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Autophagy dictates sensitivity
to PRMT5 inhibitor in breast cancer

Charles Brobbey?, ShashaYin?, Liu Liu, Lauren E. Ball?, Philip H. Howe?, Joe R. Delaney* &
Wenjian Gan'**

Protein arginine methyltransferase 5 (PRMT5) catalyzes mono-methylation and symmetric
di-methylation on arginine residues and has emerged as a potential antitumor target with inhibitors
being tested in clinical trials. However, it remains unknown how the efficacy of PRMT5 inhibitors is
regulated. Here we report that autophagy blockage enhances cellular sensitivity to PRMT5 inhibitor
in triple negative breast cancer cells. Genetic ablation or pharmacological inhibition of PRMT5
triggers cytoprotective autophagy. Mechanistically, PRMT5 catalyzes monomethylation of ULK1 at
R532 to suppress ULK1 activation, leading to attenuation of autophagy. As a result, ULK1 inhibition
blocks PRMTS5 deficiency-induced autophagy and sensitizes cells to PRMTS5 inhibitor. Our study not
only identifies autophagy as an inducible factor that dictates cellular sensitivity to PRMT5 inhibitor,
but also unearths a critical molecular mechanism by which PRMT5 regulates autophagy through
methylating ULK1, providing a rationale for the combination of PRMT5 and autophagy inhibitors in
cancer therapy.

Arginine methylation has emerged as one of the common posttranslational modifications (PTMs) and plays
crucial roles in controlling protein stability, localization, protein-protein interaction, and enzymatic activity!'-4.
Protein arginine methyltransferases (PRMTs) serve as writers to catalyze the transfer of methyl groups to argi-
nine residues, thereby generating three types of methylarginines: monomethylarginines (MMA), asymmetric
dimethylarginines (aDMA), and symmetric dimethylarginines (SDMA). In mammals, nine PRMTs are grouped
into three categories based on their products: type I PRMTs (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6, and
PRMTS) catalyze the formation of MMA and aDMA, while type II PRMTs (PRMT5 and PRMT?9) register MMA
and sDMA. PRMT? is the sole member of type III enzyme that generates only MMA[!. Dysregulation of PRMTs
has been associated with many human diseases and has become attractive therapeutic targets”°.

PRMTS5 is the main type II enzyme with numerous substrates that are involved in fundamental cellu-
lar processes!'!l. PRMTS5 regulates transcription by depositing sDMA on histone (H4R3, H3R8, H3R2, and
H2AR3)!2-1 and transcription factors!!*"!”], while it controls DNA damage response in both transcriptional-
dependent and -independent mechanisms!'$-2%), PRMTS5 is also a critical regulator of RNA splicing??? and cell
signaling transduction®?*., Clinically, PRMT5 overexpression has been observed in a variety of cancers?*?’1,
Moreover, elevated PRMT5 expression is associated with poor prognosis and chemotherapeutic resistance in
breast cancer patients?*?l, Multiple PRMTS5 inhibitors have been developed and are currently being evaluated
in clinical trials?®?. Interestingly, preclinical studies showed that breast cancer cells display diverse sensitivity
to PRMTS5 inhibitors with triple negative breast cancer (TNBC) cells generally being relatively resistant®"2.
However, the underlying causes for this variation in sensitivity to PRMT5 inhibitors remain elusive.

Autophagy is a self-degradative process that delivers cytoplasmic materials to lysosomes for degradation
and serves as a key recycling factory to maintain cellular homeostasis!***4l. The autophagy process includes five
sequential steps: initiation, nucleation, elongation/expansion, autophagosome fusion, and degradation in autol-
ysosome. Each step is executed by distinct complexes that are formed by evolutionarily conserved autophagy-
related (ATG) proteins®~37). For example, the ULK kinase complex, which is composed of ULK1 or ULK2,
ATG13, FIP200, and ATG101, is required for the initiation of autophagy!*®), while the class IIT PI3K complex I
consisting of VPS34, VPS15, and Beclin 1 is essential for nucleation®!. During autophagy, the ATG4-processed
form of LC3 (LC3-I) is further converted to the PE-conjugated form (LC3-1I) by ATG7-ATG3!%*!, while the
adaptor proteins p62/SQSTMI is degraded*>#*. LC3-II accumulation and p62 degradation are widely accepted
as autophagy markers!*4,

Dysregulation of autophagy has been linked to various human diseases, particularly neurodegenerative dis-
eases and cancers!*’l. Autophagy has both tumor suppressive and tumor promoting roles depending on cancer
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types and stages!**). Moreover, autophagy can be induced by therapeutic agents and plays a prosurvival role
to confer drug resistancel*”#]. Therefore, targeting autophagy is a promising strategy to enhance therapeutic
efficacy. Indeed, combination of autophagy inhibitors with different cancer treatments is currently undergoing
evaluation in numerous clinical trials*’).

In this study we demonstrate that PRMT5 inhibition induces cytoprotective autophagy and thereby decreases
sensitivity to PRMTS5 inhibitor in TNBC cells, and that PRMT5 negatively regulates autophagy in part by meth-
ylating ULKI. Thus, our study provides a molecular basis and rational for targeting both PRMT5 and autophagy
as a potential option for TNBC treatment.

Results

Autophagy blockage sensitizes TNBC cells to PRMT5 inhibitor. Although PRMT5 inhibitors are
currently being tested in clinical trial, it remains an open question whether they will be effective, and whether
resistance will arise. To provide evidence for this knowledge gap, we evaluated the sensitivity of breast can-
cer cells to a specific PRMTS5 inhibitor, GSK3326595 that has been tested in a phase II clinical trial for breast
cancer (NCT04676516)1"). We observed that ER*PR* and HER2" breast cancer cells, and one TNBC cell line
(MDA-MB-468) were sensitive to GSK3326595, whereas the other four TNBC cell lines and a widely used non-
malignant breast epithelial cell line (MCF10A) were relatively resistant to GSK3326595, which was defined by
IC5y<4 uM and IC5,>4 pM as previously described® (Fig. 1a and Supplementary Fig. 1a). We also performed
colony formation assay to confirm this resistant phenotype in TNBC cells (Fig. 1b, ¢). Thus, understanding the
molecular mechanisms of this observed resistance to PRMTS5 inhibitors will benefit TNBC patients from treat-
ment with PRMTS5 inhibitors.

