, MYC, HIFla,
MITF and CDKNI1B (11-13). The mechanism of the post-
transcriptional regulation by PRMTS is not fully under-
stood, although it has a very important role in splicing
(14-16). There are many additional cellular processes, apart
from splicing, that regulate the fate of mRNAs and pro-
teins after transcription, including mRNA export, transla-
tion, and targeted mRNA and protein degradation. Inter-
estingly, four of the six reported genes regulated by PRMTS
posttranscriptionally (CCND1, MYC, HIF1la, CDKNI1B)
contain an internal ribosome entry site (IRES) within the 5
untranslated region (UTR) of their mRNA (17-20). IRE-
Ses are secondary structures usually formed within the 5
UTR of mRNASs, which recruit the 40S ribosome to mRNA
and initiate translation independent of the m’GpppG cap
(21,22). Cap-independent translation requires a reduced
subset of initiation factors (as compared to cap-dependent
translation) and accounts for ~5% of initiation events.

It has long been known that the heterogeneous nuclear
ribonucleoproteins (hnRNPs) undergo extensive posttrans-
lational modification by PRMTs (23,24). The hnRNPs ex-
ecute a multitude of functions related to RNA metabolism
including splicing, export, localization, stability and trans-
lation (25), which could be regulated by these posttransla-
tional modifications. hnRNP Al is a well-studied member
of the heterogeneous nuclear ribonucleoprotein family (hn-
RNP family) (26), and it has been implicated in aspects of
translation control. Indeed, hnRNP Al is reported to regu-
late the IRES-dependent translation of CCNDI1 and MYC
genes (27) as well as additional IRES-containing genes (28—
30). Post-translational modifications such as phosphory-
lation and methylation on hnRNP A1 have been studied.
While phosphorylation of hnRNP Al at Ser199 has been
demonstrated to inhibit IRES-dependent translation (27),
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the phosphorylation at Ser4/6 sites is required for the shut-
tling of hnRNPA1 between nucleus and cytoplasm and
thus regulates the downstream IRES-dependent translation
(31). In addition, PRMTTI is known to be responsible for
ADMA deposition on a number of distinct sites in the
Glycine/Arginine-Rich (GAR) motif of hnRNP Al in both
mammals (32) and yeast (33). In yeast, this methylation of
hnRNP Al facilitates its nuclear export (33). However, the
role of arginine methylation of hnRNP A1l in mammals is
not clear.

In this study, we show that PRMTS is responsible for reg-
ulating the IRES-dependent translation of CCND1, MYC,
HIFla and ESRI1 genes. hnRNP Al is methylated by
PRMTS5 on two arginine sites in its GAR motif, and this
SDMA deposition is required for its ability to promote
IRES-dependent translation by regulating RNA binding.

MATERIALS AND METHODS
Cell culture and plasmids

HelLa, 293T and MCF-7 cells were originally bought
from ATCC. PRMT51%/ox MEFs were immortalized with
PRMT50%/ox moyse embryo fibroblasts from Dr Ernesto
Guccione (16). hnRNP Al knockout HelLa cells were a
generous gift from Dr Benjamin Chen (34). All cell lines
were cultured in high glucose Dulbecco’s Modified Eagle
Medium, supplemented with 10% FBS, 1% NEAA and
1% penicillin/streptomycin solution, at 37°C with 5% COa,.
IRES reporter constructs pRF, pRmycF, pRhifF were a
generous gift from Dr Gregory Goodall (19); and pRc-
cnd1F and pResr1F were generated by inserting the cDNAs
of 5 UTR of human CCNDI1 or nucleotide 293-814 on
ESR1 mRNA (GI number: 182192) into pRF vector. The
primers used for the plasmid constructions were:
CCNDI-IRES-F, GCTGAATTCCACACGGACTACA

GGGGAGTTTT;
CCNDI-IRES-R, CGGCCATGGGGCTGGGGCTC
TTCCTGGGC:;
ESRI-IRES-F, GCTGAATTCACCATGACCCTCC
ACACCAAAGC;

ESR1-IRES-R, CGGCCATGGTGGTACTGGCCAA
TCTTTCTCTG.

