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SUMMARY

The mammalian target of rapamycin complex1 (mTORC1) is a central regulator of metabolism
and cell growth by sensing diverse environmental signals, including amino acids. The GATOR2
complex is a key component linking amino acid signals to mTORCL. Here, we identify protein
arginine methyltransferase 1 (PRMT1) as a critical regulator of GATOR2. In response to amino
acids, cyclin-dependent kinase 5 (CDK5) phosphorylates PRMT1 at S307 to promote PRMT1
translocation from nucleus to cytoplasm and lysosome, which in turn methylates WDR24, an
essential component of GATOR?2, to activate the mTORC1 pathway. Disruption of the CDK5-
PRMT1-WDR24 axis suppresses hepatocellular carcinoma (HCC) cell proliferation and xenograft
tumor growth. High PRMT1 protein expression is associated with elevated mTORC1 signaling
in patients with HCC. Thus, our study dissects a phosphorylation- and arginine methylation-
dependent regulatory mechanism of mTORC1 activation and tumor growth and provides a
molecular basis to target this pathway for cancer therapy.
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Yin et al. find that CDKS5 serves as an upstream kinase and WDR24 acts as a downstream target
of PRMT1 to promote mTORC1 pathway activation in response to amino acids. They further
show that disruption of CDK5, PRMT1, and WDR24 suppresses tumor growth, implicating their
therapeutic potential.

INTRODUCTION

The mammalian target of rapamycin complexl (mMTORC1) pathway is a key sensor

of a variety of environmental clues, such as growth factors, amino acids, and energy.

By integrating these inputs, the mMTORC1 pathway regulates many fundamental cellular
processes, including lipid synthesis, glucose metabolism, and autophagy, through which it
controls cell growth and metabolism.1=3 Deregulation of the mTORC1 pathway is associated
with numerous human pathologies, including cancers.*®

Building on the breakthrough finding that the Rag GTPases act as crucial mediators

of amino acid signals to mMTORC1,5.7 extensive studies have therefore focused on the
identification of key components involved in amino acid sensing and regulation of Rag
GTPases in the past 15 years. The Ragulator complex, comprising MP1, p14, p18,
HBXIP, and C7ORF59, functions as a guanine nucleotide exchange factor (GEF) to load
GTP on Rag A/B and subsequently recruit mTORC1 to the lysosomal surface.8: In
contrast, the GATOR1 complex, consisting of DEPDC5, NPRL2, and NPRL3, serves as
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a GTPase-activating protein (GAP) to hydrolyze GTP of RagA/B and suppress mTORC1
activation.1011 Moreover, the GATOR2 complex, containing MIOS, WDR24, WDR59,
SEHI1L, and SEC13, is an inhibitor of GATOR1 and directly interacts with amino acid
sensors.11-14 Furthermore, another complex termed KICSTOR, consisting of KPTN, ITFG2,
C120rf66, and SZT2, was identified to regulate GATOR1/2 function.1518 |n addition,
several amino acid sensors upstream of mMTORCL1 have been identified, including Sestrin2
(Leu sensor), SAMTOR (S-adenosylmethionine sensor), SLC38A9, and CASTORL1 (Arg
sensors).12.13.17.18 Degpite these advances on the mTORC1 network, it remains largely
unknown how these complexes, particularly the GATOR2 complex, are regulated and
contribute to aberrant mTORC1 signaling and cancers.

Protein arginine methylation is another widespread posttranslational modification (PTM),
which is as abundant as phosphorylation and ubiquitination.1920 |n mammals, nine
members of the protein arginine methyltransferase (PRMT) family can be classified into
three categories based on their catalytic activity. Type | PRMTSs, including PRMT1,
PRMT2, PRMT3, PRMT4/CARM1, and PRMTS6, catalyze asymmetric dimethylarginine
(aDMA).21.22 Type 11 enzymes, including PRMTS and PRMT9,generate symmetric

DMA (sDMA).2324 PRMT?7 is the only member of the type 111 enzyme that promotes
monomethylarginine (MMA).2526 PRMTs methylate histone and non-histone substrates to
control many cellular processes, including transcription,2” DNA damage response,28:29 and
signal transduction.30 Deregulation of PRMTSs is frequently observed in various human
cancers, and thus they are considered promising targets for cancer therapy.31-34

Here, we identify that CDKS5 acts an upstream kinase to phosphorylate PRMT1 at S307,
leading to cytoplasmic translocation and enhanced activity of PRMTL1 in response to amino
acids. We also characterize that WDR24 serves as a downstream substrate of PRMT1

to promote amino-acid-induced mTORC1 activation. Finally, we dissect the role of the
CDK5-PRMT1-WDR24 axis in cell proliferation and tumorigenesis, providing insights into
targeting this pathway for cancer treatment.

PRMT1 is required for mTORC1 activation in response to amino acids

To determine whether arginine methylation is involved in mTORC1 regulation, we
employed the CRISPR-Cas9 genome editing approach to deplete individual PRMT genes
in HEK293 cells and examined mTORCL1 signaling in response to amino acids. PRMT8
was excluded in our study because it displayed brain-specific expression.3® Depletion

of PRMT1, but not other PRMTS, blocked amino-acid-induced mTORC1 activation in
HEK?293 cells, as evidenced by phosphorylation of the well-characterized mTORC1
substrates, including S6 kinase 1 (S6K1),36 eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1),37:38 Unc-51-like autophagy activating kinase 1 (ULK1),3% and
ribosomal protein S6 (S6), which is a substrate of S6K1 (Figures 1A and S1A-S1G). This
finding was further confirmed in PRMT1-depleted HeLa cells and Huh7 cells (Figures

1B and S1H). Moreover, treating cells with PRMT1 inhibitors, furamidine (FD) and TC-
E 5003 (TC-E),*041 also attenuated mTORC1 activation by amino acids (Figure S11).
Furthermore, Leu, Arg, and Met, which are key amino acids upstream of mTORC1,42
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failed to induce mTORC1 pathway activation in PRMT1-depleted cells (Figures S1J-S1L).
Given that recruitment of mMTORCL1 to the lysosomal surface is required for amino-acid-
induced mTORC1 activation,®11 we performed immunofluorescence staining and found
that accumulation of mTOR to LAMP2-positive lysosomes was significantly decreased in
PRMTI-depleted cells even in the presence of amino acids (Figures 1C and 1D). In contrast,
ectopic expression of PRMT1 enhanced mTORC1 signaling in response to amino acid
stimulation (Figure 1E). Notably, PRMT1 is frequently overexpressed in various cancers,
such as hepatocellular carcinoma (HCC), breast cancer, and lung cancer.#344 We found that
in specimens of patients with HCC, high PRMT1 expression was positively correlated with
elevated mMTORC1 activation as assessed by the phosphorylation of S6 (Figures 1F and
1G). These results demonstrate that PRMT1 is required for amino-acid-induced mTORC1
activation, and pathologically, the expression of PRMT1 is associated with the deregulation
of mTORC1 signaling in HCC.

Amino acids promote PRMT1 activity and translocation to cytoplasm and lysosome

PRMT1 is the main type | enzyme responsible for the formation of approximately 85% of
aDMA in histones and no-histone substrates.*® It was first identified as a partner of BTG1
and T1S21, which negatively regulate its enzymatic activity.*6 hCAF1 has also been reported
to interact with PRMT1 and regulate PRMT1 activity in a substrate-dependent manner.4’

In addition, phosphorylation and ubiquitination are involved in modulating PRMT1 activity,
substrate specificity, and protein stability.#8-50 Interestingly, PRMT1 can shuttle between
nucleus and cytoplasm, which also plays a role in controlling PRMT1 activity and substrate
specificity.#3°1 However, the upstream signals and regulators of PRMT1 nucleocytoplasmic
shuttling remain unknown.

To investigate whether amino acids affect PRMT1 activity, we assessed total aDMA levels
in cells starved for or stimulated with amino acids using a pan anti-aDMA antibody,>2
Notably, aDMA signals gradually decreased during the extension of amino acid starvation
(Figure 2A), whereas aDMA formation elevated upon amino acid stimulation (Figures

2B and S2A). To determine whether amino acids also regulate SDMA formation, we
examined aDMA and sDMA on histone H4R3 (termed H4R3me2a and H4R3me2s), which
are catalyzed by PRMT1 and PRMTS5, respectively.53:54 Interestingly, amino acids only
enhanced H4R3me2a, but not H4R3me2s, in multiple cell lines (Figures 2C, S2B, and
S2C). It is possible that deprivation of all amino acids disrupts the Met cycle, leading to a
reduction of the methyl donor S-adenosylmethionine (SAM) levels and subsequent PRMT1
inactivation.>® To test this possibility, we starved, or starved and then restimulated, cells
with Leu, which is not involved in the Met cycle and unlikely to affect SAM levels. Met
was used as a control. Strikingly, resupplementation of Leu or Met promoted total aDMA
levels at a comparable level (Figures S2D and S2E), indicating that amino acids likely
regulate PRMT1 activity in a SAM-independent mechanism in our experimental conditions.
To further support this idea, /n vitro arginine methylation assays showed that PRMT1
immunopurified from cells that were starved of amino acids failed to methylate H4R3, even
adding sufficient SAM in the reaction (Figure 2D).
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Next, we sought to explore whether amino acids regulate PRMT1 subcellular localization.
Strikingly, immunofluorescence staining analysis showed that PRMTL1 is predominantly
located in the nucleus in amino-acid-starved HEK293T cells, whereas it primarily localizes
in the cytoplasm upon amino acid stimulation (Figure 2E). We further confirmed this
finding using cell fractionation assays (Figures 2F and S2F). In line with previous report,*3
cytoplasmic PRTM1 displayed much higher enzymatic activity than nuclear PRMT1
toward methylating H4R3 /n vitro (Figure 2G). Interestingly, like mMTORC1, PRMT1 was
accumulated on immunopurified lysosomes in response to amino acids (Figure 2H).

