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N6-methyladenosine-modified USP13 induces pro-survival
autophagy and imatinib resistance via regulating the
stabilization of autophagy-related protein 5 in gastrointestinal
stromal tumors
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Secondary resistance to imatinib (IM) represents amajor challenge for therapy of gastrointestinal stromal tumors (GISTs). Aberrations in
oncogenic pathways, including autophagy, correlate with IM resistance. Regulation of autophagy-related protein 5 (ATG5) by the
ubiquitin-proteasome system is critical for autophagic activity, although the molecular mechanisms that underpin reversible
deubiquitination of ATG5 have not been deciphered fully. Here, we identified USP13 as an essential deubiquitinase that stabilizes ATG5
in a process that depends on the PAK1 serine/threonine-protein kinase and which enhances autophagy and promotes IM resistance in
GIST cells. USP13 preferentially is induced in GIST cells by IM and interacts with ATG5, which leads to stabilization of ATG5 through
deubiquitination. Activation of PAK1 promoted phosphorylation of ATG5 thereby enhancing the interaction of ATG5 with USP13.
Furthermore, N6-methyladenosine methyltransferase-like 3 (METTL3) mediated stabilization of USP13 mRNA that required the m6A
reader IGF2BP2. Moreover, an inhibitor of USP13 caused ATG5 decay and co-administration of this inhibitor with 3-methyladenine
boosted treatment efficacy of IM in murine xenograft models derived from GIST cells. Our findings highlight USP13 as an essential
regulator of autophagy and IM resistance in GIST cells and reveal USP13 as a novel potential therapeutic target for GIST treatment.
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INTRODUCTION
Gastrointestinal stromal tumors (GISTs) are the most commonly soft
tissue sarcoma of the gastrointestinal tract. GISTs originate from the
interstitial cells of Cajal (ICCs) or other precursor cells and are driven
mainly by overexpressed KIT tyrosine kinase that is implicated in
lineage commitment and survival [1]. Despite targeted drugs have
revolutionized treatment of GIST, many patients experience tumor
recurrence within 2 years due to drug resistance [2–4] Thus, drug
resistance mechanisms must be characterized to provide successful
long-term treatments.
The pivotal role that autophagy plays in GIST progression has

emerged recently [5]. Autophagy is a highly conserved catabolic
process [6], which is modulated by a range of autophagy-related
genes (ATGs), ensuring the ordered circulation and degradation of
cytoplasmic proteins and impaired intracellular organelles [7]. ATG5
plays a critical role in regulating autophagosome formation [8].
Although accumulating evidence indicates that IM causes protective

autophagy in GIST [9], the mechanisms that underlie this protection
and the dysregulation of ATG5 in GIST have not been deciphered.
Deubiquitinating enzymes (DUBs) are a diverse set of proteases

that catalyze the removal of ubiquitin moieties from target proteins
to offset the action of substrate ubiquitination [10–12], which
commonly are misregulated in many tumors and play critical roles
in tumorigenesis and progression [13, 14]. USP13 is an important
member of the USP subfamily that controls the ubiquitination status
of diverse substrates that are involved in multiple processes,
including cell cycle regulation, autophagy, metabolism, DNA repair
response, and innate antiviral immunity [15–19]. However, whether
USP13 plays a role in GIST biology remains unclear.
Here, we identify USP13 as a key factor that mediates drug

resistance through regulating the polyubiquitylation of ATG5. As
PAK1-mediated phosphorylation at residue T101 protects ATG5
from ubiquitination-dependent degradation [20], we further
validate that this phosphorylation is critical for the binding and
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deubiquitination of ATG5 with USP13. Methyltransferase-like 3
(METTL3) is an N6-methyladenosine (m6A) that acts widely on
RNA. We demonstrate that aberrant expression of USP13 in GIST is
related to METTL3-induced m6A modification which maintains the
stability of USP13 mRNA.

MATERIALS AND METHODS
Cell culture
The human cell lines GIST-T1 and GIST-882 were maintained in DMEM
medium supplemented with 10% fetal bovine serum and 1%
penicillin–streptomycin at 37 °C in 5% CO2. The KIT exon 13 deletion
GIST-882 cell line and KIT exon 11 deletion GIST-T1 were supplied by
Biowit Technologies (Shenzhen, China).

Construction of drug-resistant cell lines
GIST-882R and GIST-T1R were stable IM-resistant cell lines that originated
from the respective sensitive parental lines after screening for 3 years. Next-
generation sequencing validated that no secondary mutations occurred in
the GIST cell lines.

Antibodies and reagents
The following antibodies were used: rabbit monoclonal anti-ATG5 (ab221604;
Abcam, Cambridge, UK); mouse monoclonal anti-USP13 (ab109264; Abcam);
rabbit monoclonal anti-LC3B (ab192890; Abcam); rabbit polyclonal anti-β actin
(66009-1-Ig; Proteintech, Wuhan, China); rabbit monoclonal anti-IGF2BP2
(ab124930, UK); rabbit polyclonal anti-P62 (18420-1-AP; Proteintech); rabbit
polyclonal anti-USP3 (12490-1-AP; Proteintech); rabbit polyclonal anti-OTUD4
(25070-1-AP; Proteintech); mouse monoclonal anti-USP32 (sc-374465; Santa
Cruz Biotechnology, Dallas, USA); rabbit monoclonal anti-Myc (ab32072;
Abcam); rabbit monoclonal anti-GST (ab138491; Abcam); rabbit monoclonal
anti-PAK1 (ab223849; Abcam); rabbit monoclonal anti-cleaved Parp (5625; Cell
Signaling Technology, Massachusetts, USA); rabbit monoclonal anti-cleaved
Caspase3 (9664; Cell Signaling Technology); rabbit monoclonal anti-Flag
(14793; Cell Signaling Technology); rabbit monoclonal anti-HA (ab236632;
Abcam); and, mouse monoclonal anti-Ubiquitin (646302; Biolegend, San
Diego, USA). 3-Methyladenine (3-MA), Chloroquine (CQ), MG-132 proteasome
inhibitor and cycloheximide (CHX) protein synthesis inhibitor were purchased
from Selleckchem (Houston, USA) and Cell Signaling Technology, respectively.
When indicated, the medium contained 20 μM MG-132 or 40 μg/mL CHX.