Autophagy can serve as a critical survival mechanism behind drug resistance and has been shown to protect
breast cancer cells from death in response to certain chemotherapies and targeted therapy!*”#!, We reasoned
that cytoprotective autophagy contributes to the observed resistance to PRMTS5 inhibitor in TNBC cells. To test
this idea, we treated TNBC cells with GSK3326595 and chloroquine (CQ), the only FDA-approved autophagy
inhibitor that functions by preventing lysosomal degradation®"). By treating cells with different doses of CQ, we
determined cell line-specific doses that were used in the combination treatment (Supplementary Fig. 1b). Nota-
bly, CQ treatment increased GSK3326595-induced cell death in resistant TNBC cells (Supplementary Fig. 1c).
Consistently, TNBC cell lines displayed different sensitivity to CQ in colony formation assays (Supplementary
Fig. 1d-g). A combination of GSK3326595 with CQ significantly reduced colony formation, compared to single
agent (Fig. 1d, e and Supplementary Fig. 1h, i). Consistent with these findings, we also observed an enhanced
cytotoxic effect of GSK3326595 in Beclin 1-depleted cells (Fig. 1f, g). Given that PRMTS5 inhibitors suppress cell
proliferation in part by promoting apoptosis®®!], we found that co-treatment of GSK3326595 and CQ led to a
marked increase of cleaved caspase 3 (Supplementary Fig. 1j), one of the best-known apoptotic markers®!). These
results demonstrate that autophagy blockage sensitizes resistant TNBC cells to PRMTS5 inhibitor.

Deficiency in PRMT5 induces autophagosome formation. To explore whether PRMTS5 inhibition
induces cytoprotective autophagy, we knocked out PRMT5 using CRISPR/Cas9 gene editing in multiple breast
cancer lines and evaluated autophagy activity. Strikingly, depletion of PRMTS5 led to an elevation of LC3-II/I
ratio and a reduction of p62 protein levels under normal culture condition (Fig. 2a and Supplementary Fig. 2a,
b). Consistently, treatment of cells with GSK3326595 increased autophagy activity (Fig. 2b and Supplementary
Fig. 2¢). To further support these immunoblot results, we monitored autophagy activity using the GFP-LC3
report system®¥ and found that there was a significant increase of GFP-LC3 puncta in GSK3326595-treated
cells (Fig. 2¢, d). Consistently, cells expressing the enzymatically dead mutant PRMT5-E444Q[** also enhanced
LC3-IT accumulation and p62 degradation, compared to cells expressing PRMT5-WT (Supplementary Fig. 2d),
suggesting that PRMTS5 regulates basal autophagy in a enzymatic-dependent manner.

Given that autophagy is a key biological process for adaptation to various stress events, such as nutrient
deprivation, we next investigated whether PRMTS5 is also involved in stress-induced autophagy. To this end,
we found that compared to control cells, PRMT5-depleted cells displayed an additive LC3-II accumulation in
response to the starvation of amino acids (Supplementary Fig. 2e). In contrast, overexpression of the PRMT5-
E444Q mutant enhanced autophagy in the absence of amino acids, compared to overexpression of PRMT5-WT
(Supplementary Fig. 2f). Previous studies have demonstrated that MTORC1-mediated phosphorylation of ULK1
at S757 is a key switch of autophagy induction in response to stresses®***]. Interestingly, we did not observe a
significant difference on phosphorylation of ULK1-S757 between PRMT5-WT and PRMT5-E444Q expressing
cells (Supplementary Fig. 2f). These results indicate that PRMT5-mediated regulation of autophagy is likely
independent of the mTORC1 pathway and has an additive effect on nutrient deficiency-induced autophagy.

Of note, the accumulation of LC3-II in PRMT5-deficient cells could be caused by either enhanced LC3-I
conversion to LC3-1I or impaired LC3-1I degradation®®. To distinguish these two scenarios, we measured the
autophagic flux using the mRFP-GFP-LC3 reporter system, which is based on the principle that GFP, but not
mRFP, is quenched in the acidic environment, such as lysosome®”). An increase of yellow (RFP*/GFP*) and red
(RFP") puncta indicates enhanced autophagosome formation, while only accumulation of yellow puncta suggests
impairment in autophagosome-lysosome fusion and degradation. Notably, a significant accumulation of both
yellow and red puncta of LC3 was observed in PRMT5-depleted cells (Fig. 2e, f). Moreover, treatment of cells
with chloroquine (CQ), which inhibits autophagic flux by blocking autophagosome-lysosome fusion®"}, led to a
further accumulation of LC3-1I in PRMT5-depleted cells (Fig. 2g). These results suggest that PRMT5 suppresses
autophagosome formation, but not autophagosome-lysosome fusion.
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Figure 1. Autophagy inhibition sensitizes breast cancer cells to PRMTS5 inhibitors. (a) IC50 of various breast
cancer cell lines determined by cell viability assays. Cells were treated with GSK3326595 at 0, 50 nM, 500 nM,

1 uM, 5 uM, and 50 uM for 4 days before measuring cell viability. (b, ¢) Cells were treated with GSK3326595
(GSK) at indicated doses and subjected to colony formation assays. Representative images are shown in (b), and
relative colony numbers are plotted in (c). (d, ) MDA-MB-231 and Hs 578T cells were treated with DMSO,
GSK, chloroquine (CQ) or both and subjected to colony formation assays. MDA-MB-231, 50 nM GSK and

5 uM CQ; Hs 578T, 50 nM GSK and 2 pM CQ. Representative images are shown in (d), and relative colony
numbers are plotted in (e). (f, g) BT-549 cells were depleted of Beclin 1 by sgRNA (sgCtr as a control) and then
treated with 50 nM GSK and subjected to colony formation assays. Representative images are shown in (f), and
relative colony numbers are plotted in (g). In (¢, e, g), data are shown as the mean + SD of n=3 independent
experiments. P values were calculated by Student’s ¢ test.

ULK1 is required for PRMT5-mediated regulation of autophagy. To investigate whether
autophagosome formation induced by PRMT5 deficiency depends on the canonical autophagy pathway, we
genetically ablated the core ATG genes involved in the initiation and nucleation stages (Fig. 3a). Strikingly,
depletion of ULKI1 largely blocked the induction of LC3-II in GSK3326595-treated or PRMT5-depleted cells
(Fig. 3b, ). Moreover, ablation of ATG13, a component that enhances ULK1 activity and stabilitym], pheno-
copied the effects of ULK1 depletion (Supplementary Fig. 3). Furthermore, depletion of Beclin 1 that mediates
nucleation downstream of ULKI led to the blockage of autophagy induced by PRMT5 inhibitor or PRMT5
depletion (Fig. 3d, e). We also confirmed the immunoblot results using GFP-LC3 system and found that ULK1
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Figure 2. Inhibition of PRMTS5 induces autophagy. (a) Immunoblot (IB) analysis of whole cell lysates (WCL)
derived from BT-549 cells depleted of PRMT5 by two independent sgRNAs. (b) IB of WCL derived from
BT-549 cells treated with GSK3326595 (GSK) at indicated doses for 3 days. (c, d) Representative images of
GFP-LC3 puncta and cells with more than 10 puncta were counted in BT-549 (c) and Hs 578T (d) cells treated
with DMSO or 1 uM GSK for 3 days. Scale bar, 10 um. Data are shown as mean + SD of n=3 independent
experiments with a total of 50 cells counted per experiment. P values were calculated by Student’s ¢ test. (e, f)
Representative images of GFP-LC3-RFP puncta in BT-549 cells depleted of PRMT5. Scale bar, 10 um. Cells with
more than 5 GFP-LC3 and RFP-LC3 puncta were counted as positive and data are shown as mean+SD of n=3
independent experiments with a total of 100 cells counted per experiment. P values were calculated by Student’s
t test. (g) IB analysis of WCL derived from BT-549 cells depleted of PRMTS5. Cells were treated with chloroquine
20 uM (CQ) for 0, 4, 8 h before harvesting. Similar results were obtained in n>3 independent experiments in (a,

b, g).

depletion strongly decreased the formation of GFP-LC3 puncta in PRMT5-depleted cells (Fig. 3f, g). These
results suggest that PRMT5 regulates autophagy in part through ULK1.