Taken together, the above results demonstrate that amino acids promote PRMT1 activity and
translocation to cytoplasm and lysosome, where PRMT1 may activate mTORC1.

CDK5-dependent phosphorylation of PRMT1 at S307 promotes its cytoplasmic localization
and mTORCI1 signaling in response to amino acids

Since phosphorylation is a key mechanism through which environmental stimuli regulate
protein subcellular localization,>-5% we explored whether phosphorylation is involved in
the regulation of PRMT1 nucleocytoplasmic shuttling in response to amino acids. A search
for kinases using NetPhos 3.1 (http://www.cbs.dtu.dk/services/NetPhos/) identified seven
putative kinases that phosphorylate PRMT1 at Ser/Thr residues, including PKA, CDKS5,
and others. CDK5 was selected for further study because the CDKS5 phosphorylation sites
of PRMT1, S304 and S307, are proximal to its predicted nuclear export signal (aa 350-
355). Moreover, CDK5-mediated phosphorylation has been reported to regulate its substrate
localization.59:61 Notably, CDKS5 depletion blocked PRMT1 cytoplasmic translocation in
response to amino acids (Figure 3A). We also found that total aDMA levels and H4R3me2a
are markedly decreased in CDK5-depleted cells (Figures 3B and S3A), indicating that
CDKS5 plays a critical role in regulation of PRMT1 activity.

To elucidate the molecular mechanism by which CDKS5 regulates PRMT1, we found that
PRMT1 specifically interacts with CDK5 but not with CDK1 and CDK2 (Figure 3C), which
share 60% sequence identity and identical substrate specificity with CDK5.62 Moreover,
their interactions were enhanced by amino acids (Figure S3B). As a proline-directed kinase,
CDKSG5 phosphorylates Ser/Thr residues in the consensus sequence of (S/T)PX(K/H/R)

or S/TP.%3 This phosphorylation event can be putatively detected by two antibodies: the
phosphorylated (phospho)-CDK substrate motif antibody that recognizes phosphoserine in
the (K/H)SP or other SP motifs64-67 and the phospho-MAPK/CDK substrate antibody

that recognizes phosphoserine in the PXSP or SPX(R/K) motif.58-71 By using these two
antibodies, we found that CDKS5 wild type (WT), but not the kinase-defective D144N
mutant,’2 catalyzed PRMT1 phosphorylation (Figures 3D and S3C), which was enhanced
by amino acids (Figures S3D and S3E). In contrast, CDKS5 depletion abolished PRMT1
phosphorylation (Figures 3E and S3F). To determine whether the predicted evolutionally
conserved S304 and S307 residues are phosphorylation sites (Figure 3F), PRMT1 was
immunopurified from cells and subjected to mass spectrometric analysis. Phosphorylation of
S307, but not S304, was detected (Figure S3G). Moreover, /n vitro kinase assays showed
that mutation of S307 to an Ala (S307A) abolished PRMT1 phosphorylation detected by
both antibodies and radioactive isotope, phosphorus-32 (32P) (Figures 3G, S3H, and S3l).
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These results together demonstrate that CDKS is a kinase responsible for phosphorylation of
PRMT1 at S307.

Next, we sought to explore the role of CDK5-mediated S307 phosphorylation in regulating
PRMT1 localization and activity under physiological conditions. To this end, we introduced
the S307A mutation into the endogenous PRMTI gene (termed PRMT15307A) ysing the
CRISPR-Cas9 genome editing approach and validated by DNA sequencing (Figure S3J).
Unlike the cytoplasmic localization of PRMT1WT, phospho-deficient mutant PRMT1S307A
was predominantly located in the nucleus under normal cultured conditions or upon amino
acid stimulation (Figures 3H, S3K, and S3L). A possible mechanism is that S307A mutation
markedly decreased its interaction with exportin 1 (Figure S3M), which is the major nuclear
protein export receptor.”3 Compared with PRMT1WT, the PRMT15397A mutant displayed
much lower enzymatic activity as evidenced by a decrease of H4R3me2a signal /n vitro and
total aDMA levels in cells (Figures 31 and S3N). Furthermore, amino acids failed to promote
H4R3me2a in PRMT15307A cells (Figure S30). These results demonstrate that CDK5-
mediated phosphorylation of PRMT1 at S307 is critical for PRMT1 nucleocytoplasmic
shuttling and activation in response to amino acids. We also attempted to generate the
PRMT15307D knockin cells to mimic constitutive S307 phosphorylation under physiological
conditions. Unfortunately, we could not obtain such knockin cell lines. Thus, we ectopically
expressed the PRMT1-S307D mutant in HEK293T cells. /n7 vitro methylation assays showed
that compared with PRMT1-WT, PRMT1-S307D significantly increased H4R3me2a (Figure
S3P), supporting that phosphorylation of S307 enhances PRMT1 methyltransferase activity.

Given that PRMT1 promotes amino-acid-induced mTORC1 signaling (Figures 1A-1E),
we were interested to examine whether CDK5-mediated phosphorylation of PRMT1 plays
arole in mTORC1 pathway regulation. Notably, CDK5 depletion markedly attenuated
mTORC1 activation in response to amino acids (Figure S3Q). Moreover, amino-acid-
induced mTORC1 signaling was severely decreased in PRMT15307A cells compared with
PRMT1WT cells (Figure 3J). Importantly, ectopic expression of PRMT1-WT restored the
mTORCL signaling in PRMT1S307A cells (Figure S3R), which excludes the off-target
effects. To further confirm this finding, reexpression of PRMT1-WT, but not the PRMT1-
S307A mutant, led to robust activation of the mTORC1 pathway in endogenous PRMT1-
depleted cells in response to amino acids (Figure S3S).

Taken together, these results demonstrate that in the presence of amino acids, active
CDKS5 phosphorylates PRMT1 and retains it in the cytoplasm and lysosome to activate
the mTORC1 pathway, whereas in the absence of amino acids, the CDK5-PRMT1 axis
was abrogated, leading to PRMT1 nuclear translocation (Figure 3K). However, it warrants
further study to understand how CDKS5 s regulated by amino acids.

PRMT1 promotes mTORC1 activation upstream of Rag GTPases

Having demonstrated that amino acids act as an input to promote PRMT1 function and
subsequent mTORCL1 activation, we next performed epistasis analysis to position PRMT1
within the mTORC1 pathway (Figure 4A). Rag GTPases are obligate heterodimers, which
directly interact with and recruit mTORCL to the lysosomal surface for activation. Their
active form is composed of GTP-loaded RagA or RagB and GDP-loaded RagC or RagD.’
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Notably, stable expression of the GTP-loaded RagBR9°L completely restored mTORC1
signaling in PRMT1-depleted cells (Figure 4B). The negative regulator, GATOR1, localizes
to the lysosomal surface through interaction with the KICSTOR complex, then acts as

a GAP to stimulate GTP hydrolysis of RagA/B, leading to inactivation of RagA/B and
mTORC1.11:15.16 \We found that depletion of GATOR1 or KICSTOR rendered mTORC1
signaling insensitive to PRMT1 depletion (Figures 4C, 4D, S4A, and S4B). In contrast,
GATOR?2 functions upstream of GATORL to inhibit its GAP function, thus positively
regulating mTORCI1 signaling.1! We found that depletion of GATOR?2 suppressed PRMT1-
induced mTORC1 activation (Figures 4E, 4F, and S4C). These results suggest that PRMT1
acts upstream of Rag GTPases to positively control mMTORC1 pathway activation by either
inhibiting GATOR1 and KICSTOR or promoting GATOR2 in response to amino acids.