Plasmids, lentiviral vectors, shRNA and transfection
Lentiviral expression vectors with Flag-labeled USP13, Flag-labeled USP13
C345A, and His-labeled ATG5 were generated by inserting the relevant
genes with the Flag or His tag into the pCDH-CMV-MCS-EF1α-Puro vector.
HA-labeled ubiquitin-Lys48(K48) and HA-labeled ubiquitin-Lys63(K63) were
obtained from Addgene (Watertown, USA), in which one Lys (K48 or K63)
was retained and the rest were replaced with Arg residues. All constructs
were verified by sequencing. Lentiviral shRNA plasmids that target ATG5
and USP13 together with the nonspecific control shRNA were obtained
from Dharmacon (Shanghai, China). The shRNA targeted sequences were
as follows: 5′-TGATCCTTCAATCTGTTGG-3′ (shATG5-1), 5′-GCCTGTCAAATC
ATAGTAT -3′ (shATG5-2), 5′-GAGCCAACATCAAAACCTG-3′ (shUSP13-1), 5′-TT
CCTACATACGCTCTCTG-3′ (shUSP13-2), 5′-AGGAGCCAGCCAAGAAAUCAAT
T-3′(shMETTL3-1), 5′-CUGCAAGUAUGUUCACUAUGATT-3′(shMETTL3-2), 5′-G
GATTCTGTGCACAGATAA-3′(shPAK1), 5′-CAUGCCGCAUGAUUCUUGATT-3′
(shIGF2BP2). Transfection of plasmid and shRNA was performed with
Lipo3000 (Invitrogen, Carlsbad, USA) following the manufacturer’s instruc-
tions. LV-Flag-labeled USP13, LV-Flag-labeled USP13 C345A and LV-His-
labeled ATG5 were seeded in GIST-882 and GIST-T1 cells with a multiplicity
of infection. Transfection with an empty vector was used as a control. After
puromycin screening for 5–7 days until a final concentration of 2 μg/mL
was reached, the cells that overexpressed Flag-labeled USP13, Flag-labeled
USP13 C345A, His-labeled ATG5, and control cells were harvested. ATG5
knockout GIST-882 and GIST-T1 cell lines were screened with puromycin
2 days after lentivirus infection.

RNA isolation and real-time RT-PCR
Total RNA from cell lines and tissues was isolated utilizing the Total RNA
Purification Kit (Norgen, Thorold, Canada). Quantitative real-time RT-PCR
(qRT-PCR) was executed on a StepOnePlus™ Real-Time PCR System
(ThermoFisher Scientific, Waltham, USA). Targeted mRNA levels were

standardized against GAPDH level. Primers utilized for qPCR were as follows:
ATG5, 5′-AAAGATGTGCTTCGAGATGTGT-3′ (forward) and 5′-CACTTTGTCAGT-
TACCAACGTCA-3′ (reverse); and GAPDH, 5′-GAGTCAACGGATTTGGTCGT-3′
(forward) and 5′-GACAAGCTTCCCGTTCTCAG-3′ (reverse); and METTL3, 5′-
TTGTCTCCAACCTTCCGTAGT-3′ (forward) and 5′-CCAGATCAGAGAGGTGGTG-
TAG-3′ (reverse); and USP13 5′-GGTCTACAAGAACGAGTG-3′ (forward) and 5′-
TTCTCTCGCGCATGTCTT-3′ (reverse) and IGF2BP2, 5′-GCCCCTCATTAAGCC-
CAAG-3′, (forward) and 5′-TTGTGGTGGTCTGACAGTTCG-3′) (reverse).

IC50 and resistance index calculation
IC50 and resistance index of GIST cell lines were determined by CCK-8
assay (CK04, Dojindo, Tokyo, Japan). In brief, GIST cells were seeded in 96-
well plates. Each well was supplemented with DMEM medium (100 μL)
together with CCK-8 reagent (10 μL) and co-cultured for 2 h. OD450 values
of each well were determined with a microplate reader (ThermoFisher
Scientific, USA). Assays were performed at least three times in duplicate.

Patients and tissues
Drug-sensitive GIST tissues were derived from 21 patients who received
curative surgery between February 2015 and February 2020 at the
Department of General Surgery of the First Affiliated Hospital of Nanjing
Medical University. Patients were treated with IM following surgery and none
developed tumor recurrence for at least 1 year after surgery based on CT
scans. Drug-resistant GIST tissues were obtained by surgery or CT-guided
needle biopsy from 21 patients who demonstrated disease progression
while treated with IM. All tissues were stored in liquid nitrogen immediately
after resection. Consent for tissue experiments was obtained from the Ethics
Committee of the First Affiliated Hospital of Nanjing Medical University. The
clinicopathological features of GIST patients are summarized in Table S1.

Cell cycle and apoptosis
Cell cycle analysis was performed with the Cell Cycle Staining Kit
(MultiSciences Biotech, Hangzhou, China) according to the manufacturer’s
protocol. GIST cells subsequently were assessed by fluorescence activated
cell sorter (FACS). For cell apoptosis analysis, GIST cells were stained with
Annexin V-FITC and PI (Keygentec, Nanjing, China) according to the
supplier’s protocol and were assessed by FACS.

Colony formation assay
Cells were seeded in a six-well plate (1000 cells/well) combined with 2mL
complete DMEM medium. Visible colonies were fixed with 4% parafor-
maldehyde. The fix solution was removed, samples were flushed slowly in
tap water, and the colonies were stained with crystal violet and
photographed 14 days later after desiccation at room temperature.

Western blot
GIST cells and tissues were lysed to acquire proteins using RIPA Lysis Buffer
(Beyotime, Nanjing, China) following the manufacturer’s instructions. The
lysates were subjected to SDS-PAGE and then transferred to PVDFmembranes
(Millipore, Massachusetts, USA). The membranes were incubated at 4 °C with
primary antibodies. After incubation with secondary antibody against mouse
or rabbit immunoglobulin at room temperature, the membranes were
processed with the Super ECL Plus Kit (US EVERBRIGHT INC, Suzhou, China).
Normalization was carried out by blotting identical samples with antibody
against β-actin.

Co-immunoprecipitation
Cells were lysed on ice for 30min with NP-40 Lysis Buffer (Beyotime). Lysates
were centrifuged at 12000 g for 15min and the supernatant was incubated
with the targeted antibody with rotation at 4 °C overnight. Protein A/G Plus-
Agarose (ThermoFisher Scientific) was added followed by continued rotation
at 4 °C overnight. The Protein A/G Plus-Agarose was washed throughly three
times with wash buffer (1mL) at 4 °C for 20min. The wash buffer was
removed and 2X SDS-PAGE Sample Buffer (Beyotime) was added to the
sample with incubation at 100 °C for 10min. Co-immunoprecipitated
proteins were subjected to standard western blot analysis.