Myc.PRMTS5 plasmid were a generous gift from Dr.
Stephane Richard. GFP-tagged hnRNP Al and GST-
tagged hnRNP Al plasmids were generated by inserting
the coding region of human hnRNP Al into peGFP-C1
or pGEX-6p-1 vectors. Primers used for the constructions
were:

GFP-AlI-F, CGCAGATCTATGTCTAAGTCAGAG
TCTCCTAA;
GFP-Al-R, CGCGAATTCTTAAAATCTTCTGCC
ACTGCCAT;
GST-A1-F, CGCGAATTCTCTAAGTCAGAGTCT
CCTAAAG;
GST-AI-R, CGCCTCGAGTTAAAATCTTCTGCC
ACTGCCA.

Plasmids for hnRNP A1l mutations were generated with
a site-directed mutagenesis kit.

Western blotting and Antibodies

Western blotting was performed with standard protocol.
Briefly, cells were washed with ice-cold PBS buffer and
lysed with RIPA buffer (50 mM Tris—-HCI, pH 7.5, 150 mM
NaCl, 1% NP-40, 0.1% SDS, 1% sodium deoxycholate, 5
mM EDTA), supplemented with protease inhibitor cock-
tail (Roche). After loading to PAGE-gel for electrophoresis,
proteins were transferred to PVDF membrane and sequen-
tially incubated in 5% milk in PBST (PBS + 0.05% Tween
20), primary antibody diluted in PBST, and secondary an-
tibody diluted in PBST. Then the membrane was incubated
with ECL reagents and developed with X-ray films. The
antibodies used in this study included anti-PRMTS5 (ac-
tive Motif), anti-MEP50 (Active Motif), anti-Cyclin D1
(Abcam), anti-c-Myc (Abcam), anti-HIF-1a (Santa Cruz),
anti-ERa (Santa Cruz), anti-HSP70 (Santa Cruz), anti-
pan-SDMA (collaboration with Cell Signaling Technolo-
gies), anti-B-actin (Sigma), anti-hnRNP A1 (Santa Cruz),
anti-pan-ADMA (collaboration with Cell Signaling Tech-
nologies) and anti-GFP (Santa Cruz for WB, and Life Tech-
nologies for IP).

RT-qPCR

Total RNA was extracted from MEFs or MCF-7 cells using
the TRIzol reagent (Invitrogen), according to the manufac-
turer’s instructions. Total mRNAs were reverse transcribed
with a SuperScript III Reverse Transcriptase kit (Invitro-
gen). cDNAs were amplified with the primers listed in sup-
plementary materials.

Luciferase assay

Luciferase reporter transfected cells were collected and the
luciferase activities (firefly luciferase and renilla luciferase)
were measured using the Dual Luciferease kit (Promega) ac-
cording to the manufacturer’s instructions.

In vitro Methylation by PRMTS

293T cells were transfected with Myc.PRMTS5 plasmids for
24 h. Cells were then washed with ice-cold PBS and lysed
with mild buffer (50 mM Tris—HCI pH7.5, 150 mM NacCl,
0.5% NP-40, 1% sodium deoxycholate, 5 mM EDTA) sup-
plemented with protease inhibitor cocktail. Two microgram
of anti-Myc tag antibodies (Sigma) were added to 500 w1 cell
lysate and rotated at 4°C overnight. Twenty five microliters
protein A/G beads were added and incubated for 1 h. Then
the beads were pelleted and washed three times with mild
buffer. Myc.PRMTS5 bound beads were split into 610 vials.
Three microgram of recombinant proteins, as well as 1 pl
3SH-AdoMet, were added to each vial and incubated at 37°C
for 1.5 h. The mix of reaction was then boiled at 95°C with
SDS loading buffer. Supernatant was subjected to PAGE
electrophoresis and the proteins were transferred to PVDF
membrane. Then the PVDF membrane was sprayed with
autoradiography enhancer and the radioactivity was de-
tected with X-ray films.

RNA pull-down assay
PRMTS5fov/flox MEFs were treated with or without 2 uM
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Figure 1. The protein and mRNA levels of IRES-containing genes in PRMTS5 deficient MEFs and MCF-7 cells. (A and B) PRMT5/x//lox MEFs were
treated with or without 2 pM tamoxifen for 10 days for PRMTS5 depletion, and cultured in regular DMEM for another 3 days to minimize the effect of
tamoxifen (TAM) on transcription. Cells were then harvested and lysed for western blotting for the indicated proteins (A) or subjected to RNA purification
and RT-qPCR for the relative levels of indicated genes (B). (C and D) MCF-7 cells were transducted with lentiviruses encoding control siRNA or PRMTS5
shRNA, and selected with puromycin to generate stable cell lines (Ctrl and P5-KD lines). MCF-7 cells stably expressing control shRNA or PRMT5 shRNA
were then harvested and lysed for Western blotting for the indicated proteins (C) or subjected to RNA purification and RT-qPCR for the relative levels

ofindicated genes (D).