PRMT1 interacts with and methylates WDR24

To define the complex through which PRMT1 promotes amino-acid-induced mTORC1
signaling, we explored their interactions by transiently co-expressing PRMT1 with the
components of the GATOR1/2 and KICSTOR complexes. FLAG-tagged PRMT1 co-
immunoprecipitated with WDR24, and to a lesser extent, MIOS, DEPDCS5, and NPRL3,
but not KPTN (Figures S5A-S5C). Since GATOR1 and GATOR? form an octamer,1! we
further distinguished their interactions with PRMT1. Notably, DEPDCS5 failed to interact
with PRMT1 in WDR24-depleted cells (Figure S5D). In contrast, the binding between
WDR24 and PRMT1 was not affected upon DEPDCS5 depletion (Figure S5E). These results
demonstrate that PRMT1 interacts with WDR24, through which it indirectly associates
with the GATOR1 complex. In further support of this finding, endogenous PRMT1 co-
immunoprecipitated with WDR24, but not DEPDCS, in modified HEK293T cells that
express a FLAG epitope tag in the N terminus of the endogenous PRMT1 (Figure 5A).
Reciprocally, Myc-tagged WDR24 co-immunoprecipitated endogenous PRMT1 (Figure
S5F). Moreover, amino acid stimulation enhanced the binding between PRMT1 and WDR24
(Figure S5G).

We next determined whether WDR24 is a substrate of PRMTL. /n7 vitro methylation
experiments showed that only the fragment containing aa 298-383 of WDR24, but not other
fragments, was methylated by PRMT1 in an enzymatic activity-dependent manner (Figures
5B and 5C). Mutating the evolutionarily conserved R329 residue to a Lys (R329K) blocked
PRMT1-mediated methylation of WDR24 /n vitro (Figures 5D and S5H). To determine
R329 methylation in cells, we found that PRMT1 depletion or WDR24-R329K mutation
inhibited aDMA formation of WDR24 (Figures 5E and S51). Moreover, aDMA of WDR24
was significantly decreased in PRMT15307A cells compared with PRMT1WT cells (Figure
S5J). In keeping with the finding that amino acids enhance WDR24 interaction with PRMT1
(Figure S5G), aDMA of WDR24-WT, but not the WDR24-R329K mutant, was enhanced by
amino acids (Figure 5F).

Taken together, these results demonstrate that PRMT1 functions as an upstream
methyltransferase to catalyze the methylation of WDR24 at R329.
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Methylation of WDR24 at R329 by PRMT1 promotes mTORC1 activation by amino acids

To demonstrate the importance of WDR24-R329 methylation on mTORC1 signaling under
physiological condition, we again use the CRISPR-Cas9 genome editing approach to
introduce the R329K mutation into the endogenous WDR24 gene (termed WDR24R329K)
and validated by DNA sequencing (Figure S6A). In response to amino acids, the mTORC1
signaling was largely inhibited in WDR24R329K cells compared with WDR24WT cells
(Figure 6A). To exclude the possibility that this observation was caused by the off-target
effect of the CRISPR-Cas9 system, we performed rescue experiments and found that
reintroduction of WDR24-WT restored mTORC1 activation in WDR24R329K ce|ls (Figure
S6B). Consistently, amino-acid-induced mTORC1 translocation to the lysosomal surface
was impaired in cells expressing WDR24-R329K (Figures 6B—6D). In further support of
the critical role of R329 methylation in mMTORC1 activation, reconstitution of WDR24-WT,
but not the methylation-deficient mutant WDR24-R329K, promoted mTORC1 signaling

in WDR24-depleted Huh7 and HepG2 cells stimulated with amino acids (Figures S6C

and S6D). Importantly, ectopic expression of PRMT1 enhanced mTORC1 activation in
WDR24WT cells but not in WDR24R329K ce|ls (Figure 6E). These results demonstrate that
WDR24-R329 methylation is critical for mTORC1 pathway activation by amino acids.

We next intended to dissect the molecular mechanisms by which PRMT1 promotes
GATOR2-dependent mTORCL activation via WDR24-R329 methylation. Arginine
methylation can regulate protein function through multiple mechanisms, including protein-
protein interactions.”4"8 Since GATOR2 forms a complex with GATOR1, we examined
whether PRMT1-mediated methylation of WDR24 affects their interactions. Intriguingly,
neither overexpression nor depletion of PRMT1 affected GATOR2 complex integrity and
its interaction with GATOR1 (Figures S6E and S6F), as well as Sestrin2 (Figures S6G

and S6H) and CASTORL1 (Figures S61 and S6J). Consistently, both WDR24-WT and the
WDR24-R329K mutant displayed a similar capacity to interact with GATOR1/2, Sestrin2,
and CASTORL1 (Figures S6K-S6M). It has been reported that GATOR2 serves as an
inhibitor of GATORL to impair GATORL1 interaction with Rag GTPases, although its
exact function is unknown.1:79 We found that in response to amino acids, depletion of
PRMT1 prevented GATORL dissociation from RagA (Figure S6N), whereas overexpression
of PRMT1 decreased the interaction between GATOR1 and RagA (Figure S60).

These results suggest that PRMT1-mediated methylation of WDR24 at R329 promotes
mTORC1 activation in part through enhancing GATORZ2’s inhibitory role on GATOR1
and consequently weakening GATORL interaction with Rag GTPases. In further support
of this idea, manipulation of the GATOR2 downstream effectors, either overexpression

of RagBQ%%L or depletion of GATOR1, rendered mTORC1 insensitive to amino acids in
WDR24R329K ce|ls (Figures 6F and 6G).

The CDK5-PRMT1-WDR24 axis is critical for HCC cell proliferation and tumor growth

Altered amino acid metabolism is a characteristic of liver diseases, including HCC.80.81
Given amino acids serve as an upstream signal of CDK5, PRMT1, and WDR24, we
reasoned that this axis plays a role in HCC. Analysis of The Cancer Genome Atlas (TCGA)
RNA sequencing (RNA-seq) dataset of HCC, which contains 50 healthy liver tissues and
371 HCC samples, revealed that the mRNA levels of CDK5, PRMT1, and WDR24 are

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yin et al.

Page 9

significantly higher in HCC samples than healthy liver tissues (Figure S7A). Moreover,
patients with high expression of CDK5 or PRMT1 had shorter survival than patients with
low/medium expression (Figure S7B). There was no significant correlation between WDR24
expression and the survival of patients with HCC (Figure S7B), suggesting a possibility

that the actual activation of WDR24 controlled by its upstream regulators, such as PRMT1,
but not its expression levels, is critical for its role in HCC. In support of the clinical
significance of the CDK5-PRMT1-WDR24 pathway, we found that cell proliferation and
colony formation are significantly decreased in cells depleted of these genes compared with
control cells (Figures STC-S71).

We next investigate the biological significance of PRMT1-S307 phosphorylation and
WDR24-R329 methylation. Notably, cell proliferation and colony formation were
significantly decreased in PRMT1S307A cells compared with PRMT1WT cells (Figures
S7J-S7L). Similarly, compared with WDR24WT cells, WDR24R329K ce||s displayed a
dramatic reduction of cell proliferation, colony formation, and anchorage-independent
growth (Figures 7A-7C), which could be largely rescued by ectopic expression of WDR24-
WT (Figures STM-S70). We also subcutaneously injected WDR24WT and WDR24R329K
Huh7 cells into immunodeficient nude mice. Compared with WDR24-WT, WDR24-R329K
mutation significantly suppressed tumor growth (Figures 7D-7F). Moreover, compared with
tumors derived from the WDR24WT group, tumors derived from the WDR24R329K groyp
displayed lower mTORCL signaling and a reduction of cell proliferation as evidenced by
Ki67 immunohistochemical staining (Figures 7G and 7H). These data demonstrate that
PRMT1-mediated methylation of WDR24 at R329 promotes HCC tumor growth in part by
activating the mTORC1 pathway.

Several type I/PRMT1 inhibitors have been developed and have shown anti-proliferation/
tumor activity in preclinical studies, 33404182 jncluding GSK3368715, which has been
evaluated in clinical trial for solid tumors and diffuse large B cell lymphoma

(Clinical Trials.gov: NCT03666988). Treating Huh7 cells with GSK3368715 decreased cell
viability in a time- and dose-dependent manner, an effect similar to rapamycin (Figure

S7P). Notably, GSK3368715 treatment significantly suppressed cell proliferation and colony
formation of WDR24WT cells but not WDR24R329K cells (Figures 71-7K). These results
indicate that targeting PRMT1/WDR24 may be a potential strategy to suppress HCC.