Denature-IP assay
All the ubiquitin assays in our study were performed in denaturing
conditions. Ubiquitination was detected using d-IP. Cells were lysed in SDS-
denaturing buffer (62.5 mM Tris-HCl pH6.8, 2% SDS, 10% glycerol, 1.5%
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β-mercaptoethanol) and boiled for 10min. Cell lysates were then diluted
tenfold to fortyfold in native lysis buffer (50 mM Tris-HCl pH7.4, 0.5% Triton
X-100, 200 mM NaCl, 10% glycerol). After centrifugation at 13,000 r.p.m. for
5 min, the supernatants were immunoprecipitated. The lysates and
immune complexes were subjected to western blot analysis.

GST-tagged protein purification and GST pull-down assays
For GST pull-down assays, bacterially-expressed GST, GST-ATG5, wild-type
GST-USP13, or GST-USP13-C345A bound to glutathione-Sepharose 4B
beads (GE Healthcare, Chicago, USA) were incubated with wild-type Flag-
USP13, Flag-USP13-C345A, or His-ATG5 expressed in HEK293T cells for 2 h
at 4 °C. Subsequently, complexes were washed with GST-binding buffer at
least four times and eluted repeatedly with TNGT elution buffer (0.5 mL) at
least five times. Elution fractions were collected and subjected to western
blot analysis.

Protein half-life assay
For the ATG5 half-life assay, the indicated GIST cells were treated with CHX
(80 μg/ml) for the indicated durations before gathering cell lysates.

Transmission electron microscopy (TEM)
GIST cells were digested with trypsin, centrifuged at 300 g for 5 min, and
resuspended with serum in a 1.5 mL microcentrifuge tube. The cells were
fixed in EM fixation buffer overnight at 4 °C. After staining with OsO4 (1%),
the samples were sliced into ultrafine sections and subjected to electron
microscopy (JEM-F200, Japan).

EdU incorporation
EdU assay was performed with the Click-iTCell-Light EdU Apollo567 In Vitro
Kit (Ribobio, Guangzhou, China) according to the manufacturer’s instruc-
tion. In brief, digested GIST cells were seeded at 5000 cells per well in 96-
well plate. EdU was added to the medium for 3 h at a final concentration of
50 μmol/L. 4% paraformaldehyde in PBS was utilized to fix cells and the
reaction was quenched with 50 μL of glycine solution (2 mg/mL). Cells
were stained with 4′,6-diamidino-2-phenylindole (DAPI) and one field of
view per well was examined for EdU-positive cells.

Immunohistochemistry
Human GIST tissues and GIST subcutaneous murine tumor models were
fixed and embedded in paraffin for immunohistochemistry (IHC). The
sections (4 μm) derived from paraffin-embedded tissues were incubated
with the indicated antibody overnight at 4 °C and then with a secondary
antibody HRP conjugate at room temperature for 1 h. IHC used KI67 and
TUNEL antibodies. Immunohistochemical staining intensity scores were
indicated as: negative (0), weak staining (1), moderate staining (2) and
strong staining (3), and the extent of stained cells were indicated as:
0%= 0, 1–24%= 1, 25–49%= 2, 50–74%= 3, 75–100%= 4. All cases were
independently scored by two experienced pathologists blinded to the
clinical data in Jiangsu Province Hospital & First Affiliated Hospital of
Nanjing Medical University. The final scores were defined by multiplying
the intensity scores by the scores of the extent of stained cells (0–12).
Cutoff values to define the high and low expression of targets were chosen
on the basis of a measurement of heterogeneity with the log-rank test
statistic with respect to progression-free survival. Because the optimal
cutoff thresholds were identified from the current study as 4, tumors with
IHC scores of 4 or more were considered as high expression, and tumors
with IHC scores of <4 were considered as low expression.

Subcutaneous tumor xenograft models
6 × 106 logarithmically growing GIST cells resuspended in 100 μL PBS were
injected subcutaneously into the flank of 6-week-old female nude mice for
tumor growth assays. The following treatments were initiated when the
tumor volume reached approximately 300 mm3. (1) IM-sensitive GIST cell
lines and IM-resistant GIST cell lines were used to establish a subcutaneous
xenograft model of GIST (n= 6 mice/group). When the tumors grew to the
required size, mice were treated with IM via drinking water; (2) GIST cells
were pretreated with USP13 lentivirus or USP13 control lentivirus. In
addition, IM-resistant GIST cells were pretreated with USP13 inhibitors or
control. These lentivirus-transfected cells were implanted into subcuta-
neous mice tumors to construct the USP13 positive, USP13-negative, and
control groups (n= 6 mice/group). When the transplanted tumor grew to
the required volume, mice in each group were treated with IM via drinking

water. (3) IM-resistant GIST cells-xenografted mice and control mice were
treated with USP13 inhibitors or with USP13 inhibitors and autophagy
inhibitors in combination therapy to assess reversal of IM resistance (n= 6
mice/group). Mice were treated with IM (45 mg/kg/day) and with or
without 3-MA (15mg/kg/day) via drinking water when the tumors grew to
the required size. The USP13 inhibitor Spautin-1 was used at 20mg/kg/day
when required.

Isobaric tags for relative and absolute quantitation (iTRAQ)
iTRAQ data analysis was performed by Gene Create Biolabs Inc (Wuhan,
China). Total protein extracts were obtained from IM-sensitive and IM-
resistant GISTs of patients using RIPA lysis buffer (Sigma, Schwieberdingen,
Germany). After reduction and alkylation, protein samples were mixed with
trypsin at a final trypsin: protein ratio of 1:10 and digested overnight at 37 °C.
Tryptic peptides were dried by vacuum centrifugation, reconstituted in
labeling buffer (70% ethanol/25mM TEAB), and labeled with iTRAQ reagents
according to the manufacturer’s protocol (AB-Sciex, Framingham, USA).
Protein identification and quantification were performed by LC-MS/MS
analysis using a nanoLC Ultra 1D plus/Triple TOF 5600 analyzer (AB-Sciex).

m6A sequencing and m6A-RNA immunoprecipitation
(RIP)-qPCR
A MeRIP-qPCR assay was performed to detect m6A modifications of
individual gene transcripts. Briefly, Protein A/G magnetic beads were
prewashed and incubated with 5 μg of rabbit IgG or anti-m6A antibody
(Synaptic Systems, Goettingen, Germany) for 2 h at 4 °C with continuous
rotation. The antibody-bead complex was mixed with purified RNA and
immunoprecipitation (IP) buffer containing RNase inhibitors (Beyotime).
After IP, the proteins were digested with proteinase K and RNA enrichment
was examined by qPCR analysis.

Luciferase reporter assay
Cells were seeded into 24-well plates and transfected with luciferase
reporter vectors as described above. After 48 h, the cells were lysed and
tested using a dual-luciferase reporter assay kit (Promega, Madison, USA)
according to the manufacturer’s instructions. Independent experiments
were conducted in triplicate

Statistical analysis
Data are expressed as the mean ± SD or as mean ± SEM of at least three
independent experiments. All statistical analyses were accomplished by
GraphPad Prism 7.0 and SPSS 20.0 software. All statistical tests were two-
tailed Student’s t test or one-way ANOVA with P < 0.05 representing
statistical significance.