PRMTS5 interacts and methylates ULK1 at Arg532. A recent study on ULK1 interactome identified
PRMTS5 as a partner of ULK1%%, We speculated that this interaction plays a role in PRMT5-mediated regulation
of autophagy. Consistent with the proteomic study®®!, we found that PRMTS5 specifically co-immunoprecipi-
tated endogenous ULK1, but not Beclin 1 (Fig. 4a). Reciprocally, ULK1 interacted with PRMT5, but not PRMT1
(Fig. 4b and Supplementary Fig. 4a). ULK1 contains an N-terminal kinase domain (KD), intrinsically disordered
region (IDR) that is modified by multiple kinases for regulation of ULK1 activation, and a C-terminal early
autophagy tethering (EAT) domain that is responsible for recruitment of ATG13, FIP200, and ATG101°.. We
found that PRMTS5 specifically bound to the KD of ULK1 (Supplementary Fig. 4b), depletion of which abolished
their interactions (Supplementary Fig. 4c). These results demonstrate that the KD is necessary and sufficient for
ULKI1 binding to PRMT5, which is distinct from ULK1 interaction with its known partners (Supplementary
Fig. 4d).

Next, we investigated whether ULK1 is a substrate of PRMT5. Immunoblot analysis using an antibody against
pan MMAI®Y showed that ULK1 was monomethylated (Supplementary Fig. 4¢). Overexpression of PRMT5-
WT, but not the enzymatically dead mutant PRMT5-E444Q, promoted MMA formation of ULK1 (Fig. 4¢). In
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Figure 3. Depletion of ULKI or Beclin 1 blocks PRMTS5 inhibition-induced autophagy. (a) Schematic
summary of the autophagy process highlighting some key components in the pathway. (b) IB analysis of WCL
derived from BT-549 cells depleted of ULK1 by sgRNA. Cells were treated with 1 uM GSK3326595 (GSK) for

3 days before harvesting. (c) IB analysis of WCL derived from BT-549 cells depleted of ULK1 and/or PRMT5
by sgRNA. (d) IB analysis of WCL derived from BT-549 cells depleted of Beclin 1 by sgRNA. Cells were treated
with 1 uM GSK3326595 (GSK) for 3 days before harvesting. (e) IB analysis of WCL derived from BT-549 cells
depleted of Beclin 1 and/or PRMT5 by sgRNA. (£, g) Representative images of GFP-LC3 puncta in BT-549 cells
depleted of ULK1 and/or PRMT5 by sgRNA. Scale bar, 10 pm. Cells with more than 10 puncta were counted
as positive and data are shown as mean + SD of n=3 independent experiments with a total of 50 cells counted
per experiment. P values were calculated by Students ¢ test. Similar results were obtained in n>3 independent
experiments in (b, ¢, d, e).

contrast, the MMA levels of ULK1 were severely decreased upon PRMTS5 depletion (Fig. 4d). To identify which
residue(s) is methylated by PRMT5, we analyzed ULK1 protein sequence by arginine methylation prediction
tool, GPS-MSP!!, Six arginine residues that were ranked top score were selected for further analyses (Fig. 4e).
Notably, the R532K mutation, but not other mutations, abolished PRMT5-mediated MMA formation of ULK1 in
cells (Fig. 4f, g). To demonstrate that PRMTS5 directly methylates ULK1 at R532, we performed in vitro arginine
methylation assays/®? using the recombinant GST-ULK1 truncated protein that encompasses R532 (1-649 aa).
Consistent with the finding in cells (Fig. 4g), the R532K mutant largely blocked PRMT5-mediated methylation
in vitro (Fig. 4h). Although no SDMA signal was detected by immunoblot using the pan anti-SDMA antibody!®’),
we could not rule out SDMA modification on ULK1-R532 because it might not be recognized by this antibody.
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Figure 4. PRMTS5 methylates ULK1 at Arg532. (a, b) IB analysis of WCL and immunoprecipitation (IP)
products derived from MDA-MB-231 cells. IgG was used as a negative control. (¢) IB analysis of WCL and IP
products derived from HEK293T cells transfected with indicated constructs. (d) IB analysis of WCL and IP
products derived from MDA-MB-231 cells stably expressing HA tagged ULK1 and infected with sgPRMTS5 or
sgCtr virus. (e) Schematic presentation of the putative methylated residues of ULKI. (f, g) IB analysis of WCL
and IP products derived from HEK293T cells transfected with indicated constructs. (h) In vitro methylation

of ULK1 in the presence of *H-SAM. Truncated GST-ULK1 (1-649 aa) protein was purified from bacteria and
HA-PRMT5/Flag-MEP50 were immunoprecipitated from HEK293T cells. Similar results were obtained in n>3
independent experiments in (a-d, f-h).

Indeed, we identified dimethylation of ULK1 at R532 by mass spectrometry (Supplementary Fig. 4f). It warrants
future development of the antibody that specifically recognizes symmetric dimethylation of ULK1-R532. Taken
together, these results demonstrate that PRMTS5 is the major physiological methyltransferases responsible for
methylation of ULK1 on R532.

Interestingly, posttranslational modifications of ULK], including phosphorylation by mTOR/AMPK[>463]
and acetylation by TIP60[%4], were generally regulated by stresses. However, neither ULK1 MMA nor interac-
tion between PRMT5 and ULK1 was affected in response to amino acid deprivation (Supplementary Fig. 4g, h),
arguing that PRMT5-mediated regulation of ULK1 is independent of stress, at least nutrient deficiency.

Blockage of ULK1-R532 methylation enhances ULK1 kinase activity and autophagy. Having
established that ULK1 is methylated by PRMT5, we interrogated how this methylation affects its autophagic
function. ULK1 phosphorylates multiple substrates to initiate autophagy process, such as Beclin 1 (Ser15)!**] and
ATG13 (Ser318)!%]. In vitro kinase assay showed that ULK1-R532K displayed higher kinase activity than ULK1-
WT towards phosphorylating Beclin 1 (Fig. 5a). Moreover, compared to ULK1-W'T, ULK1-R532K increased
the phosphorylation of Beclin 1 and ATG13 in cells (Fig. 5b, ¢ and Supplementary Fig. 5a). In an agreement of
the enhanced activity of ULK1-R532K, cells expressing ULK1-R532K mutant exhibited an increased ratio of
LC3-II/I and degradation of p62, compared to cells expressing ULK1-WT (Fig. 5d). These results suggest that
PRMT5-mdediated ULK1-R532 methylation decreases its kinase activity to attenuate autophagy.