In conclusion, our study revealed a detailed molecular mechanism underlying the

critical role of the CDK5-PRMT1-WDR24 axis in regulation of mTORC1 signaling and
tumorigenesis (Figure 7L). Specifically, in response to amino acid stimulation, active CDK5
phosphorylates PRMT1 at S307 to promote PRMT1 nucleocytoplasmic translocation and
activation. Subsequently, PRMT1 methylates WDR?24 at R329, an essential component of
the GATOR2 complex, to potentiate the GATOR2’s inhibitory role on GATOR1, leading to
activation of Rag GTPases and mTORC1. Consequently, the CDK5-PRMT1-WDR24 axis
promotes cell proliferation and tumor growth. We have also shown that PRMT1 inhibitors
block mTORC1 pathway activation, HCC cell proliferation, and colony formation, providing
a molecular basis for targeting PRMT1 to combat cancer.
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DISCUSSION

Our study identified amino acids as an upstream input regulating PRMT1 localization.
Specifically, PRMT1 localizes in the nucleus under amino-acid-deficient conditions,
whereas it translocates to cytoplasm upon amino acid stimulation, depending on CDK5-
mediated phosphorylation at S307. Of note, phosphorylation plays an important role

in regulating protein interaction with importins, exportins, and 14-3-3 proteins, through
which it controls protein localization.83:84 Our result demonstrates that phosphorylation

of PRMT1 at S307 is critical for its interaction with exportin 1, which may control

PRMT1 nuclear export. Interestingly, we also observed an enrichment of PRMTL1 in

the lysosomes in response to amino acids, and it subsequently methylates WDR?24 to
promote mTORCL1 signaling. Previous studies showed that in response to Wnt3a stimulation,
PRMT1 is sequestered together with GSK3 into lysosomes through microautophagy via

the ESCRT/Vps4 machinery and subsequently methylates many proteins to promote Wnt
signal transduction.85-87 A recent study found that in response to cisplatin treatment, active
DNA-dependent protein kinase (DNA-PK) phosphorylates and recruits PRMT1 to chromatin
to methylate H4R3 and other chromatin-associated proteins.88 These findings suggest that
various upstream signals dictate PRMT1 translocation to the right subcellular compartments
to control specific protein methylation programs and signaling pathways.

PRMT1 not only functions as a transcriptional co-activator in epigenetic regulation

of gene expression by depositing aDMA on histone H4R3 (H4R3me2a) but also
methylates numerous non-histone substrates to control numerous cellular processes,
including transcription, DNA repair, and signal transduction. However, only a few studies
demonstrated that PRMT1 substrate specificity and activity are subjected to regulation by
posttranslational modifications, including phosphorylation9-88:89 and ubiquitination.50:90.91
Notably, the THW loop (aa 310-312) of PRMT1, which is structurally located near the
active site, is critical for its substrate binding.9293 Phosphorylation of Y291 (corresponding
to Y309 in human PRMT1 isoform 1), which is adjacent to the THW loop, alters

PRMT1 substrate specificity and protein-protein interactions.® While S307 is adjacent

to Y309, we would speculate that phosphorylation of S307 represents another regulatory
mechanism of PRMT1 substrate specificity and activity. Proteomics profiling of arginine
methylation in PRMT1WT and PRMT1S307A cells should provide further insights into
these phosphorylation events. Moreover, it will be interested to investigate whether there

is crosstalk between S307 and Y309 phosphorylation.

Different amino acids regulate mTORC1 activation through different mechanisms. Leu and
Arg bind Sestrin2 and CASTOR1, respectively, to release their inhibition on GATOR2
complex.12:13 Met is indirectly sensed through SAM, which disrupts interaction between
SAMTOR (SAM sensor) and GATOR1, leading to GATOR1 inactivation.1” We found that
PRMT1 depletion blocks mTORCL activation in response to Leu, Arg, or Met stimulation
(Figures S1J-S1L). It is possible that PRMT1 regulates mTORC1 pathway activation in
response to various amino acids through different mechanisms. PRMT1 promotes Leu-
and Arg-induced mTORC1 activation through WDR24 methylation-mediated GATOR2
activation. However, given PRMT1 can directly bind SAM,% it may activate the mTORC1
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pathway in response to Met by regulating SAMTOR/GATOR1 complexes, which requires
further investigation.

Limitations of the study

Using two phospho-CDK substrate motif antibodies, we identified S307 of PRMT1 as

the major phosphorylation site by CDKS. It would be helpful to further validate this
conclusion by generating an antibody that specifically recognizes S307 phosphorylation.
We also characterized WDR24 as a key downstream substrate of PRMT1, through which
PRMT1 promotes GATOR2-dependent mTORCL signaling and HCC growth. A follow-up
study is warranted to address how PRMT1-mediated WDR24-R329 methylation promotes
GATOR?2 activation because the exact molecular function of GATOR2 has yet to be
determined. In addition, our study mechanically demonstrates the tumor-promoting function
and therapeutic potential of the CDK5-PRMT1-WDR24 axis using HCC cell-based assays,
including cell proliferation, colony formation, and xenograft tumor growth. It is warranted to
further functionally investigate this pathway in HCC progression using primary HCC mouse
models, such as mouse models with HCC induced by a high branched-chain amino acid diet
that are highly relevant to mTORC1 signaling.9®

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents may be directed to and will
be fulfilled by the lead contact Wenjian Gan (ganw@musc.edu).

Materials availability—A list of critical reagents is included in the key resources table.
Relevant plasmids are available to the academic community. For additional materials, please
email the lead contact for requests. Material that can be shared will be released via a
Material Transfer Agreement.

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—HEK?293T, HEK?293, HelLa, Huh7 cells and their derivatives were cultured in
Dulbecco’s Modified Eagle Medium. HepG2 cells were cultured in Minimum Essential
Medium. 10% Fetal Bovine Serum (FBS), 100 units/ml penicillin and 100 pg/ml
streptomycin were supplemented in the medium. All cells were maintained at 37°C and

5% CO,.

Xenograft tumor growth—WDR24WT or WDR24R329K Hyh7 cells (2 x 10%) were
injected into the flank of 5-week-old male nude mice (Foxn1™/Foxn1™, The Jackson
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Laboratory). Tumor size was measured every other day with an electronic caliper. The tumor
volume was calculated using the formula: L x W2 x 0.52, where L is the longest diameter
and W is the shortest diameter. After 21 days, mice were euthanized and the xenografted
solid tumors were dissected and weighed. Tumors were used for IHC staining of Ki-67

and pS6, and for Western blot analysis of the mTORC1 signaling. All animal experiments
were conducted under protocol #IACUC-2018-00604 approved by the MUSC Institutional
Animal Care and Use Committee.

Patient tumor tissue samples and immunohistochemical staining—A tissue
microarray containing 97 cases of liver cancer was purchased from Biomax (LV1021a).
The sections were deparaffinized by xylene, rehydrated with graded ethanol and heated

in boiled citrate buffer (pH 6.0) for 20 min for antigen retrieval. The InmPRESS Excel
Amplifiered Polymer Kit (Vector Laboratories, MP-7601) was used in the following steps.
Sections were incubated with BLOXALL solution for 10 min, washed with PBST buffer
for 5 min, blocked with 2.5% normal horse serum for 20 min and incubated with anti-pS6
(1:400) or anti-PRMT1 (1:1000) antibody diluted in normal horse serum overnight at 4°C.
Sections were then washed twice with PBST for 5 min, incubated with goat anti-rabbit 1gG
for 15 min, followed by incubation with ImmPRESS Plolymer for 30 min. After wash with
PBST, sections were incubated with DAB working solution for 1-3 min, counterstained with
hematoxylin and mounted using SHURMount media (General Data, 682188). The levels of
pS6 and PRMT1 were assessed by HSCORE using computerized image analysis.

METHOD DETAILS

Lentiviral packaging and infection—Target constructs containing SgRNA or cDNA
were co-transfected with PMD2.G and pSPAX2 plasmids into HEK293T cells with
polyethylenimine (PEI). 48 hours post-transfection, virus-containing supernatants were
collected and filtered with 0.45 pM PES filter. The targeted cells were infected with virus
for 24 hours and selected with 200 ug/ml hygromycin, 2 ug/ml puromycin or 10 pg/ml
blasticidin for 3-5 days.

Amino acid starvation and restimulation—Cells were starved with amino acids free
RPMI medium supplemented with 10% dialyzed FBS for 50 min or 2 hours, and then
restimulated with RPMI medium containing amino acids and FBS.

Generation of knockout or knock-in cells—To generate WDR24 knockout cells, the
SgRNA (CACGAACTGTTCCTCCTCGA) targeting WDR24 was inserted into lentiCRISPR
v2-Blast vector (#83480, Addgene) and transfected into Huh7 cells. 48 hours post-
transfection, the cells were treated with 10 pg/ml blasticidin for 3 days and then seeded

into a 96-well plate at 1-2 cell per well. The positive knockout colonies were identified by
Western blot analysis of WDR24.

To generate Flag-tag knock-in PRMT1 cells, the sgRNA (GGCCGCGAACTGCATCATGG)
targeting PRMT1 around the ATG was inserted into lentiCRISPR v2 vector. The ssODN
containing 3x Flag tag was used as a template (key resources table). The sgRNA vector and
ssODN were co-transfected into HEK293T cells. 48 hours post-transfection, the cells were
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treated with 2 pg/ml puromycin for two days and then seeded into a 96-well plate at 1-2
cell per well. The positive Flag knock-in colonies were identified by Western blot analysis of
Flag and further confirmed by Sanger DNA sequencing.