RESULTS
ATG5 promotes IM resistance and the malignant proliferation
of GIST
iTRAQ technique was used to screen differentially expressed
proteins in patient-derived IM-sensitive and -resistant tissues, which
revealed that ATG5 was among the top 10 highly expressive
proteins in resistant tissues. (Fig. 1A, B) and proteomic data-analysis
was shown in Table S3. Next, IHC staining demonstrated that the
expression of ATG5 and CD117 were associated with increased IM
resistance in GIST (Fig. 1C). Assessments of protein and mRNA levels
revealed amarked increase in ATG5 protein in IM-resistant GIST cells
and tissues, but not in mRNA (Figs. 1D–G, S1A). To interrogate
the relationship between ATG5 expression and IM resistance in
GIST, GIST-T1R and GIST-882R cells were transfected with a short
hairpin RNA (shRNA) for ATG5 or ATG5 overexpression plasmid and
the efficiency was exhibited in Fig. S1B, C. ATG5 knockdown
significantly decreased half-maximal inhibitory concentration (IC50)
values for IM. In addition, overexpressed ATG5 increased IC50 values
in GIST-882 and GIST-T1 cells (Figs. 1H, I, S1D). As the preceding
experiments suggest an important role for ATG5 in GIST, we utilized
receiver operating characteristic curve analysis to assess the role of
ATG5 in the prognosis of patients. The area under the curve was
0.696 (95% CI, 0.535–0.857), which indicates that ATG5 may be a
sensitive biomarker for IM resistance diagnostics in GIST (Fig. 1J, K).
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Fig. 1 ATG5 promotes IM resistance and the malignant proliferation of GIST. A Heatmap representation of differentially expressed proteins
in patients with IM-resistant and IM-sensitive GIST. B Volcano plot for differentially expressed proteins in patients with IM-resistant and IM-
sensitive GIST. C IHC for ATG5 and CD117. D Protein level of ATG5 in human GIST tissue from IM-resistant and IM-sensitive patients.
E Quantification of ATG5 protein level in GIST cells. F RT-qPCR analyses of ATG5 mRNA levels in sensitive and resistant GIST tissues.
G Quantitative RT-PCR analysis of ATG5 target genes from IM-sensitive and IM-resistant cells. H, I CCK8 proliferation assay verified the effect of
ATG5 expression levels on the sensitivity of GIST cells to IM. J Kaplan–Meier plot of progression-free survival by ATG5 expression. K Receiver
operating characteristic analysis of the risk of patients with IM-sensitive and IM-resistant GIST. L,M Cell cycle distribution and apoptosis rate of
GIST cells transfected with vector, ATG5, shCtrl, or shATG5. Error bars represent the mean (n= 3) ±S.D. *P < 0.05, **P < 0.01, ***P < 0.001.
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Collectively, the above findings indicate that high ATG5 expression
is associated with IM resistance in GIST.
To further elaborate the effect of ATG5 on proliferation, flow

cytometry assays showed that ATG5 overexpression weakened cell
cycle arrest on G0/1 phase and apoptosis induced by IM, whereas
sh-ATG5 strengthened the effect of IM (Fig. 1L, M). Moreover, results

of colony formation and EdU assays were consistent with above,
indicating the key role of ATG5 in proliferation in GIST (Fig. S1E, F).
Xenograft models were employed to explore the oncogenic role of
ATG5 in GIST. The shATG5 significantly attenuated xenograft tumor
growth in nude mice (Fig. S1G, H). Assessment of cellular
proliferation with IHC assays also substantiated the role of ATG5
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in promoting xenograft tumor proliferation (Fig. S1I). In summary,
the preceding data demonstrates that ATG5 enhances the
malignant proliferation and facilitates IM resistance of GIST cells.

Protective autophagy induces IM resistance in GIST
Autophagy plays a critical role in IM resistance in GIST [9]. IHC
revealed that the LC3 level was significantly higher in IM-resistant
xenografts (Fig. S2A). This result was similar to that in patient-
derived tumors (Fig. S2B). In addition, common markers of
autophagy, including ATG5 and LC3-II/I, which were elevated in
IM-resistant cell lines with or without chloroquine (CQ) treatment,
demonstrated that autophagy was involved in IM resistance
(Fig. S2C–E). 3-methyladenine (3-MA) inhibits phosphoinositide
3-kinase which is a key factor in autophagy. Treatment with 3-MA
led to a decrease in the IC50 (Fig. S2F). Furthermore, more LC3
fluorescent spots were found in IM-resistant cells (Fig. S2G, H).
Evidence of IM-induced autophagy was also obtained by direct
observation of autophagosome formation by TEM (Fig. S2I, J). In
summary, the preceding results suggest that protective autop-
hagy is critical for IM resistance in GIST.

USP13 maintains ATG5 stability
In contrast to ubiquitin modification, the role of deubiquitination in
protein modification is less well understood. As noted in the
preceding experiments, a significant difference existed in ATG5
protein levels, but not mRNA, between IM-resistant and -sensitive
GIST samples. We blocked de novo protein synthesis using CHX and
chased the subsequent ATG5 protein levels in HEK293T and ICCs
cells. ATG5 was degraded gradually and treatment with the
proteasome inhibitor MG-132 caused a significant increase in
ATG5 protein levels (Fig. S3A). In view of these observations, we
conjectured that ATG5 is regulated by the ubiquitin-proteasome
system in post-translational level. We screened an siRNA library
consisting of 98 human DUBs in HEK293T cells to identify potential
deubiquitinating enzymes for ATG5. USP3, USP13, USP32, and
OTUD4 each impacted ATG5 expression in this screening (Fig. S3B).
Notwithstanding the co-expression of these DUBS and ATG5 in
HEK293T cells, we observed a direct interaction only between ATG5
and USP13 in IP assays (Fig. 2A). The interaction between ATG5 and
USP13 was examined further by transfecting HEK293T cells with
Flag-labeled wild-type or a catalytically inactive C345A point mutant
USP13. Expression of wild-type USP13, but not the C345A mutant,
enhanced ATG5 protein level in a dose-dependent manner (Fig. 2B),
indicating that USP13 modulates ATG5 via its deubiquitinating

activity. Moreover, USP13 and ATG5 are expressed highly in IM-
resistant GIST cell lines (Figs. 2C, S3C). Subsequently, the loss of
USP13 induced a concomitant reduction in ATG5 expression which
also was attenuated by MG-132 or by overexpression of wild-type
USP13, but not USP13-C345A mutant (Figs. 2D, E, S3D, E). In
addition, CHX pulse-chase experiments revealed that overexpres-
sion of USP13, but not the USP13-C345A mutant, dramatically
increased the stability of ATG5 in HEK293T cells (Fig. 2F, G), whereas
USP13 knockdown in resistant cell lines destabilized the ATG5
protein (Figs. 2H, I, S3F). Taken together, these results demonstrate
that USP13 regulates ATG5 stability.