Next, we sought to investigate how ULK1-R532K enhances its kinase activity. Both ULK1-WT and ULK1-
R532K bound to FIP200 and ATG13 at a comparable level (Supplementary Fig. 5b, ¢), indicating the ULK
complex formation was not affected. We also did not observe a change of ULK1-R532K binding to its substrates,
Beclin 1 and Ambra 1 (Supplementary Fig. 5¢, d). Moreover, the interaction between ULK1-R532K and AMPK or
Raptor (an essential subunit of mMTORC1) was not significantly changed, compared to ULK1-WT (Supplementary
Fig. 5e), further supporting the notion that R532 methylation regulates ULK1 activation is independent of or
parallel to the mMTORC1/AMPK pathway. These results suggest that ULK1-R532 methylation impairs its kinase
activity unlikely through modulating ULK1 interactions with its partners.
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Figure 5. Methylation of ULK1 at Arg532 attenuates its kinase activity. (a) In vitro ULK1 kinase was performed
using recombinant GST-Beclinl (1-86 aa) purified from bacteria and HA-ULKI immunoprecipitated from
HEK293T cells. (b, ¢) IB analysis of WCL derived from HEK293T cells co-transfected with ULK1 and Beclin

1 (b) or ATG13 (c). (d) IB analysis of WCL derived from BT-549 cells depleted of endogenous ULK1 and
re-expressing doxycycline inducible ULK1-WT or ULK1-R532K. Cells were treated with 1 ug/ml doxycycline
for 8 h before harvesting. Similar results were obtained in n>3 independent experiments in (a-d).

ULK inhibitor sensitizes resistant TNBC cells to PRMTS5 inhibitor. Since ULK1 is a key druggable
serine/threonine kinase for the induction of cytoprotective autophagy, targeting ULK1 therefore represents a
promising therapeutic strategy for overcoming drug resistance [”. Having demonstrated that ULK1 plays a criti-
cal role in PRMT5-mediated autophagy regulation, we interrogated whether ULK1 inhibition would enhance
sensitivity to PRMT5 inhibitor. Treatment with ULK1/2 inhibitor MRT68921!%! largely suppressed GSK3326595-
induced autophagy, as evidenced by a decrease of the LC3B II/I ratio and GFP-LC3B puncta (Fig. 6a and Supple-
mentary Fig. 6a). As a result, combination of MRT68921 with GSK3326595 significantly decreased cell viability
and colony formation in TNBC cells, compared to single agent (Fig. 6b-d). Moreover, apoptosis was strongly
enhanced in cells treated with both GSK3326595 and MRT68921, compared to cells treated with single agent
(Fig. 6e). Furthermore, cells expressing ULK-R532K displayed more colonies than cells expressing ULK-WT in
the presence of GSK3326595 (Fig. 6f, g). These results suggest that ULK1 inhibition suppresses cytoprotective
autophagy and consequently confers sensitivity to PRMTS5 inhibitor in TNBC cells.

Discussion

Over the past decade, extensive studies suggest that PRMT5 functions as an oncoprotein in various cancers
through both epigenetic and non-epigenetic mechanisms!'"). Notably, PRMTS5 is overexpressed in more than 50%
of primary breast tumors and 70% of metastatic breast tumors, with strongest expression in TNBC!'3?], These
findings make PRMT5 as an attractive therapeutic target and pharmacological inhibition of PRMTS5 represents a
promising strategy for cancer therapy!®!. Our study demonstrates that PRMTS5 inhibition evokes cytoprotective
autophagy in part through promoting ULK1 activation, which sustains cell survival and confers resistance to
PRMTS5 inhibitors, and blockage of autophagy with ULK1 inhibitor or CQ remarkedly improve the efficacy of
PRMTS5 inhibitor in TNBC (Fig. 6h). Thus, our data establish a foundation for treatment of breast cancer with
combinatorial inhibition of PRMT5 and autophagy.

PRMTS5 is a versatile protein involved in many cellular processes”’l. Our finding revealed autophagy as
another cellular process regulated by PRMT5. Although we showed that PRMT5 directly methylates ULK1 at
R532 to suppress its kinase activity and basal autophagic function, we agree that ULK1-R532K mutant does not
fully recapitulate the levels of autophagy induced by PRMTS5 inhibition. It is possible that other mechanisms
also contribute to PRMT5-mediated regulation of autophagy. For example, other ATG proteins and upstream
autophagy modulators could be putative substrates of PRMTS5. Indeed, PRMT5 have been documented to meth-
ylate and enhance AKT activation!?®!, which negatively regulate autophagy by phosphorylating Beclin 11711,
Moreover, PRMTS5 is a crucial player in DNA damage response and DNA repair!’?), deficiency in which can
induce autophagy!”!. These mechanisms may synergize with the defect in ULK1-R532 methylation to boost
autophagy under condition of PRMTS5 inhibition.
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Figure 6. ULKI1 inhibitor enhances cellular sensitivity to PRMTS5 inhibitor. (a) IB analysis of WCL derived
from indicated cells treated with 1 uM GSK3326595 (GSK) and 300 nM, 1.5 uM, and 0.5 uM MRT68921 (MRT,
ULK inhibitor) for MDA-MB-231, BT-549, and Hs 578T respectively for 3 days before harvesting. (b) Cell
viability of MDA-MB-231, BT-549, and Hs 578T cells after treatment with 1 uM GSK and 300 nM, 1.5 uM, and
0.5 uM MRT, respectively, for 4 days (MDA-MB-231 and BT-549) and 6 days (Hs 578T). (c, d) MDA-MB-231,
BT-549 and Hs 578T cells were treated with DMSO,100 nM, 15 nM, and 50 nM GSK, respectively, and MRT
concentration as described in (b). (e) IB analysis of WCL derived from indicated cells after treatment with

1 uM GSK and MRT as described in (b) for 3 days. (f, g) BT-549 cells were depleted of endogenous ULK1 and
re-introduced inducible ULK1-WT or R532K. The resulting cells were treated with 0, 20, and 50 nM GSK and
subjected to colony formation assays. (h) Graphical model to depict PRMTS5 regulates autophagy by methylating
ULK]1 and targeting autophagy for overcoming resistance to PRMTS5 inhibitor. PRMT5i, PRMTS5 inhibitor;
ULK1i, ULK1 inhibitor; CQ, chloroquine. In (b, d, g) data are shown as the mean+ SD of n=3 independent
experiments. P values were calculated by Student’s t test. Similar results were obtained in n=3 independent
experiments in (a, e).
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ULK1 functions as a conserved serine/threonine kinase in the autophagy pathway to sense upstream sig-
nals and initiate autophagy. During this process, PTMs, particularly phosphorylation, play a critical role in the
dynamic regulation of the ULK1 activity!”%.. Notably, by phosphorylating ULK1 at distinct residues of IDR,
mTORCI inhibits while AMPK activates autophagy in response to the changes of nutrition or energy in cells/*¢3],
Our study demonstrates that PRMT5-mediated methylation of ULK1 at R532 reduces its kinase activity, adding
another layer of ULK1 regulation regardless of the availability of nutrition. However, except for ubiquitination
that has been shown to directly affect ULK1 stability”?), the detailed mechanisms underlying how PTMs affects
ULKT1 activation have not yet been clearly established. Similarly, although it moderately affects ULK1 interaction
with some of its substrates, ULK1-R532 methylation may also control ULK1 activity through other mechanisms.
For example, ULK1-R532 methylation may cause its structurally conformational change or its interactions with
other regulators, which warrants further studies.