To generate PRMT1-S307A or WDR24-R329K knock-in cells, the sgRNA targeting
PRMT1 around the S307 or sgRNA targeting WDR24 around the R329 was inserted into
lentiCRISPR v2 vector. The ssODN containing S307A mutation or R329K mutation was
used as a template (key resources table). The sgRNA vector and ssODN were co-transfected
into HEK293T or Huh7 cells. 48 hours post-transfection, the cells were treated with 2 pg/ml
puromycin for two days and then seeded into a 96-well plate at 1-2 cells per well. The
positive S307A or R329K knock-in colonies were identified by PCR coupled with restriction
enzyme digestion and confirmed by sequencing.

Immunoblot (IB) and immunoprecipitation (IP) analyses—Cells were rinsed with
ice-cold PBS and lysed with Triton lysis buffer for IB (40 mM HEPES pH7.4, 150 mM
NaCl, 2.5 mM MgCl,, 1 Mm EDTA and 1% Triton X-100) and lysis buffer for IP (1%
Triton X-100, 10 mM B-glycerol phosphate, 10 mM pyrophosphate, 40 mM HEPES pH7.4
and 2.5 mM MgCl,) supplemented with protease inhibitor and phosphatase inhibitors. The
whole cell lysates (WCL) were centrifuged at 13,200 r.p.m. for 10 min at 4°C. Protein
concentrations were determined by Nanodrop using Bio-Rad protein assay reagent. Equal
amounts of WCL were resolved by SDS-PAGE and immunoblotted with the indicated
antibodies. For IP, the WCL were incubated with agarose conjugated with antibody for
3-4 hours at 4°C. The beads were washed with Triton lysis buffer containing 500 mM
NaCl for five times. Anti-Flag agarose beads (A2220) and anti-HA agarose beads (A2095)
were purchased from Sigma. Anti-Myc Tag affinity gel (658502) was purchased from
BiolLedgend. To detect interactions between GATOR1 and Rag GTPases, cells were treated
with 1 mg/ml DSP crosslinker (22585, Thermo Fisher) for 7 min at room temperature. The
reactions were stopped by adding 100 mM Tris-HCI pH 8.5.

Immunofluorescence (IF) staining—Cells were seeded on coverslips at 60%
confluence overnight. After starvation or stimulation with amino acids, cells were rinsed
once with PBS and fixed with 4% paraformaldehyde for 30 minutes at room temperature.
After twice washes with PBS, cells on the coverslips were permeabilized for 5 minutes
with 0.05%-0.1% Triton X-100. Then, the coverslips were washed three times with PBS,
blocked with 5% BSA in PBS for 30 minutes at room temperature, incubated with primary
antibodies [PRMT1 (1:400), mTOR (1:200), and LAMP2 (1:100)] overnight at 4°C. The
cells were then washed three times with PBST and incubated with secondary antibody at

a dilution of 1:500 for 1 hour at room temperature. Following three times washes with
PBST, the cells were incubated with DAPI for 5 min, then washed with PBS twice before
mounting on slides using VECTASHIELD Antifade Mounting Media (H-1400-10, Vector
Laboratories). Following the protocol previously described,® fluorescence intensity of
mTOR was quantified using Image J and the lysosome enrichment of mTOR was calculated
using the Fiji software.

Purification of recombinant GST proteins—Recombinant GST-PRMT1 and GST-
WDR24 truncated proteins were purified from the BL21(DE3) E. coli. The protein
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expression was induced by 0.1 mM IPTG (isopropyl-p-D-thiogalactoside) at 25°C for 16
h. The bacteria cells were collected and re-suspended in GST buffer (25 mM Tris pH 8.0, 5
mM dithiothreitol, and 150 mM NaCl) and sonicated. After centrifugation, the supernatant
was incubated with Glutathione Sepharose beads (17075605, Cytiva) for 2-3 hours at 4°C,
followed by three-times washes with GST buffer and eluted with elution buffer (10 mM
L-Glutathione and 50 mM Tris-HCI pH 8.0).

Lysosome purification—Cells were infected with HA-LAMP1 lentivirus to stably
express the lysosome marker LAMP1. After amino acids starvation or stimulation, cells
were harvested with fraction buffer (50 mM KCI, 90 mM potassium gluconate, 1 mM
EGTA, 5 mM MgCly, 50 mM Sucrose, 20 mM HEPES pH 7.4, phosphatase inhibitor set
I/11, and protease inhibitor) and lysed using 23G needle for 4-5 times. After centrifuged at
2000 g for 10 min, the supernatant was used for HA-IP.

Histone extraction—The histone proteins were collected use EpiQuik Total Histone
Extraction Kit according to the manufacturer’s instructions (EPIGENTEK). Briefly, cells
were rinsed with ice-cold PBS and lysed with Pre-Lysis Buffer for 10 min. After centrifuge
at 3000 r.p.m for 5 min, the supernatant was removed. The pellet was resuspended in lysis
buffer and incubated on ice for 30 min. After centrifuge at 12000 r.p.m for 5 min, the
supernatant fraction was collected and 0.3 volumes of Balance DTT buffer was added to the
supernatant.

In vitro kinase assays—HA-CDKS5 were transfected into HEK293T cells for 48 h.
CDKS5 lysis buffer (5 mM Tris-HCI pH 7.5, 25 mM NaCl, and 0.1 mM EDTA pH 8.0)
supplemented with protease inhibitor and phosphatase inhibitors were used to lyse cells. The
lysate was incubated with anti-HA agarose beads for 3 hours at 4°C. The beads were washed
with CDKS5 lysis buffer containing 0.1% NP-40 for three times and with kinase buffer (6.7
mM MOPS pH 7.0, 1.67 mM MgCl,, 0.03 mM EDTA pH 8.0, and 0.03 mM EGTA pH

8.0) for two times. 5 pg recombinant GST-PRMT1 proteins were incubated with HA-CDK5
in reaction buffer (8 yM MOPS and 0.2 mM EDTA pH 8.0) at 30°C for 30 min. The
reactions were stopped by 3xSDS loading buffer. The samples were resolved by SDS-PAGE
and transferred to PVDF membrane for 1B analysis. For the radioactive isotope-based kinase
assay, 5 ig PRMT1 protein, 0.2 ug active CDKS5, and 0.5 pL ATP [y-32P] were mixed in

the kinase buffer and incubated at 30°C for 30 min. The reactions were stopped by loading
buffer and the samples were resolved by SDS-PAGE. The gel was dried and exposed to
X-ray film.

In vitro methylation assays—Recombinant GST-WDR24 truncated proteins were
purified from E. coli as the substrates, and HA-PRMT1 protein was immunopurified from
HEK?293T cells by IP as the methyltransferase. 10 ug GST-WDR24 truncated proteins

were incubated with HA-PRMT1 protein in reaction buffer (50 mM Tris-HCI pH 8.5, 20
mM KCI, 10 mM MgCl,, 1mM B-mercaptoethanol, and 100 mM sucrose) with 2 pL of
adenosyl-L-methionine, S-[methyl-3H] (1 mCi/ml stock solution, Perkin Elmer) at 30°C for
1 hour. The reactions were stopped by 3xSDS loading buffer. The samples were resolved by
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SDS-PAGE and transferred to PVDF membrane, which was then sprayed with EN3HANCE
(Perkin Elmer) and exposed to X-ray film.

Mass spectrometric analysis of PRMT1-S307 phosphorylation—pRK5-HA-
PRMT1 construct was transfected into HEK293T cells for 48 hours. Cells were lysed
with Triton lysis buffer and immunoprecipitated with anti-HA agarose beads for 3 hours
and washed with Triton lysis buffer containing 500 mM NacCl for three times. The
immunoprecipitated proteins were resolved by SDS-PAGE and visualized using GelCode
blue staining reagent. The protein band containing HA-PRMT1 was excised and digested
with trypsin. Peptides were analyzed by LC-MS/MS as described previously. 96

Cell proliferation assays—Cells were seeded into 6-well plate at 2 x 104 cells per well
at day 0 and manually counted every day using hemacytometer under microscopy.

Colony formation assays—Cells were seeded into 6-well plate at 200 cells per well and
incubated for 7-10 days until visible colonies formation. Cells were fixed with 10% ethanol
and 10% acetic acid for 30 min and then stained with 0.4% crystal violent in 20% ethanol
for 30 min, followed by wash with dH,O and manually counting.

Soft agar assays—1 x 10% or 2 x 104 cells were mixed with noble agar at a final
concentration of 0.4% and layered over the bottom layer containing 0.8% noble agar.
Completed DMEM medium (500 pl) was added to keep the top layer moist. The cells were
then cultured for 3—4 weeks and stained with 1 mg/ml iodonitrotetrazolium chloride for
counting manually.

Cell viability assays—Cells were seeded in 96-well plates (2000 cells/well) for 24 hours
and treated with indicated doses of GSK3368715 or Rapamycin for 2-6 days. Cell viability
was determined by the CellTiter-Glo Cell Viability kit according to the manufacturer’s
instructions (Promega).