4-hydroxytamoxifen for 8 days. Cell lysates were prepared
in hypotonic lysis buffer containing 10 mM HEPES pH7.5,
10 mM potassium acetate, 1.5 mM magnesium acetate, 2.5
mM DTT, 0.05% NP-40, 10 mM NaF and 1 mM sodium
orthovanadate, supplemented with protease inhibitor cock-
tail, and homogenized by sonication. Lysates were pre-
cleared by adding 25 pl Dynabeads MyOne Streptavidin
T1 (Life Technologies) and 15 pg/ml yeast tRNA. Biotiny-
lated RNAs were prepared by in vitro transcription with
T7 RNA polymerase, and followed by biotin labeling us-
ing RNA 3’-end Biotinylation kit (Thermo Scientific). 2—
3 pg of biotinylated RNAs as well as 2 mM ribonucleo-
side vanadyl complex (VRC) were added to the cleared cell
lysates and incubated at 4°C for 2 h. Twenty five microliters
of Dynabeads MyOne Streptavidin T1 were added to the
cell lysates and incubated at 4°C for 1 h. The beads were
pelleted and washed 3 times in mild buffer, supplemented
with protease inhibitor cocktail and 2 mM VRC. The pro-
tein and RNA complex was then boiled with SDS loading
buffer and subjected to Western blotting.

RNA immunoprecipitation

PRMTS5ox/ox MEFs were treated with or without 2 wM 4-
hydroxytamoxifen for 8 days. The cells were then lysed with
RIP buffer (50 mM Tris—HCI pH7.5, 150 mM NacCl, 1%
NP-40, 0.5% sodium deoxycholate) supplemented with pro-
tease inhibitor cocktail and 2 mM VRC, and homogenized
by sonication. Cell lysates were cleared by centrifugation
and the supernatant was pre-cleared by adding 25 .l Dyn-
abeads protein A (Life Technologies), as well as 20 pg/ml
yeast tRNA for 1 h. Cleared supernatant was incubated
with 2 wg normal mouse IgG or anti-hnRNP Al antibodies
at 4°C overnight. Twenty five microliters of Dynabeads pro-
tein A was added to immunoprecipitate the RNA /protein
complex. The beads were washed three times with washing
buffer I (50 mM Tris-HCI pH7.5, 1 M NaCl, 1% NP-40, 1%
sodium deoxycholate, 2 mM VRC), followed by three more
washes in washing buffer II (50 mM Tris-HCI pH7.5, 1 M
NaCl, 1% NP-40, 1% sodium deoxycholate, 2 mM VRC,
1 M Urea). The immunoprecipitated complex was eluted
from beads by adding 100 pl of elution buffer (100 mM
Tris—HCI pH 8.0, 10 mM EDTA, 1% SDS). Protease K was
added into the RNA sample and incubated at 42°C for 1
h followed by 65°C for 1 h. RNA was then extracted with
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RNeasy mini kit (Qiagen) and applied to RT-qPCR analy-
sis.

Statistics analyses

GraphPad Prism6 software was used for analysis of P-
values based on at least two independent experiments in
three independent PCR reactions or luciferase activity as-
says. The two-tailed unpaired ¢ test was used to compare the
differences between two groups. P values <0.05 were con-
sidered statistically significant, *P < 0.05, **P < 0.01 and
P < 0.001.