While this manuscript was being prepared, a study reported that PRMT5/KDM5C-mediated dimethylation
of ULKI at R170 activates ULK]1 to induce autophagy in LN229 glioblastoma (GBM) cells, Huh7 hepatocellular
carcinoma (HCC) cells, and human oral keratinocytes (HOKs) in hypoxic environment, but not in normoxic
condition!”®. However, it is unclear whether R170 is the sole site methylated by PRMTS5 because they detected
ULK]1 arginine methylation only using the anti-ULK1-R170me2s antibody. Moreover, it is still needed to deter-
mine whether PRMTS5 is involved regulation of autophagy under normoxic condition. By using the radioisotope-
based in vitro arginine methylation assay, we demonstrated that R532 is the major methylation site by PRMT5.
Our data also showed that PRMT5 depletion or PRMTS5 inhibitor significantly induced autophagy in TNBC
cells cultured in normal conditions. Therefore, PRMT5-mediated regulation of ULK1 activation and autophagy
induction is likely dependent on environments and cell types.

Methods

Cell culture and reagents. All cells were obtained from American Type Culture Collection (ATCC).
HEK293T, MDA-MB-231, MCF7, Hs 578T and their derived cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Genesee Scientific, 25-500). T-47D, MDA-MB-453, MDA-MB-468, BT-549, HCC70
and their derived cell lines were maintained in RPMI 1640 medium (Corning, 10-040-CV). 10%fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 pg/ml streptomycin were supplemented in the medium. GSK3326595
(HY-101563), MRT68921 dihydrochloride (HY-100006A), and Chloroquine (HY-17589A) purchased from
MedChemExpress.

Transfection, lentivirus production, and infection. For protein expression, transfection was per-
formed using Lipofectamine 3000 (Thermo Fisher Scientific, L3000001) according to the manufacturer’s instruc-
tions. For lentivirus production, target constructs containing sgRNA or cDNA were co-transfected with packag-
ing plasmids (pMD2G and pSPAX2) into HEK293T cells with Polyethylenimine (PEI, Polysciences, 23966-1).
Twenty-four hours post transfection, fresh medium was replaced. Virus containing supernatants were harvested
at 48 h post transfection and filtered with 0.45 pm PES filter. Targeted cells were infected with virus and selected
with hygromycin (200 pg/ml), puromycin (1-2 pg/ml) or blasticidin (10 ug/ml) for 4 days to eliminate the non-
infected cells.

Plasmids. Flag-PRMT5, Flag-MEP50 were generated by cloning the corresponding cDNA into the pRK5-
Flag vector while HA-PRMT5 and HA-ULK1 ¢cDNA were cloned into the pRK5-HA vector. Myc-PRMT5, Myc-
ULK1, Myc-Beclin 1, and Myc-Ambral were generated by cloning the corresponding cDNA into the pRK5-
Myc vector. GST-Beclin 1 (1-86 aa) and GST-ULKI (1-649 aa) were generated by inserting the cDNA into
PGEX-6P-1 bacteria expression vector. Myc-ATG13 (#31965), Flag-FIP200 (#24300), GFP-LC3-RFP (#84573)
were purchased from Addgene. Lentiviral HA-ULK1 and HA-PRMT5 were generated by cloning the corre-
sponding cDNA into pLenti-HA-hygro vector or pLJM1-HA-puro vector. PRMT5-E444Q, ULK1-R532K and
various ULK1 mutants were generated using the QuikChange XL site-directed mutagenesis kit. Various single
guide RNAs (sgRNA) were designed at https://www.synthego.com and were cloned into lentiCRISPR v2 vector
(Addgene, #52961). Sequence of sgRNAs is listed Supplementary Table 1.

Antibodies. Al primary antibodies were diluted with 5% non-fat milk in TBST buffer for Western blot.
Anti-ULK1 (8045), anti-Myc (2278), anti-cleaved Caspase 3 (9661), anti-AMPKa (5831), anti-Raptor (2280),
anti-pS757-ULK1 (14202), anti-pS15-Beclin 1 (84966), anti-LC3B (3868), anti-ATG13 (13468), anti-PRMT1
(2449), anti-PRMT5 (79998), anti-S6K1 (9202), anti-HA (3724), and anti-pT389-S6K (9234) were purchased
from Cell Signaling Technology. Anti-Tubulin (66240-1-1g) and anti-Beclin 1 (11306-1-AP) were purchased
from Proteintech. Rabbit anti-FLAG (F7425), mouse anti-FLAG (F3165), peroxidase-conjugated anti-mouse
secondary antibody (A4416), and anti-rabbit secondary antibody (A4914) were purchased from Sigma. Mono-
clonal anti-HA (901503) was purchased from BioLegend. Anti-PRMT7 (A12159) and anti-p62 (A11483) were
purchased from ABclonal. Anti-pS318-ATG13 (600-401-C49) was purchased from ROCKLAND. Anti-MMA
was a gift from Dr. Mark Bedford at MD Anderson Cancer Center.

Immunoblot (IB) and immunoprecipitation (IP) analyses. Cells were rinsed with ice-cold phos-
phate-buffered saline (PBS) and lysed in EBC buffer (50 mM Tris-HCI pH 7.5, 120 mM NaCl and 0.5% NP-40)
or Triton buffer (40 mM HEPES pH 7.4, 150 mM NaCl, 2.5 mM MgCl,, 1 mM EDTA and 1% Triton X-100)
supplemented with protease inhibitor (Thermo Fisher, A32953) and phosphatase inhibitors (phosphatase inhibi-
tor cocktail Set I and II, Calbiochem). The cell lysates were centrifuged at 13,200 r.p.m. at 4 °C for 10 min.
The protein concentration of lysates was determined using Nanodrop by Bio-Rad protein assay reagent. Equal
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amounts of whole cell lysates were resolved by SDS-PAGE and immunoblotted with indicated antibodies. For IP,
2000-5000 pg lysates were incubated with agarose conjugated antibodies for 3-5 h at 4 °C. Immunoprecipitants
were washed three times with NETN buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA and 0.5%
NP-40) or Triton buffer before being resolved by SDS-PAGE. Anti-HA agarose beads (A2095) and anti-FLAG
agarose beads (A2220) were purchased from Sigma-Aldrich. Anti-Myc agarose beads (658502) were purchased
from BioLegend. Some blots were cut prior to hybridization with primary antibodies, but one full-length origi-
nal, unprocessed blot for each antibody was provided in the Supplementary Materials.