USP13 interacts with ATG5
In view of the direct interaction that was observed between
ATG5 and USP13 in IP assays (Fig. 2A), we investigated whether
the catalytic activity of USP13 was required for this binding. IP
assays showed that His-labeled ATG5 interacts with both Flag-
labelled wild-type USP13 or USP13-C345A in HEK293T cells
which demonstrated that the deubiquitinating activity of USP13
does not grossly alter the binding efficiency (Fig. 2J). Subse-
quently, we examined the subcellular colocalization of USP13
and ATG5. Confocal images showed colocalization of USP13
(red) and ATG5 (green) in cytoplasm of GIST cells (Figs. 2K, S3G).
Analogously, we validated that endogenous USP13 associated
with ATG5 protein physically in GIST cells (Figs. 2L, M, S3H, I).
Moreover, we performed pull-down assays in which purified
GST-ATG5 was incubated with purified recombinant Flag-
labelled wild-type or mutant USP13. GST-ATG5, but not GST
alone, interacted with wild-type USP13 and the USP13-C345A
mutant (Fig. 2N) which confirmed that USP13 interacted with
ATG5 directly and that the deubiquitinating activity of USP13
was not required for this interaction. To map the interacting
regions on USP13 and ATG5, various Flag-labelled USP13 and
His-ATG5 deletions were tested (Fig. 2O). IP assays demonstrated
that the M1 region (amino acids 1–184) of ATG5 and the amino
terminus of USP13 (amino acids 300–863) are the principal
regions that mediate the interaction (Fig. 2P, Q).

USP13 regulates the deubiquitination of ATG5
The interaction between USP13 and ATG5 was probed further. The
ubiquitination level of ATG5 in resistant cells decreased compared
with the level in sensitive cells. The addition of IM alone led to a
concomitant decrease in the amount of ATG5 ubiquitination.
The concentration of USP13 was elevated in the corresponding

Fig. 2 USP13 maintains ATG5 stability and interacts with ATG5. A Flag-labeled DUBs (USP3, USP13, USP32, and OTUD4) were expressed in
HEK293T cells, and cell lysates were analyzed by IP with Flag beads followed by western blotting with antibodies against ATG5 and Flag.
B Increasing amounts of Flag-labeled wild-type USP13 or USP13-C345A were transfected into HEK293T cells, and cell lysates were analyzed by
western blotting with antibody against ATG5. C Western blot analysis of ATG5 from IM-sensitive and IM-resistant cell lines. D GIST-T1R cells
transfected with two independent USP13 shRNA were treated with or without the proteasome inhibitor MG-132 (20 μM for 8 h) and then
USP13 and ATG5 were analyzed. EWestern blotting analysis of ATG5 levels in GIST-T1R cells transfected with USP13 shRNA together with either
shRNA-resistant (sh-res) Flag-labeled wild-type USP13 or USP13-C345A. F, G HEK293T cells were co-transfected with His-labeled ATG5 and
Flag-labeled wild-type USP13 or USP13-C345A, treated with CHX (40 μg/ml), collected at the indicated times, and then subjected to western
blotting with antibodies against His and Flag. Quantification of ATG5 levels relative to β-actin are shown. H, I GIST-T1R cells stably expressing
control shRNA or shRNA-USP13 were treated with CHX (40 μg/ml), harvested at the indicated times, and then subjected to western blotting
with antibodies against ATG5 and USP13. Quantification of ATG5 levels relative to β-actin are shown. J HEK293T cells were transfected with
His-ATG5 alone or in combination with Flag-labeled wild-type USP13 or USP13-C345A. Cell lysates were analyzed by IP with Flag beads
followed by western blotting with antibodies against His and Flag. a, vector; b, Flag-USP13; c, Flag-USP13-C345A. K Confocal images showing
colocalization of USP13 (red) and ATG5 (green) in GIST cells. Nuclei were counterstained with DAPI (blue). L,M Cell lysates from GIST-T1R cellls
were analyzed by IP using antibodies against USP13 and ATG5, then subjected to western blotting analysis. IgG was used as the isotype
control. N Purified Flag-labeled wild-type USP13 or USP13-C345A were incubated with GST or GST-ATG5 coupled to glutathione-sepharose
beads. Proteins retained on sepharose were then subjected to western blotting with the indicated antibodies. Recombinant GST-ATG5 was
purified from bacteria and analyzed by SDS-PAGE and Coomassie blue staining. O Schematic representation of full-length (FL) Flag-labeled
USP13, His-labeled ATG5, and various deletion mutants. P HEK293T cells were co-transfected with His-ATG5 and FL Flag-labeled USP13 or
deletion mutants. Cell lysates were analyzed by IP with Flag beads followed by western blotting with antibodies against His and Flag.
Q HEK293T cells were co-transfected with Flag-USP13 and His-labeled FL ATG5 or deletion mutants. Cell lysates were analyzed by IP with His
beads followed by western blotting with antibodies against Flag and His. Error bars represent the mean (n= 3) ± S.D. *P < 0.05, **P < 0.01,
***P < 0.001.
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drug-resistant cells, and the addition of the drug alone also led to
an increase in USP13 levels (Figs. 3A, S4A). We co-transfected wild-
type or the C345A mutant of USP13 in HEK293T cells to test
whether USP13 targets ATG5 for deubiquitination. ATG5 from cells
treated with MG132 was heavily ubiquitinated in IP analysis.
In contrast, the ubiquitination of ATG5 was almost eliminated by