RESULTS

PRMTS regulates IRES-containing genes at the posttran-
scriptional level

It has been reported that the protein levels, but not the
mRNA level, of Mep50, Ccndl, Myc, Hifla, Mitf and
Cdknl B genes are regulated by PRMTS (11-13), suggest-
ing that PRMTS has a general role on posttranscriptional
regulation. To confirm these reported findings, we took ad-
vantage of an inducible PRMTS knockout mouse fibroblast
cell line, which was generated from the mouse embryos har-
boring PRMT51¥/ox a]jele and ER-Cre (16). Upon treat-
ment with 4-hydroxytamoxifen (TAM), the Cre recombi-
nase translocates into the nucleus, and abolishes the expres-
sion of PRMTS gene by excising an exon. To avoid po-
tential effect of TAM on gene expression, PRMT5flox/flox
MEFs were treated for 10 days to disrupt the PRMTS lo-
cus, and then cultured in regular DMEM for another 3 days.
The efficiency of PRMTS knockout and the subsequent
loss of substrate methylation (¢SDMA) were confirmed by
Western blot analysis (Figure 1A). The protein levels and
mRNA levels of Mep50 (Wdr77), Cyclin D1 (Cendl), c-Myc
(Myc), Hif-1a (Hif1a), as well as Era (Esrl) were detected
by western blot analysis and RT-qPCR, respectively (Fig-
ure 1A and B). As expected, the protein levels of Mep50,
Cyclin D1, c-Myc and Hif-1a are downregulated by loss of
PRMTS, whereas the mRNA levels remain unchanged or
even upregulated (Ccendl). Interestingly, Era, which con-
tains an IRES in the 5 UTR of its mRNA (35), is also
downregulated by loss of PRMTS at the protein level but
not at the mRNA level. To determine whether the regulation
of the above genes is prevalent and not an idiosyncrasy of
MEFs, we performed similar experiments in human MCF-
7 cells. MCF-7 cell lines stably expressing control sShRNA
or PRMTS shRNA are generated by lentivirus transduc-
tion, and the protein levels or mRNA levels of the above
genes were detected (Figure 1C and D). Consistently, with
the loss of PRMTS, the protein levels but not the mRNA
levels of MEP50, CYCLIN D1, c-MYC, HIF-1a and ER«
were downregulated. Noticeably, HSP70, which is another
IRES-containing gene (36), is not regulated by PRMTS. To-
gether, these results confirmed that PRMTS could regulate
Mep50, Cyclin D1, ¢c-Myc, Hif-1a and Era at the posttran-
scriptional level, and that this regulation is observed in both
mouse and human cell lines.

Methyltransferase activity is required for PRMTS to regulate
the IRES-containing genes

Wild type PRMTS and its enzyme-dead mutant have been
reported to rescue MEP50 protein levels to similar degrees
in PRMTS5 knockdown cells, suggesting that methyltrans-
ferase activity is not required for the posttranslational reg-
ulation of MEP50 (37). To determine whether the methyl-
transferase activity is required for the observed regula-
tion, we utilized a recently developed PRMT5-specific small
compound inhibitor, EPZ015666 (38), and assayed the pro-
tein level as well as the mRNA level of the same set of genes
tested above. The PRMTS inhibitor did not significantly af-
fect the expression of PRMTS, but dramatically inhibited
the methylation of its substrates in both MEFs and MCF-
7 cells (Figure 2A-D). The inhibition of PRMTS activity,
similarly regulated Cyclin D1, c-Myc, Hif-1a and Era at
the protein level, but not at the mRNA level. Importantly,
the level of Mep50 is not altered by PRMTS inhibitor-
treatment, suggesting that the mechanism that PRMTS5 reg-
ulates the protein level of Mep50 is different from that of the
other genes. It should be noted that in MCF-7 cells (Figure
2C and D), while the mRNA level of CCNDI was consis-
tently upregulated (almost doubled) by PRMTS inhibition,
its protein level remained equal, suggesting that there is
some degree of PRMTS enzyme-dependent posttranscrip-
tional regulation of CCNDI. Thus, the methyltransferase
activity of PRMTS is required for its posttranscriptional
regulation of Cyclin D1, c-Myc, Hif-1a and Era, but not
Mep50.