QUANTIFICATION AND STATISTICAL ANALYSIS

As indicated in the figure legends, all quantitative data are presented as the mean + SD
or mean = SEM of three biologically independent experiments or samples. Statistical
analyses were performed using GraphPad Prism 9 and Excel. Statistical significance
was determined by two-tailed Student’s t-test or two-way ANOVA. P-value < 0.05 was
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
PRMT1 is required for amino-acid-induced mTORC1 activation

CDKS5 phosphorylates PRMT1 to promote its cytoplasmic localization and
activity

PRMT1 methylates WDR24 to promote mTORC1 activation by amino acids

The CDK5-PRMT1-WDR24 axis is critical for cell proliferation and tumor
growth
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Figure 1. PRMT1 is required for mTORCL activation in response to amino acids
(A) Immunoblot (IB) analysis of whole-cell lysates (WCLS) derived from HEK293 cells

infected with lentivirus expressing single guide RNAs (sgRNAs) of PRMTL. Cells were
starved of amino acids (aa) for 50 min or starved for 50 min followed by restimulation
with aa for 10 min before harvesting. Similar results were obtained in three independent
experiments.

(B) 1B analysis of WCLs derived from HeLa cells infected with lentivirus expressing
sgRNAs of PRMT1. Cells were starved of aa for 50 min or starved for 50 min followed by
restimulation with aa for 10 min before harvesting. Similar results were obtained in three
independent experiments.

(C) Immunofluorescence (IF) analysis of mTOR and LAMP?2 localization in control (sgCtr)
and PRMT1-depleted (sgPRMT1) HEK293T cells. Cells were starved of aa for 50 min or
starved for 50 min followed by restimulation with aa for 10 min. Scale bar, 10 um. Similar
results were obtained in three independent experiments.

(D) Quantification of lysosomal enrichment of mTOR in (C). Data are represented as mean
+ SD. ***p < 0.001, two-tailed Student’s t test.
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(E) 1B analysis of WCLs derived from HEK293T infected with lentivirus expressing Tet-on-
FLAG-PRMT1. Cells were treated with 1 pg/mL doxycycline for 48 h to induce PRMT1
expression. Then cells were starved of aa for 50 min or starved for 50 min followed by
restimulation with aa for 10 min before harvesting. Similar results were obtained in three
independent experiments.

(F) Representative images of immunohistochemistry (IHC) staining for PRMT1 and pS6 in a
microarray of HCC tissues. Scale bar, 50 pm.

(G) Quantification of cases with PRMT1 and pS6 staining (n = 97 tissue specimens). p value
was analyzed using Xz test.

See also Figure S1 and Table S1.
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Figure 2. aa promote PRMT1 activation and cytoplasm accumulation
(A) 1B analysis of WCLs derived from Huh7 cells starved of aa for indicated time periods.

Similar results were obtained in three independent experiments.

(B) 1B analysis of WCLs derived from Huh7 cells starved of aa for 2 h followed by
restimulation with aa for indicated time periods. Similar results were obtained in three
independent experiments.

(C) 1B analysis of histone extraction derived from HEK293T cells starved of aa for 50 min
followed by restimulation with aa for indicated time periods. Similar results were obtained
in three independent experiments.

(D) In vitro arginine methylation assays using H4 protein as the substrate. HA-PRMT1 was
immunopurified from HEK293T cells starved of aa for 50 min followed by restimulation
with aa for indicated time periods. The reaction products were subjected to IB analysis.
Similar results were obtained in three independent experiments.

(E) IF analysis of PRMT1 localization in PRMT1FLAG knockin HEK293T cells. Cells were
starved of aa for 50 min or starved for 50 min followed by restimulation with aa for 10 min.
Scale bar, 10 pm. Similar results were obtained in three independent experiments.

(F) IB analysis of cell fractionations derived from HEK293T cells. Cells were starved of

aa for 50 min or starved for 50 min followed by restimulation with aa for 10 min before
harvesting. Similar results were obtained in three independent experiments.

(G) In vitro arginine methylation assays using H4 proteins as substrate. FLAG-PRMT1
was immunopurified from nuclear or cytoplasm of PRMT1FLAG knockin HEK293T cells.
The reaction products were subjected to 1B analysis. Similar results were obtained in three
independent experiments.

(H) IB analysis of WCLs and lysosomal enriched fraction. HEK293T cells were starved

of aa for 50 min or starved for 50 min and then restimulated with aa for 10 min before
harvesting. Similar results were obtained in three independent experiments.

See also Figure S2.
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Figure 3. CDK5-dependent phosphorylation of PRMT1 at S307 promotes its cytoplasmic

localization and mTORCL1 signaling

(A) IF analysis of PRMT1 localization in PRMT1FLAG knockin HEK293T cells depleted
of CDKS5. Cells were starved of aa for 50 min or starved for 50 min and then restimulated
with aa. for 10 min. Scale bar, 10 um. Similar results were obtained in three independent

experiments.

(B) IB analysis of WCLs derived from Huh7 cells depleted of CDKS5. Similar results were
obtained in three independent experiments.
(C) 1B analysis of WCLs and anti-hemagglutinin (HA) immunoprecipitates (IPs) derived

from HEK293T cells stably expressing HA-PRMTL. Similar results were obtained in three

independent experiments.
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(D) /n vitrokinase assays using recombinant GST-PRMT1 protein as the substrate.
HA-CDK5-WT and HA-CDK5-D144N were immunopurified from HEK293T cells. The
reaction products were subjected to IB analysis. Similar results were obtained in three
independent experiments.

(E) 1B analysis of WCLs and anti-HA IPs derived from HEK293T cells depleted of

CDKS5 and transfected with HA-PRMT1. Similar results were obtained in three independent
experiments.

(F) A schematic presentation of the evolutionarily conserved S307 of PRMT1.

(G) In vitrokinase assays using recombinant GST-PRMT1-WT or GST-PRMT1-S307A
proteins as substrate. HA-CDKS protein purified from HEK293T cells was used as the
kinase source. The reaction products were subjected to IB analysis. Similar results were
obtained in three independent experiments.

(H) IF analysis of PRMT1 localization in PRMT1WT and PRMT15307A cells. Cells were
starved of aa for 50 min or starved for 50 min then restimulated with aa for 10 min. Scale
bar, 10 um. Similar results were obtained in three independent experiments.

(1) /n vitro arginine methylation assays using H4 protein as the substrate. PRMT1 protein
immunopurified from PRMT1IWT and PRMT15307A cells was used as the methyltransferase.
The reaction products were subjected to 1B analysis. Similar results were obtained in three
independent experiments.

(J) 1B analysis of WCL derived from PRMT1WT or PRMT1S307A cells. Cells were starved
of aa for 50 min or starved for 50 min then restimulated with aa for 10 min before
harvesting. Similar results were obtained in three independent experiments.

(K) A model depicting CDK5-mediated phosphorylation of PRMT1 at S307 controls as
PRMT1 subcellular localization and mTORC1 activation.

See also Figure S3 and Table S1.
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Figure 4. PRMT1 regulates mTORC1 activation upstream of Rag GTPases
(A) The key complexes of the mTORC1 pathway in amino-acid-sensing branch.

(B) 1B analysis of WCLs derived from HEK293T cells stably expressing FLAG-Rap2a or
FLAG-RagBR9L with or without PRMT1 depletion. Cells were starved of aa for 50 min
or starved for 50 min and then restimulated with aa for 10 min before harvesting. Similar
results were obtained in three independent experiments.

(C) 1B analysis of WCL derived from HEK293T cells depleted of PRMT1 or PRMT1 and
NPRL2. Cells were starved of aa for 50 min or starved for 50 min and then restimulated
with aa for 10 min before harvesting. Similar results were obtained in three independent
experiments.
(D) 1B analysis of WCL derived from HEK293T cells depleted of PRMT1, KPTN, or both.
Cells were starved of aa for 50 min or starved for 50 min and then restimulated with aa for
10 min before harvesting. Similar results were obtained in three independent experiments.
(E and F) 1B analysis of WCLs derived from cells stably expressing Tet-on-FLAG-PRMT1
and depleted of WDR24 (E) or WDR59 (F). 1 ug/mL doxycycline was added for 48 hours
to induce PRMT1 expression. Cells were starved of aa for 50 min or starved for 50 min

and then restimulated with aa for 10 min before harvesting. Similar results were obtained in
three independent experiments.

See also Figure S4 and Table S1.
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Figure 5. PRMT1 interacts with WDR24 and methylates WDR24 at R329
(A) 1B analysis of WCLs and anti-FLAG IPs derived from HEK293T cells (EV, empty

vector) and PRMT1FLAG knockin HEK293T cells. Similar results were obtained in three

independent experiments.