co-transfection with wild-type USP13, but not USP13-C345A
(Fig. 3B, C). In support of these observations, ubiquitination of
ATG5 was promoted by shUSP13 in resistant cells (Figs. 3D, S4B).
To determine whether ATG5 is a direct substrate of USP13,
purified USP13 and ubiquitinated ATG5 were incubated in a cell-
free system. Purified wild-type USP13, but not the catalytically
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inactive C345A mutant, decreased ATG5 polyubiquitination
in vitro (Fig. 3E). Therefore, USP13 directly deubiquitinates ATG5.
Two main forms of polyubiquitin chains constituted by Lys48(K48)
or Lys63(K63) linkages have been described. To investigated
which type of polyubiquitin modifications on ATG5 are influenced
by USP13. we used a panel of ubiquitin mutants in which one Lys
residue was retained and the rest were replaced with Arg residues,
and we observed that expression of USP13 inhibited the
Lys48(K48)-linked but not Lys63(K63)-linked ubiquitination of
ATG5. (Figs. 3F, S4C). In addition, the expression of ATG5 was
attenuated by the enforced expression of a Lys48-resistant (K48R)
version of ubiquitin (Figs. 3G, S4D). We generated three lysine-to-
arginine substitutions mutants of ATG5 according to GPS-Uber
(http://gpsuber.biocuckoo.cn/wsresult.php) which predicts gen-
eral and E3-specific lysine ubiquitination sites. These mutants
(ATG5-K5R, -K171R and -K201R) were used in denaturing-IP assays
(Fig. S4E). Without USP13 overexpression, all three mutants were
ubiquitinated, albeit less strongly than wild-type ATG5. Comparing
the amount of ATG5-K5R-ubiquitin from cells in which USP13 was
expressed with the equivalent signal without USP13 expression
demonstrated clearly that USP13 targeted this mutant for
deubiquitylation. As ATG5 ubiquitinated on other lysines did not
appear resistant to USP13 deubiquitylation, USP13 may have the
highest activity for K5 ubiquitination (Fig. 3H). In addition, the
expression of His-ATG5, which was downregulated by USP13
depletion, was attenuated by the K5R mutation (Fig. 3I). Taken
together, our results reveal that USP13 stabilizes ATG5 by
removing K48-linked polyubiquitin chains at residue K5.

USP13 enhances IM-resistance and malignant cell
proliferation by the induction of protective autophagy in vitro
and in vivo
Compared with IM alone, combined administration of 3-MA and
IM decreased cell viability (Figs. 4A, B, S5A, B) which suggests that
USP13 promotes IM resistance by inducing protective autophagy.
Moreover, elevated USP13 induced the overexpression of ATG5,
enhanced transformation of LC3-I to LC3-II, and down-regulated
P62. Conversely, down-regulation of autophagy levels was
observed in IM-resistant cells transfected with shUSP13 (Figs. 4C,
S5C). In addition, USP13 overexpression in IM sensitive cells
inhibited apoptosis, whereas the knockdown of USP13 in IM
resistant cells induced an opposite effect (Figs. 4D, S5D).
We utilized a tandem GFP-mCherry-LC3 construct to examine

the association between autophagic flux and USP13 expression.
More autophagosomes and autolysosomes were observed in cells
with elevated USP13 expression, whereas knock-down of USP13
decreased the level of autophagy (Figs. 4E, S5E). Subsequently,
TEM analysis was exploited to study autophagic activity which
demonstrated that USP13 overexpression contributed to
enhanced autophagosome levels (Figs. 4F, G, S5F). In addition,
EdU assays demonstrated that USP13 overexpression enhanced

IM resistance, while USP13 knockdown increased the killing effect
of IM (Fig. S5G, H). In summary, these data demonstrate that
enhanced IM resistance and malignant proliferation in GIST cells
involve protective autophagy induced by USP13.
To examine the preceding observations in a more clinical-like

setting, we determined the impact of pharmacologic inhibition of
USP13 on cell-derived GIST models. A small molecule inhibitor of
USP13, Spautin-1, first was investigated for attenuation of the
deubiquitinating activity of USP13 on ATG5. This molecule almost
abolished the deubiquitination ability of USP13 at 10μmol/L (Figs. 4H,
S5I). Spautin-1 also reduced ATG5 protein levels in IM resistant cell
lines and this reduction was counteracted by MG-132. Thus, Spautin-
1, similar to the effect of USP13 knockdown, facilitates the ubiquitin-
proteasome degradation of ATG5 (Figs. 4I, S5J). Moreover, a marked
decrease in the half-life of the ATG5 protein was induced by co-
administration of Spautin-1 and CHX (Figs. 4J, S5K).
In view of the preceding in vitro results, we established murine

GIST xenografts for in vivo studies. Overexpression of USP13 in
these xenografts diminished sensitivity to IM and increased tumor
volume. Accordingly, an increased sensitivity to IM was observed
in xenografts treated with Spautin-1 (Figs. 4M, S5N, O). Co-
administration of USP13 lentivirus with IM upregulated the level of
autophagy and ATG5 (Fig. 4K), which were attenuated by the
USP13 inhibitor (Fig. 4L). Furthermore, USP13 lentivirus inhibited
apoptosis and promoted IM resistance in the xenografts (Fig. S5L).
Conversely, with administration of the Spautin-1, apoptosis was
enhanced and IM resistance was impaired (Fig. S5M). In summary,
USP13 overexpression triggered autophagy through the USP13/
ATG5 pathway in xenografts of GIST tumors.
Following the preceding xenograft studies, co-administration of

Spautin-1 and 3-MA blocked autophagy effectively. Interestingly,
the antitumor effect of IM was not enhanced by co-administration
of 3-MA, whereas addition of Spautin-1 and 3-MA attenuated
protective autophagy and slowed down tumor growth by enhan-
cing apoptosis (Figs. 4N, O, P, S5P). Overexpressed USP13 promoted
autophagy, IM resistance, and tumor propagating potential which
were largely reversed by knockdown of ATG5 (Fig. S6A–H).

PAK1 promotes ATG5 binding to and deubiquitination by
USP13
PAK1-mediated phosphorylation at residue T101 decreased
ubiquitination of the ATG5 [20]. Hence, we hypothesized that
PAK1 may function in cooperation with DUBs to deubiquitinate
ATG5. As outlined above, analysis of truncated mutants demon-
strated that the M1 region (amino acids 1–184) of ATG5 is critical
for direct interaction with USP13 (Fig. 2Q). As the T101
phosphorylation site of ATG5 is located in the M1 domain, we
reasoned that PAK1-mediated phosphorylation at this residue may
affect binding and deubiquitination of ATG5 with USP13. Knock-
down of PAK1 or the PAK1 inhibitor FRAX597 (1 μmol) in GIST-T1R
cells attenuated the interaction between endogenous USP13 and