PRMTS5 regulates the IRES-dependent translation

After a specific mRNA is transcribed, many cellular pro-
cesses determine its fate and the level of its correspond-
ing protein. Among the five genes identified as posttran-
scriptionally regulated by PRMTS5 (Figure 1), four of them
(the exception is Mep50) have been reported to harbor an
IRES structure in their mRNA (17-19,35), which is likely
not a coincidence. Moreover, the methyltransferase activity
of PRMTS5 is required for its regulation of all the four IRES-
containing genes, but not for M EP50. We thus hypothesized
that CYCLIN DI, c-MYC, HIF-1a and ERa are regulated
by PRMTS at the level of cap-independent IRES-dependent
translation, and MEP50 protein levels are regulated by a
distinct, and as yet unknown, mechanism. To test this hy-
pothesis, we took advantage of a series of IRES-dependent
bicistronic reporter constructs (Figure 3A) and the ratio
of firefly over renilla luciferase activity represents the level
of IRES-dependent translation. Control or PRMTS KD
MCEF-7 cells were transfected with the constructs harbor-
ing CCND1, MYC, HIFla and ESR1 IRESes, and the
IRES-dependent translation level of each gene was tested
(Figure 3B). Loss of PRMTS5 repressed the activity of all
four IRESes. To further determine whether this regulation
requires PRMTS5 methyltransferase activity, MCF-7 cells
were first treated with EPZ015666 and then transfected with
the IRES-dependent reporters (Figure 3C). Inhibition of
PRMTS activity significantly reduced the translation level
of all the tested IRESes. With these results, we conclude
that PRMTS can regulate the IRES-dependent translation
of CCND1, MYC, HIF1a and ESR1.
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Figure 2. Effect of PRMTS5 inhibitor on the protein and mRNA levels of IRES-containing genes in MEFs and MCF-7 cells. (A and B) PRMT 5/fox/flox
MEFs were treated with DMSO or 5 wM PRMTS inhibitor (EPZ015666, EPZ for short) for 6 days, and harvested for Western blotting for the indicated
proteins (C) or RT-qPCR for the mRNA levels of the indicated genes (D). (C and D) MCF-7 cells were treated with DMSO or PRMTS5 inhibitor for 6
days, and harvested for Western blotting (C) or RT-qPCR for the indicated genes (D).

hnRNP Al is a substrate of PRMT5

The hnRNP Al protein is known to regulate the IRES-
dependent translation of a number of genes, including
CCNDI1 and MYC (27-30). Moreover, publicly available
curated mass spectrometry data (phosphosite.org) reveals a
hotspot for arginine methylation within a GAR motif found
roughly in the middle of the protein (Figure 4A), which
is further supported by a focused study on the hnRNP
A /B paralog family (39). Five arginine residues are heavily
dimethylated in this patch, and PRMT1 is known to methy-
late full-length recombinant hnRNP A1 (32). PRMTI1 and
PRMTS share the ability to methylate GAR motifs (40,41),
making hnRNP Al a potential substrate for PRMTS as
well. elF4H is another protein reported to regulate CCND1
and MYC IRESes (42). Using an in vitro methylation ap-
proach, we found that PRMTS could methylate hnRNP A1
but not elF4H (Figure 4B). To identify the site(s) of hnRNP
A1 methylation by PRMTS5, we mutated the five mass spec-
identified arginine sites to lysine (Figure 4A), and again
performed an in vitro methylation assay. This experiment
identified R218 and R225 as significant sites of methylation
(Figure 4C), and the double-sites mutation totally abolished
the methylation by PRMTS (Figure 4D).

The regulation of IRES-dependent translation by PRMTS is
dependent on hnRNP Al

To study the role of SDMA modified hnRNP Al in the
IRES-dependent translation control, we first confirmed the
role of hnRNP Al in the IRES-dependent translation,
by knocking-down hnRNP Al and transfecting the four
different IRES-dependent reporters into 293T cells (Fig-
ure SA). Reduced levels of hnRNP Al significantly sup-
pressed the activities of CCNDI and MYC IRESes, as pre-
viously reported (27-30). Moreover, loss of hnRNP Al
also significantly suppressed the activities of HIFla and
ESR1 IRESes. To determine whether SDMA modification
of hnRNP Al is required for its regulatory function, GFP-
tagged hnRNP A1 wild type or single-site mutants, as well
as the double-site mutant (R218/225K) were transfected
into 293T cells, 24 h post hnRNP A1 siRNA transfection.
CCNDI1 IRES reporter was also transfected to monitor the
IRES-dependent translation (Figure 5B and C). While the
rescue with hnRNP A1l mutations at R218 or R225 dis-
placed no defect in IRES activity, as compared with wild
type hnRNP Al, the mutant of both R218/R225 failed to
rescue the IRES-dependent translation, suggesting that at
least one methylation arginine site (either R218 or R225) is
required to support IRES-dependent translation.
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Figure 3. Effect of PRMTS on IRES-dependent translation. (A)
Schematic representation of bicistronic reporter constructs with different
IRESes. (B) MCF-7 Ctrl and MCF-7 P5-KD cells were transfected with
indicated IRES-dependent reporters, respectively. The firefly and renilla
luciferase activities were measured and the ratios of firefly luciferase ac-
tivity over renilla luciferase activity were calculated. (C) MCF-7 cells were
treated with DMSO or 5 wuM EPZ015666 for 5 days and then transfected
with indicated IRES-dependent reporters for 24 hours. Cells were then
lysed to determine the firefly and renilla luciferase activities. The ratios of
firefly luciferase activity over renilla luciferase activity were calculated.