(B) /n vitro arginine methylation assays using recombinant GST-WDR24 truncated proteins
purified from E£. coli as substrates. HA-PRMT1 proteins immunopurified from HEK293T
cells were used as the methyltransferase. Similar results were obtained in three independent

experiments.

(C) In vitro arginine methylation assays using recombinant GST-WDR24-R329 protein as
the substrate. HA-WT-PRMT1 or enzymatic-dead PRMT1 proteins derived from HEK293T
cells were used as the methyltransferase. Similar results were obtained in three independent

experiments.

(D) In vitro arginine methylation assays using recombinant GST-WDR24-R329-WT
and GST-WDR24-R329K proteins as substrates. HA-WT-PRMT1 protein derived from
HEK?293T cells was used as the methyltransferase. Similar results were obtained in three

independent experiments.

(E) 1B analysis of WCLs and anti-Myc IPs derived from HEK293T cells transfected with
indicated constructs. Similar results were obtained in three independent experiments.

(F) IB analysis of WCLs and anti-Myc IPs derived from HEK293T cells transfected with
indicated constructs. Cells were starved of aa for 50 min or starved for 50 min and then
restimulated with aa for 10 min before harvesting. Similar results were obtained in three

independent experiments.
See also Figure S5.
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Figure 6. WDR24-R329K mutation inhibits amino-acid-induced mTORC1 activation
(A) IB analysis of WCLs derived from WDR24WT or WDR24R329K knockin Huh? cells.

Cells were starved of aa for 2 h or starved for 2 h and then restimulated with aa for 10 min
before harvesting. Similar results were obtained in three independent experiments.

(B) IF analysis of mTOR lysosomal localization in WDR24WT or WDR24R329K knockin
Huh7 cells. LAMP2 was a lysosomal marker. Cells were starved of aa for 2 h or starved for
2 h and then restimulated with aa for 10 min. Scale bar, 10 pm. Similar results were obtained
in three independent experiments.

(C) Quantification of lysosome enrichment of MTOR in (B). Data are represented as mean +
SD. **p < 0.01, two-tailed Student’s t test.
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(D) IB analysis of WCL and lysosomal enriched fraction. Huh7 cells stably expressing
HA-LAMP1 were transfected with Myc-WDR24-WT or Myc-WDR24-R329K mutant. Cells
were starved of aa for 2 h or starved for 2 h and then restimulated with aa for 10 min before
harvesting. Similar results were obtained in three independent experiments.

(E) 1B analysis of WCLs derived from WDR24WT or WDR24R329K knockin Huh7 cells
stably expressing Tet-on-FLAG-PRMT1. Cells were treated with doxycycline for 48 h to
induce PRMT1 expression. Cells were then starved of aa for 2 h or starved for 2 h and then
restimulated with aa for 10 min before harvesting. Similar results were obtained in three
independent experiments.

(F) 1B analysis of WCLs derived from WDR24WT or WDR24R329K knockin Huh7 cells
stably expressing FLAG-RagBQ%L. Cells were starved of aa for 2 h or starved for 2 h and
then restimulated with aa for 10 min before harvesting. Similar results were obtained in
three independent experiments.

(G) 1B analysis of WCLs derived from WDR24WT or WDR24R329K knockin Huh7 cells
depleted of NPRL2. Cells were starved of aa for 2 h or starved for 2 h and then restimulated
with aa for 10 min before harvesting. Similar results were obtained in three independent
experiments.

See also Figure S6 and Table S1.

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yin et al.

Cell number (x104)

Tumor volume (mm?3)

Page 32
807 B wonzev  woRzamsx -
- WDR24wT 5 —ic = 5120 <150
== WDR24R329K 'ﬁ 4," °:, °:, .
609 E|. c £100- k
=\ 55 80 55
P . . 100
407 T 5N E g ol®
S 2§ 60+ 5
X 83
20 = _g o 40 o 50
e o2 2
5 S T 20 |."u| k]
S [T} [}
0o 1 2 3 4 5 ] T T ™
Time (day) WT R329K WT R320K
1600 1 E F ,0- i G WDR24WT WDR24R325K
el WT s "
- xg:::mm : o g ka1 2 3 4 1 2 3 4 Tumor
] e — 34 e IB: pS6
1200 ® - [ Zis '| | i
2 7] ]
. 34 IB: S6
800 1 : | | E [ |
® 9F 50 17— — |1B: pag-BP1
4 ® @& | S -
400 F ——— |B: 4E-
e ¢ | oo . . | 1B: 4€-BP1
b : S e ——— Y
357 9111315171921 @ e 00 | ||B-Tb|'
Time (day) WT R329K WT R32oKk 01 = Tubulin
WDR24vT WDR24#329K I 250- J GSK3368715
' = = < WT+DMSO . y
= - WT+GSK =
22007 = R320K:DMSO z
2 - R329K+GSK =
5 150 4 : =
-} o
£ i
3100 1 —
= g
50 g \
i El
o
o
. L
120 Amino Acids

phosphorylation

o
+ (p) s307 )
—

translocatlon

40 - cytoplasm
) G PRMT1 |nh|b|tor
/ Nucleusl
I ‘xc.\
‘ \ S =
\ !

— Tumor Growth

(=]
o
1

N
o ©
L

[}
7]
=
/
\
I

R329K

Figure 7. Deficiency in WDR24-R329 methylation suppresses cell proliferation and xenograft
tumor growth

(A) WDR24WT and WDR24R329K knockin Huh7 cells were subjected to cell proliferation
assays. Data are shown as mean + SD of n = 3 independent experiments. **p < 0.01,
two-way ANOVA.

(B and C) WDR24WT and WDR24R329K knockin Huh7 cells were subjected to colony
formation and soft agar assays. Representative images are shown in (B) and quantification of
colonies in (C). Data are shown as the mean + SD of n = 3 independent experiments. **p <
0.01, ***p < 0.001, two-tailed Student’s t test.

(D) WDR24WT and WDR24R329K knockin Huh7 cells were subjected to mouse xenograft
assays. Tumor growth was monitored. Data are shown as mean + SEM of n = 8 tumors for
each group. **p < 0.01, two-way ANOVA.
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(E and F) Dissected tumors were weighed. Data are shown as the mean + SD of n =8
tumors for each group. **p < 0.01, two-tailed Student’s t test.

(G) IB analysis of lysates derived from tumor tissues in (E).

(H) IHC staining of Ki-67 and pS6 in tumor tissues. Scale bar, 50 um.

(1) WDR24WT and WDR24R329K knockin Huh? cells were treated with GSK3368715 and
subjected to cell proliferation assays. Data are shown as mean = SD of n = 3 independent
experiments. ***p < 0.001, two-way ANOVA. ns, non-significant.

(J and K) WDR24WT and WDR24R329K knockin Huh7 cells were treated with GSK3368715
and subjected to colony-formation assays. Representative images are shown in (J) and
quantification of colonies in (K). Data are shown as mean * SD of n = 3 independent
experiments. *p < 0.05, two-tailed Student’s t test. ns, nonsignificant.

(L) A model depicting the detailed molecular mechanism underlying the critical role of
CDK5-PRMT1-WDR24 signaling axis in regulation of mTORC1 pathway activation and
tumor growth.

See also Figure S7 and Table S1.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-S6K1-pT389
Rabbit monoclonal anti-S6K1

Rabbit monoclonal anti-pS6 Ser235/236
Rabbit monoclonal anti-S6

Rabbit polyclonal anti-p4E-BP1 Ser65
Mouse monoclonal anti-Myc-tag
Rabbit monoclonal anti-4E-BP1
Rabbit polyclonal anti-ULK1-pSer757
Rabbit monoclonal anti-ULK1

Rabbit polyclonal anti-PRMT1

Rabbit monoclonal anti-mTOR

Rabbit monoclonal anti-NPRL2
Rabbit monoclonal anti-Ki-67

Rabbit monoclonal anti-Myc Tag
Mouse monoclonal anti-PRMT4
Rabbit monoclonal anti-PRMT5
Rabbit monoclonal anti-WDR59
Rabbit monoclonal anti-HA

Rabbit monoclonal anti-Flag

Rabbit monoclonal anti-M10S

Rabbit monoclonal anti-RagA

Rabbit monoclonal anti-RagC

Rabbit monoclonal anti-CDK5

Rabbit monoclonal phosphor-CDK substrate motif
Phospho-MAPK/CDK Substrates
Mouse monoclonal anti-LAMP2
Mouse monoclonal anti-PRMT6
Mouse monoclonal anti-Sp1

Mouse monoclonal anti-Histone H3
Mouse monoclonal anti-Flag

Rabbit polyclonal anti-NPRL3

Rabbit polyclonal anti-Flag
Anti-Mouse 1gG

Anti-Rabbit 1gG

Mouse monoclonal anti-Tubulin
Rabbit polyclonal anti-WDR24
Rabbit polyclonal anti-VDAC

Rabbit polyclonal anti-KPTN

Rabbit polyclonal anti-Golgin-97
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Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Cat# 9234; RRID:AB_2269803