Fig. 3 USP13 deubiquitinates ATG5. A GIST-T1S and GIST-T1R were co-transfected with HA-ubiquitin (HA-Ub), and cell lysates were subjected
to denature-IP with ATG5 antibody, followed by western blotting with antibodies against HA and ATG5. Cells were treated with 20 μM MG-132
and with or without low-dose IM for 8 h before harvesting. B, C HEK293T cells or ICCs were co-transfected with His-ATG5, HA-ubiquitin (HA-
Ub), and Flag-labeled wild-type USP13 or USP13-C345A, and cell lysates were subjected to denature-IP with His beads followed by western
blotting with antibodies against HA and His. Cells were treated with 20 μM MG-132 for 8 h before harvesting. D GIST-T1R was co-transfected
with the indicated shRNA and HA-Ub, and cell lysates were subjected to denature-IP with ATG5 antibody, followed by western blotting with
antibodies against HA and ATG5. Cells were treated with 20 μM MG-132 for 8 h before harvesting. E Unubiquitylated or ubiquitylated His-ATG5
was incubated with wild-type GST-USP13 or GST-USP13-C345A coupled to glutathione-sepharose beads. His-ATG5 was subjected to denature-
IP with His beads followed by western blotting with antibodies against HA and His. Recombinant GST-USP13 or GST-USP13-C345A were
analyzed by SDS-PAGE. F GIST-T1S cells were co-transfected with His-ATG5, Flag-USP13, and HA-Ub Lys0, Lys48-only, or Lys63-only plasmids,
and then the ATG5 ubiquitylation linkage was analyzed. G GIST-T1S cells transfected with wild-type Ub or Ub-Lys48R were cultured for 72 h in
the presence of control shRNA or USP13 shRNA. Cell lysates were analyzed by western blotting using antibodies against ATG5 and USP13.
H HEK293T cells were transfected with the vector plasmid or Flag-USP13, HA-Ub and wild-type His-ATG5 or K-to-R mutants and treated with a
low-dose of IM. Samples were subjected to denature-IP with anti-Flag beads and then analyzed by immunoblot with an anti-HA or anti-Flag
antibody. I HEK293T transfected with wild-type Ub, wild-type His-ATG5 or His-ATG5-K5R were cultured for 72 h in the presence of control
shRNA or USP13 shRNA. Cell lysates were analyzed by western blotting using antibodies against ATG5 and USP13.
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ATG5 (Fig. 5A–D). In addition, PAK1-K420R is a dominant-negative
mutant, which could inhibit PAK1 activation. The levels of
PAK1 (K420) acetylation significantly correlate with ATG5 (T101)
phosphorylation. PAK1-K420R could suppress PAK1 activation by
repressing its phosphorylation and inhibiting its dimerization [20].
The interaction between the two proteins was reduced after

transfection of Myc-PAK1-K420R (Fig. 5E, F). Furthermore, the
T101A mutation in ATG5 significantly decreased the interaction
between ATG5 and USP13 in the presence of PAK1 (Fig. 5G, H).
Accordingly, deubiquitination of ATG5 by USP13 was attenuated
after PAK1 knockdown (Fig. 5I). In addition, the deubiquitination of
ATG5 by USP13 was reduced after transfection with PAK1-K420R
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Fig. 4 USP13 enhances IM-resistance and malignant proliferation by the induction of protective autophagy in vitro and in vivo. A, B GIST-
T1S cells were transfected with a USP13 overexpression vector and empty control (NC), and GIST-T1R cells were transfected with USP13 shRNA
and control (NC). Inhibition curves of GIST cells after treatment are indicated. C Western blot detected autophagy element expression levels in
GIST-T1S and GIST-T1R cells after transfection as indicated. D Apoptosis-related protein levels were detected by western blot. E–G The autophagy
flow and autophagosome in GIST cells were detected by confocal microscopy and transmission electron microscopy. H GIST-T1S was co-
transfected with His-ATG5, HA-Ub, and Flag-USP13 in the absence or presence of Spautin-1 (1 μM) or a low-dose of IM and cell lysates were
subjected to denature-IP with His beads followed by western blotting with antibodies against HA and His. Cells were treated with 20 μMMG-132
for 8 h before harvesting. IWestern blot analysis of ATG5 in GIST-T1S treated with Spautin-1 (1 μM) or vehicle with or without MG-132. J GIST-T1S
cells were treated with Spautin-1 (1 μM) or vehicle for 24 h, followed by CHX (40 μg/ml), harvested at the indicated times, and then subjected to
western blotting with antibodies against ATG5. SE, short exposure; LE, long exposure. K–M Representative images from tumors in nude mice
bearing GIST-T1S or GIST-T1R cells in different groups and the expression of autophagy markers monitored by western blot (n= 6 mice/ group).
Scale bars: 1 cm. N–P Representative images of tumors in nude mice formed by the GIST-T1R cells in the different subgroups and the expression
of autophagy and apoptosis markers monitored by western blot. Error bars represent the mean (n= 3) ± S.D. *P < 0.05, **P < 0.01, ***P < 0.001,
respectively.

Fig. 5 PAK1 promotes ATG5’s binding with and deubiquitination by USP13. A, B GIST-T1R cells were transfected with control shRNA or
PAK1 shRNA, and cell lysates were analyzed by IP using antibodies against USP13 or ATG5, then subjected to western blot analysis. IgG was
used as the isotype control. C, D GIST-T1R cells were treated with or without PAK1 inhibitor, and cell lysates were analyzed by IP using
antibodies against USP13 and ATG5, then subjected to western blotting analysis. IgG was used as the isotype control. E, F HEK293T cells were
transfected with Flag-USP13, His-ATG5, and wild-type PAK1 (WT) or PAK1 (K420R). Cell lysates were analyzed by IP and western blots were
performed as indicated. G, H HEK293T cells were transfected with Flag-USP13, wild-type His-ATG5, His-ATG5-101A, His-ATG5-101D, or Myc-
PAK1. Cell lysates were analyzed by IP and western blots were performed as indicated. I HEK293T cells were transfected with HA-Ub and Flag-
USP13 plus control shRNA or PAK1 shRNA for 36 h. Then the cells were treated with MG-132 for 8 h. Cell lysates were denature-IP using an anti-
His antibody and then analyzed by western blotting using an anti-HA antibody. J HEK293T cells were transfected with HA-Ub, and wild-type
Myc-PAK1 or Myc-PAK1(K420R), and then treated with MG-132 for 8 h. Cell lysates were denature-IP using an anti-His antibody then analyzed
by western blotting using an anti-HA antibody. K HEK293T cells were transfected with HA-Ub, Myc-PAK1, wild-type His-ATG5 His-ATG5-101A, or
His-ATG5-101D, and then treated with MG-132 for 8 h. Cell lysates were denature-IP using an anti-His antibody then analyzed by western
blotting using an anti-HA antibody. L HEK293T cells were transfected with HA-Ub, His-ATG5, Flag-USP13 with or without PAK1 inhibitor for
36 h. Then the cells were treated with MG-132 for 8 h. Cell lysates were denature-IP using an anti-HA antibody and then analyzed by
immunoblotting.
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Fig. 6 Knockout of PAK1 reverses the effect of USP13 in vitro and in vivo. A, B The expression of autophagy and apoptosis marker proteins
monitored by western blot. C Inhibition curves of GIST cells after treatment as indicated. D The effect of USP13 expression levels on the
proliferation of GIST cells was examined by clone formation assay. E–G Cell cycle distribution, apoptosis rate, proliferation and the autophagy
flow were assessed in GIST-T1S cells transduced with empty vector or USP13, and reconstituted with shCtrl or shPAK1. Error bars represent the
mean (n= 3) ± S.D. *P < 0.05, **P < 0.01, ***P < 0.001, respectively. H–I Bioluminescence imaging of xenografted tumors and and quantitative
analysis of tumor volume. Error bars represent the mean (n= 3) ± S.D. *P < 0.05, **P < 0.01, ***P < 0.001, respectively.
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(Fig. 5J). The T101A mutation also attenuated deubiquitination of
ATG5 by USP13 in the presence of PAK1 (Fig. 5K). Finally,
deubiquitination of ATG5 by USP13 was reduced by FRAX597
(Fig. 5L). In summary, the results above validate that PAK1-
dependent phosphorylation of ATG5 is critical for binding and
deubiquitination by USP13.