PRMTS5 methylates a large number of substrates, and
many of them possess the capacity for RNA binding (43—
45). It is thus likely that loss of PRMTS activity will have
pleiotropic effects on RNA metabolism. To attempt to un-
derstand the significance of hnRNP A1, versus other IRES
transacting factor (ITAF) in PRMTS5 regulated IRES-
dependent translation, we investigated the effects of the
PRMTS inhibitor on IRES-dependent translation in the
absence of hnRNP Al. hnRNP Al wild type and knock-
out HelLa cells (generated by CRISPR-mediated deletion
(34)), were treated with DMSO or EPZ015666, and the
CCNDI1 IRES reporter was used to monitor the IRES-
dependent translation (Figure 5D and E). While in wild type
HelLa cells, inhibition of PRMTS activity resulted in down-

regulated IRES-dependent translation; in the hnRNP Al
knockout cells, inhibition of PRMTS activity has no effect
on IRES-dependent translation. These findings suggest that
hnRNP Al is the single most important ITAF substrate for
PRMTS, and its methylation is a critical regulatory node
for IRES-dependent translation.

Symmetric dimethylation of hnRINP A1 enhances its binding
to target IRESes

The subcellular localization of ITAFs is believed to play a
critical role in their regulation of IRES-dependent transla-
tion (46). Hyperphosphorylation induced by osmotic stress
leads to the cytoplasmic accumulation of hnRNP Al,
through the p38 stress-signaling pathway (47,48). hnRNP
A1l phosphorylation, induced by IL-6 through the same
pathway, altered its localization and enhanced the IRES-
dependent translation of c-Myc (49). Also, the nucleocy-
toplasmic shuttling of RNA binding proteins is known to
be regulated by arginine methylation (33,50). To investigate
the possibility that PRMTS5 loss results in aberrant shuttling
of hnRNP Al, we performed immunofluorescent staining
and cell fractionation studies for hnRNP Al in the pres-
ence and absence of PRMTS. Clearly, hnRNP A1 subcellu-
lar localization is not affected by the loss of PRMTS5 (Sup-
plementary Figure S1). We thus investigated other mecha-
nisms by which PRMTS5 methylation of hnRNP A1 might
impact IRES-dependent translation.

hnRNP Al has two RNA recognition motifs (RRM),
which are also referred to as RNA binding domains (RBD-
1 and RBD-2, Figure 4A). In addition, hnRNP A1 harbors
a GAR motif, which is heavily arginine methylated, adja-
cent to RBD-2. GAR motifs also possess the capacity to
interact with RNA (41). We thus asked whether the argi-
nine sites methylated by PRMTS, i.e. Arg218 and Arg225,
had any effect on IRES binding. To this end, biotinyla-
tion RNA representing the IRESes of CCND1 and MYC
were synthesized and used to pull-down hnRNP Al from
PRMTS wild type or knockout MEFs. The loss of PRMTS
resulted in a significant reduction of hnRNP Al binding
to both the CCND1 and MYC IRES, indicating that sym-
metric dimethylation on hnRNP Al enhances its ability to
target IRES RNA structures (Figure 6A and B). As a con-
trol, hnRNP Al bound to antisense IRESes weakly, and
the methylation on hnRNP Al did not affect the binding
of CCNDI1 and MYC antisense IRESes (Figure 6A and
B). To further confirm the effect of methylation on RNA
binding, an RNA immunoprecipitation (RIP) experiment
was performed; hnRNP A1/RNAs complex was immuno-
precipitated from PRMTS wild type or knockout MEFs.
The levels of CCND1 and MYC mRNAs are detected by
RT-qPCR (Figure 6C). Independently, this confirms that
with the loss of symmetric dimethylation, the ability of hn-
RNP Al to engage its target mRNAs is much reduced.
Moreover, we transfected GFP-tagged wild type hnRNP A1
and its double-site mutant into hnRNP A1 knockout HeLa
cells, and again using a RIP approach detected the levels of
CCND1 and MYC mRNAs bound to wild type and double-
site mutated hnRNP Al (Figure 6D). Mutated hnRNP Al
showed much less affinity to both CCND1 and MYC mR-
NAs, comparing with the wild type.
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control.