Purification of GST-tagged protein from E. coli. Recombinant GST-ULK1 and GST-Beclin 1 trun-
cated proteins were purified from the BL21(DE3) Escherichia coli transformed with corresponding constructs.
Single colony was grown in 7 mL Luria-Bertani (LB) medium overnight at 37 °C. The culture was then inocu-
lated into 400 mL LB medium until an optical density of 0.5-0.6. The protein expression was induced by 0.1 mM
IPTG (isopropyl-B-D-thiogalactoside) at 25 °C for 16 h. The bacteria cells were collected and re-suspended in
GST buffer [25 mM Tris-HCI pH 8.0, 5 mM dithiothreitol (DTT), 150 mM NacCl] and sonicated. After cen-
trifugation, the supernatant was incubated with glutathione sepharose beads for 3 h at 4 °C. The protein-bound
glutathione beads were washed three times with GST buffer and recombinant GST proteins were eluted with
elution buffer (10 mM L-Glutathione, 50 mM Tris-HCI pH 8.0).

In vitro methylation assays. 3 pg recombinant GST-ULK1 truncated proteins were incubated with
HA-PRMT5/MEP50 in the methylation buffer (50 mM Tris-HCI pH 8.5, 20 mM KCI, 10 mM MgCl,, 1 mM
B-mercaptoethanol, 100 mM sucrose) with 1 pL of adenosyl-L-methionine, S-[methyl-3H] (1 mCi/ml stock
solution, Perkin Elmer) at 30 °C for 1 h. The reactions were stopped by 3 x SDS loading buffer. The samples were
resolved by SDS-PAGE and transferred to PVDF membrane, which was then sprayed with EN3HANCE (Perkin
Elmer) and exposed to X-ray film.

Invitro kinase assays. 3 pg of bacterially purified GST-Beclin 1 recombinant proteins were incubated with
HA-ULK]1 purified from HEK293T cells in the kinase reaction buffer (25 mM HEPES pH 7.4, 50 mM NaCl,
5 mM MgCl,, 0.1 mM DTT, 0.5 mg/ml BSA) for 30 min at 30 °C. The reaction was stopped by adding 2 x SDS
loading buffer. Samples were incubated at 100 °C for 5 min and resolved by SDS-PAGE. Phosphorylation of GST-
Beclin 1 was detected by anti-pS15-Becllin 1 antibody.

Immunofluorescence staining.  Cells grown on glass coverslips were fixed with 4% paraformaldehyde for
15 min at room temperature, washed three times with PBS, and then permeabilized with 0.05% Triton X-100 for
10 min at room temperature. Following three washes with PBS, cells were stained with DAPI, washed four times
with PBS and mounted using vibrance antifade mounting medium (Vector Laboratories, H-1700). Images were
taken by Leica SP8 Confocal microscope and puncta were counted manually.

Mass spectrometric analysis of ULK1-R532 methylation. HEK293T cells were transfected with HA-
ULK]1. Forty-eight hours post transfection, the cells were lysed in Triton buffer, followed by immunoprecipita-
tion. The immunoprecipitates were resolved by SDS-PAGE and visualized using GelCode blue staining reagent
(Thermo Scientific, 24590). The protein band containing HA-ULK1 was excised and digested with trypsin. Pep-
tides were analyzed on an EASY nLC 1200 in-line with the Orbitrap Fusion Lumos Tribrid mass spectrometer
(ThermoScientific). Peptides were pressure loaded at 800 bar and separated on a C18 reversed phase column
(Acclaim PepMap RSLC, 75 pm x 50 cm (C18, 2 um, 100 A)) (Thermo Fisher) using a gradient of 2-35% B in
180 min (Solvent A: 0.1% FA; Solvent B: 80% ACN/0.1% FA) at a flow rate of 300 nL/min at 45 °C. Mass spectra
were acquired in datadependent mode with a high resolution (60,000) Fourier Transform mass spectrometry
(FTMS) survey scan followed by MS/MS of the most intense precursors with a cycle time of 3 s. The automatic
gain control target value was 4.0e5 for the survey MS1 scan. Precursors were isolated with a 1.6 m/z window
with a maximum injection time of 50 ms. Tandem mass spectra were acquired using higher-energy collisional
dissociation (HCD) and electron transfer dissociation (ETD) for each peptide precursor in an alternating fash-
ion. The HCD collision energy was 35% and ETD was performed using the calibrated charge dependent ETD
parameters. The fragment ions were detected in the Orbitrap at 15,000 resolution. Spectra were searched against
a custom database containing human ULK1 and a database of common contaminants using MaxQuant and
Proteome Discoverer. The false discovery rate, determined using a reversed database strategy, was set at 1% at
the peptide and modification site levels. Fully tryptic peptides with a minimum of seven residues were required
including cleavage between lysine and proline. Two missed cleavages were permitted. Sites of modification were
manually verified.

Cell viability assays. Cells were seeded in 96-well plate at 500-1000 cells per well for 24 h and then treated
with indicated doses of inhibitors for 4 days. Cell viability was determined using the Cell Titer-Glo cell viability
assay kit according to the manufacturer’s instructions (Promega, G7570).

Clonogenic survival assays. Cells were seeded in 6-well plates at 300-500 cells per well for 24 h and then
treated with indicated inhibitors for 8-10 days until visible colonies formation. Fresh medium with inhibitors
was replaced every 3 days. Colonies 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 dH20 and manually counted.
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Statistical analysis. As indicated in the figure legends, all quantitative data are presented as the mean +SD
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 ¢ test or two-way ANOVA. P
value <0.05 was considered significant.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.