Cat# 9202, RRID:AB_331676

Cat# 4858; RRID:AB_916156

Cat# 2217; RRID: AB_331355

Cat# 9451, RRID:AB_330947

Cat# 2276, RRID:AB_331783

Cat# 9644; RRID:AB_2097841

Cat# 6888, RRID:AB_10829226

Cat# 8054, RRID:AB_11178668

Cat# 2449; RRID:AB_2237696

Cat# 2983; RRID:AB_2105622

Cat# 37344; RRID:AB_2799113

Cat# 9027; RRID:AB_2636984

Cat# 2278, RRID:AB_490778

Cat# 12495; RRID:AB_2797935

Cat# 79998; RRID:AB_2451435

Cat# 53385; RRID:AB_2799432

Cat# 3724, RRID:AB_1549585

Cat# 14793; RRID:AB_2572291

Cat# 13557, RRID:AB_2798254

Cat# 4357, RRID:AB_10545136

Cat# 9480; RRID:AB_10614716

Cat# 14145; RRID:AB_2773717

Cat# 9477, RRID:AB_2714143

Cat# 2325

Cat# sc-18822; RRID:AB_626858
Cat# sc-271744; RRID:AB_10715087
Cat#sc-17824; RRID:AB_628272
Cat# sc-517576; RRID:AB_2848194
Cat# F3165; RRID:AB_259529

Cat# HPA011741; RRID:AB_1845577
Cat# F7425; RRID:AB_439687

Cat# A4416; RRID:AB_258167

Cat# A4914; RRID:AB_258207

Cat# 66240-1-1g; RRID:AB_2881629
Cat# 20778-1-AP; RRID:AB_10696183
Cat# 10866-1-AP; RRID:AB_2257153
Cat# 16094-1-AP; RRID:AB_2134007
Cat# 12640-1-AP; RRID:AB_2115315
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Rabbit polyclonal anti-GST Tag Proteintech Cat# 10000-0-AP; RRID:AB_11042316
Rabbit polyclonal anti-Histone H4 Proteintech Cat# 16047-1-AP; RRID:AB_2118625
Rabbit polyclonal anti-Sestrin 2 Proteintech Cat# 10795-1-AP; RRID:AB_2185480
Rabbit polyclonal anti-DEPDC5 Thermo Fisher Cat# PA5-71618; RRID:AB_2717472
Rabbit polyclonal anti-PRMT2 Thermo Fisher Cat# 720141; RRID:AB_2608486
Rabbit monoclonal anti-PRMT3 Abcam Cat# ab191562

Rabbit monoclonal anti-Seh1L Abcam Cat# ab218531

Rabbit polyclonal anti-PRMT7 ABclonal Cat# A12159; RRID:AB_2759045
Rabbit polyclonal anti-SEC13 ABclonal Cat# A11613; RRID:AB_27588636
Rabbit polyclonal anti-CDK1 ABclonal Cat# A0220; RRID:AB_2757034
Rabbit polyclonal anti-CDK2 ABclonal Cat# A0294; RRID:AB_2757106
Rabbit polyclonal anti- Histone H4R3 Dimethyl Asymmetric Epigentek Cat# A-3708

(H4R3me2a)

Rabbit polyclonal anti- Histone H4R3 Dimethyl Symmetric Epigentek Cat# A-3718

(H4R3me2s)

Mouse monoclonal anti-HA BioLegend Cat# 901503; RRID:AB_2565005

Rabbit polyclonal anti-PRMT9

Bethyl Laboratories

Cat# A304-189A; RRID:AB_2620386

Anti-aDMA Dr. Mark Bedford lab N/A

Bacterial and virus strains

XL10 Gold Escherichia coli Agilent Cat# 200314
BL21(DE3) Escherichia coli Sigma Aldrich Cat# CMC0014
Biological samples

Liver cancer tissue microarray Biomax LV1021a

Chemicals, peptides, and recombinant proteins

Amino acids free RPMI medium
Furamidine dihydrochloride (FD)
TC-E 5003

Anti-Flag agarose beads
Anti-HA agarose beads
Anti-Myc Tag affinity gel
Glutathione Sepharose beads

VECTASHIELD Antifade Mounting Media

United States Biological
Tocris Bioscience
Tocris Bioscience
Sigma Aldrich

Sigma Aldrich
BioLedgend

Cytiva

Vector Laboratories

Cat# R8999-04A
Cat# 5202

Cat# 5099
Cat#A2220

Cat# A2095

Cat# 658502
Cat# 17075605
Cat# H-1400-10

Histone H4 recombination protein New England BioLabs Cat# M2504S
GSK3368715 MedChemExpress Cat# HY-128717A
SHURMount media General Data Cat# 682188
Adenosyl-L-Methionine, S-[methyl-3H] PerkinElmer Cat# NET155H250UC
ATP, [y-32P] PerkinElmer Cat# NEG502Z2250UC
DSP Thermo Fisher Cat# 22585

Critical commercial assays

QuikChange XL site-directed mutagenesis kit Agilent Cat# 20518
CellTiter-Glo Assay Kit Promega Cat# G9242

ImmPRESS Excel Amplifiered Polymer Kit
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REAGENT or RESOURCE SOURCE IDENTIFIER
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents Thermo Fisher Cat# 78833

EpiQuik Total Histone Extraction Kit Epigentek Cat# OP-0006-100
Experimental models: Cell lines

Human: HEK293 ATCC Cat# CRL-1573
Human: HEK293T ATCC Cat# CRL-3216
Human: Huh7 ATCC Cat# PTA-4583
Human: HepG2 ATCC Cat# HB-8065
Human: HeLa ATCC Cat# CCL-2

Experimental models: Organisms/strains

Nude mice

The Jackson Laboratory

Strain # 007850

Oligonucleotides

PRMTs sgRNAs Dr. Wenjian Gan laboratory ~ Yinetal., 2021
CDK5-sg1l: TGTGTTCAAGGCCAAAAACC This paper N/A
CDK5-sg2: GGCCTTGAACACAGTTCCGT This paper N/A
CDK5-5g3: GAGGCTGGATGACGATGATG This paper N/A
WDR59-sg1: CGTTTTCGCTGCTCCATCGC This paper N/A
WDR59-sg2: CTTTCGGTGACCTTCGAAAG This paper N/A
DEPDC5-sg1: TAATACTCTTTTCAGAGTGG This paper N/A
DEPDC5-sg2: CTTCATCCAGTATCCAGTGT This paper N/A
NPRL2-sg1: CACCTTCAAGTGGATGGTGT This paper N/A
NPRL2-sg2: GTCCAACACCATCCACTTGA This paper N/A
KPTN-sgl: GCGCAACGGACAAGGCCCCG This paper N/A
KPTN-sg2: GCAGAGCAATGTGTACGGGC This paper N/A
WDR24-sg: CACGAACTGTTCCTCCTCGA This paper N/A
ssODN for PRMT1 Flag tag knock-in: This paper N/A
GAGGAGAAAGGGGGGGTCTTGGCGGCCGGAGGAGGAGTA
GGTGCGGGTGAAGATGGACTACAAAGACCATGACGGTGATT
ATAAAGATCATGACATTGATTACAAGGATGACGATGACAAG
GCGGCCGCAGGCGCGGCAGCCGAGGCTGCGAACTGCATCA
TGGAAGTGAGCGCTTGGAGCGCCGCCGTGGGCGGGAG

ssODN for WDR24-R329K knock-in: This paper N/A
TGTCTGGCTCCAAGGACAGCTCGCTGTGCCAGCACCTGTTC
AAGGACGCCAGTCAGCCCGTCGAGCGCGCCAACCCTGAGG

GCCTC

Recombinant DNA

Flag-PRMT1 This paper N/A
HA-PRMT1 This paper N/A
Myc-WDR24 This paper N/A
pLenti-HA-WDR24 This paper N/A
pLenti-HA-LAMP1 This paper N/A
Tet-on-Flag-PRMT1 This paper N/A
pGEX-PRMT1 This paper N/A
pLIM1-Flag-RagBQ9- Addgene Cat# 19315
pLIM1-Flag-Rap2a Addgene Cat# 19311
HA-METAP2 Addgene Cat# 100512
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REAGENT or RESOURCE SOURCE IDENTIFIER
HA-DEPDC5 Addgene Cat# 46327
HA-NPRL2 Addgene Cat# 99709
HA-NPRL3 Addgene Cat# 46330
HA-WDR59 Addgene Cat# 46328
HA-WDR24 Addgene Cat# 46335
HA-MIOS Addgene Cat# 46329
HA-SEH1L Addgene Cat# 46331
HA-SEC13 Addgene Cat# 46332
Flag-CASTOR1 Addgene Cat# 84488
HA-KPTN Addgene Cat# 87042
lentiCRISPR v2 Addgene Cat# 52961
lentiCRISPR V2-Blast Addgene Cat# 83480
HA-CDK5 Addgene Cat# 1872
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