DISCUSSION
How does PRMTS regulate MEP50 protein level?

MEPS50 is a critical co-factor in the PRMTS methylosome
(51-53). A number of studies in frogs, mice and man have
identified a requirement of PRMTS5 for MEP50 protein ex-
pression (9,11,37), and visa versa (53,54). We initiated this
study to try and determine the mechanism of this recip-
rocal regulation between MEP50 and PRMTS. We con-
firmed that PRMTS could regulate the protein level, but
not mRNA level of its co-factor (Figure 1). However, sur-
prisingly, the methyltransferase activity of PRMTS is not
required for this regulation (Figure 2). PRMTS is well stud-
ied as a transcriptional co-regulator, both negatively (3,5-
7) and positively (9,10,55), and as a regulator of alterna-
tive splicing (14-16,56,57). However, the methyltransferase
activity of PRMTS is required for all these types of regula-
tion. It is possible that complex formation between PRMTS
and MEPS50 is required for the stability of both proteins.
However, inhibition of the proteasomal degradation path-
way with MG132 or the lysosomal degradation pathway
(Supplementary Figure S2A and B) had no effect on sta-
bilizing MEP50 protein levels. Moreover, loss of PRMTS5
does not cause a general stress response, which could lead
to partial translational shutdown through the phosphory-
lation of eI F2a on Ser51 (58) (Supplementary Figure S2C).
The mechanism by which PRMTS regulates MEP50 protein
level remains unresolved.

PRMTS regulates IRES-dependent translation

Besides MEP50, we have identified/validated a number of
other proteins that are reduced upon PRMTS loss or small
molecule inactivation (Figures 1 and 2), and the mRNA for
all four of these proteins encode for the presence of IRES
structures. Further analysis revealed that PRMTS regulated
IRES-mediated translation of these four genes (Figure 3).
This regulation is mediated in large part, through the methy-
lation of hnRNP Al (Figures 4 and 5). Different IRES
structures recruit different cohorts of IRES transacting fac-
tors (ITAF) (59,60). hnRNP Al is a ITAF, although it is
unclear if it regulates translation from all IRESes, or just a
subset. Indeed, it is predicted that over one hundred cellu-
lar genes contain IRES elements (21). It is thus possible that
PRMTS could regulate the IRES-dependent translation of
a large portion of them, through the methylation of hnRNP
Al.

ADMA versus SDMA on hnRNP Al

Arginine methylation of hnRNP Al was first identified
more than two decades ago (24). Recombinant hnRNP
A1l was then reported to be a good methyl-acceptor for
PRMT]I, in an in vitro methylation reaction (32). More
recently, a focused mass spectrometric study on the hn-
RNP A/B paralog family identified specific sites of argi-
nine methylation, and it found that hnRNP Al was pri-
marily asymmetric dimethylation. However, peptides that
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Figure 5. hnRNP Al methylation is required for the translational regulation of IRES-dependent genes by PRMTS. (A) 293T cells were transfected with
control siRNA (siCtrl) or siRNA to hnRNP Al (siAl). After 24 h, indicated IRES-dependent reporters were transfected into each group of cells. The
luciferase activities were measured after 24 h and the ratios of firefly luciferase activity over renilla luciferase activity were calculated. A representative
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Al. 24 h later, CCNDI IRES reporter construct was co-transfected with GFP-tagged hnRNP A1l wild type or indicated mutants into siAl-transfected
cells. GFP plasmid was used to normalize the total transfected DNA. The luciferase activities were measured the following day, and the ratios of firefly
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and pan-SDMA substrates (E).