Received: 13 January 2023; Accepted: 26 June 2023
Published online: 03 July 2023

References
1. Blang, R. S. & Richard, S. Arginine methylation: The coming of age. Mol. Cell 65, 8-24 (2017).
2. Larsen, S. C. et al. Proteome-wide analysis of arginine monomethylation reveals widespread occurrence in human cells. Sci. Signal
9, 159 (2016).
3. Lee, Y. H. & Stallcup, M. R. Minireview: Protein arginine methylation of nonhistone proteins in transcriptional regulation. Mol.
Endocrinol. 23, 425-433 (2009).
4. Zhang, F. et al. Global analysis of protein arginine methylation. Cell Rep. Methods 1, 100016 (2021).
5. Bedford, M. T. & Clarke, S. G. Protein arginine methylation in mammals: Who, what, and why. Mol. Cell 33, 1-13 (2009).
6. Morales, Y., Caceres, T., May, K. & Hevel, J. M. Biochemistry and regulation of the protein arginine methyltransferases (PRMTs).
Arch. Biochem. Biophys. 590, 138-152 (2016).
7. Guccione, E. & Richard, S. The regulation, functions and clinical relevance of arginine methylation. Nat. Rev. Mol. Cell Biol. 20,
642-657 (2019).
8. Jarrold, J. & Davies, C. C. PRMTs and arginine methylation: Cancer’s best-kept secret?. Trends Mol. Med. 25, 993-1009 (2019).
9. Karkhanis, V., Hu, Y. J., Baiocchi, R. A., Imbalzano, A. N. & Sif, S. Versatility of PRMT5-induced methylation in growth control
and development. Trends Biochem. Sci. 36, 633-641 (2011).
10. Yang, Y. & Bedford, M. T. Protein arginine methyltransferases and cancer. Nat. Rev. Cancer 13, 37-50 (2013).
11. Kim, H. & Ronai, Z. A. PRMT5 function and targeting in cancer. Cell Stress 4, 199-215 (2020).
12. Kirmizis, A. et al. Distinct transcriptional outputs associated with mono- and dimethylated histone H3 arginine 2. Nat. Struct.
Mol. Biol. 16, 449-451 (2009).
13. Pal, S., Vishwanath, S. N., Erdjument-Bromage, H., Tempst, P. & Sif, S. Human SWI/SNF-associated PRMT5 methylates histone
H3 arginine 8 and negatively regulates expression of ST7 and NM23 tumor suppressor genes. Mol. Cell Biol. 24, 9630-9645 (2004).
14. Zhao, Q. et al. PRMT5-mediated methylation of histone H4R3 recruits DNMT3A, coupling histone and DNA methylation in gene
silencing. Nat. Struct. Mol. Biol. 16, 304-311 (2009).
15. Hu, D. et al. Interplay between arginine methylation and ubiquitylation regulates KLF4-mediated genome stability and carcino-
genesis. Nat. Commun. 6, 8419 (2015).
16. Jansson, M. et al. Arginine methylation regulates the p53 response. Nat. Cell Biol. 10, 1431-1439 (2008).
17. Mounir, Z. et al. ERG signaling in prostate cancer is driven through PRMT5-dependent methylation of the Androgen Receptor.
Elife 5, 13964 (2016).
18. Clarke, T. L. et al. PRMT5-dependent methylation of the TIP60 coactivator RUVBLI is a key regulator of homologous recombina-
tion. Mol. Cell 65, 900-916.e907 (2017).
19. Du, C. et al. A PRMT5-RNF168-SMURF?2 axis controls H2AX proteostasis. Cell Rep. 28, 3199-3211.e3195 (2019).
20. Hwang, J. W. et al. PRMT5 promotes DNA repair through methylation of 53BP1 and is regulated by Src-mediated phosphorylation.
Commun. Biol. 3, 428 (2020).
21. Meister, G. et al. Methylation of Sm proteins by a complex containing PRMT5 and the putative U snRNP assembly factor pICln.
Curr. Biol. 11, 1990-1994 (2001).
22. Radzisheuskaya, A. et al. PRMT5 methylome profiling uncovers a direct link to splicing regulation in acute myeloid leukemia.
Nat. Struct. Mol. Biol. 26, 999-1012 (2019).
23. Andreu-Perez, P. et al. Protein arginine methyltransferase 5 regulates ERK1/2 signal transduction amplitude and cell fate through
CRAE Sci Signal 4, ra58 (2011).
24. Hsu, J. M. et al. Crosstalk between Arg 1175 methylation and Tyr 1173 phosphorylation negatively modulates EGFR-mediated
ERK activation. Nat. Cell Biol. 13, 174-181 (2011).
25. Yin, S. et al. PRMT5-mediated arginine methylation activates AKT kinase to govern tumorigenesis. Nat. Commun. 12, 3444 (2021).
26. Shailesh, H., Zakaria, Z. Z., Baiocchi, R. & Sif, S. Protein arginine methyltransferase 5 (PRMT5) dysregulation in cancer. Oncotarget
9, 36705-36718 (2018).
27. Xiao, W. et al. Role of protein arginine methyltransferase 5 in human cancers. Biomed. Pharmacother. 114, 108790 (2019).
28. Wang, Z. et al. PRMTS5 determines the sensitivity to chemotherapeutics by governing stemness in breast cancer. Breast Cancer Res.
Treat. 168, 531-542 (2018).
29. Wu, Y., Wang, Z., Zhang, J. & Ling, R. Elevated expression of protein arginine methyltransferase 5 predicts the poor prognosis of
breast cancer. Tumour Biol. 39, 1010428317695917 (2017).
30. Li, X., Wang, C,, Jiang, H. & Luo, C. A patent review of arginine methyltransferase inhibitors (2010-2018). Expert Opin. Ther. Pat.
29,97-114 (2019).
31. Gerhart, S. V. et al. Activation of the p53-MDM4 regulatory axis defines the anti-tumour response to PRMT5 inhibition through
its role in regulating cellular splicing. Sci. Rep. 8, 9711 (2018).
32. Vinet, M. et al. Protein arginine methyltransferase 5: A novel therapeutic target for triple-negative breast cancers. Cancer Med. 8,
2414-2428 (2019).
33. Mizushima, N. & Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 147, 728-741 (2011).
34. Morishita, H. & Mizushima, N. Diverse cellular roles of autophagy. Annu. Rev. Cell Dev. Biol. 35, 453-475 (2019).
35. Feng, Y., He, D., Yao, Z. & Klionsky, D. J. The machinery of macroautophagy. Cell Res. 24, 24-41 (2014).
36. Hansen, M., Rubinsztein, D. C. & Walker, D. W. Autophagy as a promoter of longevity: Insights from model organisms. Nat. Rev.
Mol. Cell Biol. 19, 579-593 (2018).
37. Nakatogawa, H. Mechanisms governing autophagosome biogenesis. Nat. Rev. Mol. Cell Biol. 21, 439-458 (2020).
38. Zachari, M. & Ganley, I. G. The mammalian ULK1 complex and autophagy initiation. Essays Biochem. 61, 585-596 (2017).
39. Funderburk, S. E, Wang, Q. . & Yue, Z. The beclin 1-VPS34 complex—at the crossroads of autophagy and beyond. Trends Cell Biol.
20, 355-362 (2010).
40. Ohsumi, Y. Molecular dissection of autophagy: Two ubiquitin-like systems. Nat. Rev. Mol. Cell Biol. 2,211-216 (2001).

Scientific Reports |

(2023) 13:10752 | https://doi.org/10.1038/s41598-023-37706-9 nature portfolio



www.nature.com/scientificreports/

41.

50.
51.
52.
53.
54.

55.

61.

62.

63.

64.
65.

66.
67.

68.

69.

70.

71.

72.
73.

74.
75.
76.

Kabeya, Y. et al. LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO
J. 19, 5720-5728 (2000).

. Bjorkoy, G. et al. p62/SQSTMI forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced

cell death. J. Cell Biol. 171, 603-614 (2005).

. Pankiv, S. et al. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy.

J. Biol. Chem. 282, 24131-24145 (2007).

. Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy 8, 445-544 (2012).
. Mizushima, N. & Levine, B. Autophagy in human diseases. N. Engl. J. Med. 383, 1564-1576 (2020).

. Singh, S. S. et al. Dual role of autophagy in hallmarks of cancer. Oncogene 37, 1142-1158 (2018).

. Mele, L. et al. The role of autophagy in resistance to targeted therapies. Cancer Treat. Rev. 88, 102043 (2020).

. Sui, X. et al. Autophagy and chemotherapy resistance: A promising therapeutic target for cancer treatment. Cell Death Dis. 4, e838

(2013).