harbored the residues that we identified as methylated Arginine methylation and RNA binding
by PRMTS (R218 & R225) were dimethylated, but did
not carry ADMA diagnostic ions, indirectly suggesting
that these are sites of SDMA (39). Clearly, the GAR
motif of hnRNP Al is modified with both ADMA and
SDMA marks. To investigate a potential role for ADMA
in IRES-dependent translation, we treated MCF-7 cells
with a recently described type I PRMT inhibitor, MS023,
which blocks ADMA methylation but not SDMA methy-
lation (61). Importantly, neither the protein levels of IRES-
regulated transcripts nor the IRES-dependent reporters are
affected by this small molecule inhibitor (Supplementary
Figure S3), suggesting that the asymmetric dimethylation
of hnRNP Al is not required for IRES-dependent transla-
tion. Thus, the two different types of methylated hnRNP Al
likely execute distinct functions in RNA metabolism.

There is no general rule for how arginine methylation will
impact the way a protein interacts with RNA; there are ex-
amples of arginine methylation promoting, preventing and
having no effect on RNA binding. GAR motifs are enriched
in RNA-binding proteins and these motifs possess inherent
RNA-binding activity (41). GAR motifs have a particularly
high-affinity for RNA sequences that form G-quadruplexes
(G4) (62,63). The GAR motif of Aven strongly interacts
with G4 RNA structures, and its GAR motif is also a tar-
get for methylation by PRMT]1 (64). These observations
make Aven an obvious candidate for RNA-protein inter-
action regulation by arginine methylation. This hypothesis
was tested by the Richard group, and unexpectedly, argi-
nine methylation had no impact on the ability of the Aven
GAR motif to interact with G4 RNA (64). The splicing fac-
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Figure 6. Methylation of hnRNP A1l by PRMTS facilitates recognition of
IRES-containing RNAs. PRMT5/¥//lox MEFs were treated with 2 wM
tamoxifen (TAM) for 8 days. (A) The cell lysates from the treated and
untreated cells were incubated overnight with biotin-labeled CCND1 or
MYC IRES RNA or their control antisense RNAs. RNA complexes were
pulled down by streptavidin-conjugated beads and subjected to Western
blotting with anti-hnRNP A1 or anti-PRMTS5 antibodies. (B) The relative
IRES-bound hnRNP Al signal intensity from Figure 6A was calculated
by densitometry. Signal intensity of hnRNP Al from lane 1 was set as 1.
(C) Cell lysates from tamoxifen treated or untreated cells were incubated
with normal mouse IgG or anti-hnRNP Al antibody in the presence of
RNase inhibitors overnight, and immunoprecipitated with protein A/G
conjugated beads. Bound RNAs were then eluted, purified and subjected
to RT-qPCR for CCND1 and MYC mRNAs. (D) Wild type or double-site
mutant of GFP-hnRNP Al constructs were transfected into hnRNP Al
knockout HeLa cells. The levels of CCNDI and MYC mRNAs bound to
wild type or mutated hnRNP Al were detected by RT-qPCR, following
RNA immunoprecipitation with anti-GFP antibody.

tor, SFPQ, is modified by PRMTI1 at a number of sites.
UV crosslinking studies, in the presence of global PRMT
inhibitors (AdOx and AMI-1), reveal reduced SFPQ bind-
ing to mRNA when arginine methylation is blocked (65). In
this case, arginine methylation is required for optimal RNA
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binding. A subset of mRNAs harbor inverted repeated 4/lu
elements (IR A/us) in their 3’ untranslated regions. p54"™
interacts with these IRA/us and sequesters these mature
mRNA in the nucleus, thereby preventing translation. The
methylation of p54™™® by CARM1 reduces its ability to bind
these RNA elements and promotes translation (66). Here
we see a case in which arginine methylation blocks RNA
binding. In line with these results, it was found that knock-
down of PRMT1 or CARMI increased the RNA-binding
properties of hnRNP UL1 (67), although knockdown of
PRMTS and loss of SDMA impaired the RNA binding
function of the splicing factor, SRSF2 (67). In this study, we
showed that SDMA on hnRNP A1 promotes its binding to
the target IRESes (Figure 6 and Supplementary Figure S4).
Although the unmodified recombinant hnRNP Al is able
to bind target RNA in vitro, modifications such as SDMA
could provide a regulatory mechanism to fine tune its target
preference.
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