. Liu, T,, Zhang, ], Li, K., Deng, L. & Wang, H. Combination of an autophagy inducer and an autophagy inhibitor: A smarter strategy

emerging in cancer therapy. Front. Pharmacol. 11, 408 (2020).

Mauthe, M. et al. Chloroquine inhibits autophagic flux by decreasing autophagosome-lysosome fusion. Autophagy 14, 1435-1455
(2018).

Porter, A. G. & Janicke, R. U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 6, 99-104 (1999).

Yoshii, S. R. & Mizushima, N. Monitoring and measuring autophagy. Int. J. Mol. Sci. 18, 1865 (2017).

Antonysamy, S. et al. Crystal structure of the human PRMT5:MEP50 complex. Proc. Natl. Acad. Sci. U S A 109, 17960-17965
(2012).

Kim, J., Kundu, M., Viollet, B. & Guan, K. L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulkl. Nat.
Cell Biol. 13, 132-141 (2011).

Alers, S., Loffler, A. S., Wesselborg, S. & Stork, B. Role of AMPK-mTOR-UIk1/2 in the regulation of autophagy: Cross talk, shortcuts,
and feedbacks. Mol. Cell Biol. 32,2-11 (2012).

. Mizushima, N. & Yoshimori, T. How to interpret LC3 immunoblotting. Autophagy 3, 542-545 (2007).
. Kimura, S., Noda, T. & Yoshimori, T. Dissection of the autophagosome maturation process by a novel reporter protein, tandem

fluorescent-tagged LC3. Autophagy 3, 452-460 (2007).

. Wang, B. et al. ULK1 and ULK2 regulate stress granule disassembly through phosphorylation and activation of VCP/p97. Mol.

Cell 74, 742-757.€748 (2019).

. Lin, M. G. & Hurley, J. H. Structure and function of the ULK1 complex in autophagy. Curr. Opin. Cell Biol. 39, 61-68 (2016).
. Wang, Y., Person, M. D. & Bedford, M. T. Pan-methylarginine antibody generation using PEG linked GAR motifs as antigens.

Methods 200, 80-86 (2022).

Deng, W. et al. Computational prediction of methylation types of covalently modified lysine and arginine residues in proteins.
Brief. Bioinform. 18, 647-658 (2017).

Cheng, D., Vemulapalli, V. & Bedford, M. T. Methods applied to the study of protein arginine methylation. Methods Enzymol. 512,
71-92 (2012).

Egan, D. F et al. Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects energy sensing to mitophagy.
Science 331, 456-461 (2011).

Lin, S. Y. et al. GSK3-TIP60-ULK1 signaling pathway links growth factor deprivation to autophagy. Science 336, 477-481 (2012).
Russell, R. C. et al. ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34 lipid kinase. Nat. Cell Biol. 15,
741-750 (2013).

Joo, J. H. et al. Hsp90-Cdc37 chaperone complex regulates Ulkl- and Atgl3-mediated mitophagy. Mol. Cell 43, 572-585 (2011).
Liu, L., Yan, L., Liao, N., Wu, W. Q. & Shi, J. L. A review of ULK1-mediated autophagy in drug resistance of cancer. Cancers (Basel)
12, 352 (2020).

Petherick, K. J. et al. Pharmacological inhibition of ULK1 kinase blocks mammalian target of rapamycin (mTOR)-dependent
autophagy. J. Biol. Chem. 290, 28726 (2015).

Wang, Y., Hu, W. & Yuan, Y. Protein arginine methyltransferase 5 (PRMT5) as an anticancer target and its inhibitor discovery. J.
Med. Chem. 61, 9429-9441 (2018).

Stopa, N., Krebs, J. E. & Shechter, D. The PRMT5 arginine methyltransferase: Many roles in development, cancer and beyond. Cell
Mol. Life Sci. 72, 2041-2059 (2015).

Wang, R. C. et al. Akt-mediated regulation of autophagy and tumorigenesis through Beclin 1 phosphorylation. Science 338, 956-959
(2012).

Auclair, Y. & Richard, S. The role of arginine methylation in the DNA damage response. DNA Repair (Amst) 12, 459-465 (2013).
Eliopoulos, A. G., Havaki, S. & Gorgoulis, V. G. DNA damage response and autophagy: A meaningful partnership. Front. Genet.
7,204 (2016).

Xie, Y. et al. Posttranslational modification of autophagy-related proteins in macroautophagy. Autophagy 11, 28-45 (2015).
Zhao, Y. G. & Zhang, H. ULK1 cycling: The ups and downs of the autophagy response. J. Cell Biol. 215, 757-759 (2016).

Li, J. et al. Oxygen-sensitive methylation of ULK]1 is required for hypoxia-induced autophagy. Nat. Commun. 13, 1172 (2022).

Acknowledgements

This work was in part supported by the funding from American Cancer Society (RSG-22-068-01-TBE) and NIH
grant (R35GM146749 and R01CA266522-01A1) to W.G., NIH grant S10 OD025126 (Orbitrap Fusion Lumos
ETD MS) to L.E.B, and MUSC COBRE in Digestive and Liver Disease (P20 GM130457) and MUSC DDRCC
(P30 DK123704). C.B. was supported by Hollings Cancer Center Graduate Fellowship. S.Y. and L.L. were sup-
ported by Hollings Cancer Center Postdoctoral Fellowship.

Author contributions

C.B, S.Y,, L.L. and W.G. designed and performed the experiments and data analysis. L.E.B. performed the
LC-MS/MS analysis of ULK1 arginine methylation. J.R.D. and P.H.H provided critical reagents and cell lines
and supervised the study together with W.G. C.B. and W.G. wrote the manuscript. All authors reviewed and
commented on the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2023) 13:10752 | https://doi.org/10.1038/s41598-023-37706-9 nature portfolio



www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-37706-9.

Correspondence and requests for materials should be addressed to W.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:10752 | https://doi.org/10.1038/s41598-023-37706-9 nature portfolio


https://doi.org/10.1038/s41598-023-37706-9
https://doi.org/10.1038/s41598-023-37706-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Autophagy dictates sensitivity to PRMT5 inhibitor in breast cancer
	Results
	Autophagy blockage sensitizes TNBC cells to PRMT5 inhibitor. 
	Deficiency in PRMT5 induces autophagosome formation. 
	ULK1 is required for PRMT5-mediated regulation of autophagy. 
	PRMT5 interacts and methylates ULK1 at Arg532. 
	Blockage of ULK1-R532 methylation enhances ULK1 kinase activity and autophagy. 
	ULK inhibitor sensitizes resistant TNBC cells to PRMT5 inhibitor. 

	Discussion
	Methods
	Cell culture and reagents. 
	Transfection, lentivirus production, and infection. 
	Plasmids. 
	Antibodies. 
	Immunoblot (IB) and immunoprecipitation (IP) analyses. 
	Purification of GST-tagged protein from E. coli. 
	In vitro methylation assays. 
	In vitro kinase assays. 
	Immunofluorescence staining. 
	Mass spectrometric analysis of ULK1-R532 methylation. 
	Cell viability assays. 
	Clonogenic survival assays. 
	Statistical analysis. 

	References
	Acknowledgements