Knockout of PAK1 reverses the effect of USP13 on ATG5
in vitro and in vivo
Our preceding experiments indicate that USP13 stabilizes ATG5 in a
PAK1-dependent manner to enhance autophagy and promote IM
resistance in GIST. In support of this hypothesis, we demonstrated
that the effect of overexpressed USP13 on autophagy and IM
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resistance was largely rescued by shPAK1 (Fig. 6A–G). For in vivo
experiments, we used GIST cells that stably overexpressed USP13 to
establish xenografts in mice. Bioluminescence imaging demon-
strated that USP13 overexpression promoted tumor growth and
that the effect was rescued by silencing of PAK1 (Fig. 6H, I). Taken
together, these observations indicate the significance of the USP13-
PAK1-ATG5 axis in IM resistance and malignant proliferation of
GIST cells.

METTL3-mediated m6A modification of USP13 mRNA
maintains IGF2BP2-dependent stability
We previously reported that methylation of mRNA m6A by
METTL3 stimulates IM resistance in GIST [21]. Here, USP13 mRNA
levels were differential in IM-sensitive and IM-resistant GIST cells
and tissues (Fig. S7A, B). Our previous m6A-seq analysis showed
significant enrichment of m6A in the 3′-UTR region of USP13 mRNA
(Fig. 7A). To interrogate any role for this region of USP13 mRNA in
GIST, we examined the expression levels of METTL3 and USP13
in GIST patients and observed a significant positive correlation
(R= 0.5819) (Fig. S7C). Consistent with above, cells that over-
expressed METTL3 showed significantly increased USP13mRNA and
protein levels (Fig. 7B, C). Conversely,METTL3 deficiency exerted the
opposite effects (Figs. 7D, E, S7D). Furthermore, m6A-RIP-qPCR
analysis demonstrated that METTL3 overexpression significantly
enhanced m6A methylation of USP13mRNA (Figs. 7F, S7E), whereas
knockout of METTL3 reduced this methylation (Figs. 7G, S7F). To
probe whether METTL3 leads to attenuation of the USP13 mRNA
levels, USP13 mRNA stability was examined in GIST cells. Treated
with the transcriptional inhibitor actinomycin D, METTL3 deficiency
attenuated the stability of USP13mRNA, but overexpressed METTL3
enhanced stability (Figs. 7H, S7G). We further observed that
overexpression of METTL3 enhanced ATG5 protein level which
was reversed by knockdown of USP13 (Figs. 7I, S7H). Moreover,
based on m6A-seq data and RMBase database, we identified two
m6A peaks in the 3′-UTR of USP13 mRNA (Fig. S7I).
We next constructed reporters in which either the wild-type

USP13 3′-UTR or mutant 1/2 was inserted downstream of the
firefly luciferase reporter gene in pGL3. Each mutant contains a
single base-pair change compared to the wild-type sequence
(Fig. S7J). Luciferase assays revealed that mutation of the m6A
motif (3′-UTR-Mut1) but not that of the site (3′-UTR-Mut2) partially
abolished the difference in reporter gene expression between sh-
METTL3 and control cells (Figs. 7J, S7K). In addition, the stability of
the USP13 3′-UTR was reduced significantly in the sh-METTL3
background (Figs. 7K, S7L). The 3′-UTR-Mut1 mutation, but not 3′-
Mut2 alteration, partially abolished the difference in stability of the
USP13mRNA 3′-UTR in sh-METTL3 and control (Figs. 7L, M, S7M, N).
Taken together, the above observations suggest that m6A in the
3′-UTR is involved in the stability of USP13 mRNA via a role for an
m6A-modified 5′-TAGAACTG′-3 sequence in the secondary struc-
ture of the 3′-UTR.
The regulatory effects of “m6A readers” on m6A-modifed

transcripts have been studied recently. IGF2BP proteins, including
IGF2BP1/2/3, are a distinct family of m6A readers that can recognize
and bind to thousands of mRNA targets through the m6A motif in

mRNA stabilization [22]. Hence, specific shRNAs against IGF2BP1/2/3
were designed and results showed that silencing of IGF2BP2
markedly suppressed USP13 mRNA expression (Figs. 7N, S7O). An
RNA IP analysis further confirmed the interaction between IGF2BP2
and USP13 mRNA in GIST cells (Figs. 7O, S7P). The mRNA stability
analysis indicated the key role of IGF2BP2 in USP13 mRNA stability
(Figs. 7P, S7Q). The correlation between IGF2BP2 and USP13 was
also confirmed in GIST tissues (Figs. 7Q, S7R). Together, our findings
indicate that METTL3-mediated m6A modification maintains USP13
expression via IGF2BP2-dependent USP13 mRNA stability.

Correlation between METTL3, USP13, PAK1 and ATG5
expression and association with GIST patient progression-free
survival
We assessed the expression of METTL3, USP13, PAK1, and ATG5 in
a cohort of 42 GIST specimens by IHC to explore the potential
clinical relevance of our findings. METTL3, USP13, PAK1 and ATG5
were upregulated significantly in resistant tumors (Fig. 8A).
Moreover, the results revealed a positive correlation for the
expression of each of these proteins (Fig. 8B–E), and that increased
expression of each protein correlated with reduced progression-
free survival of GIST patients (Fig. 8F–H).

DISCUSSION
Resistance to IM is a major clinical problem that leads to poor
prognosis in patients with GIST [23]. Autophagy plays a crucial role
in drug resistance in tumors [24, 25], but the underlying molecular
mechanisms that mediate autophagy-induced IM resistance in
GISTs are not well-characterized. In the present study, we verified
that the key autophagy protein ATG5 is essential for IM resistance in
GIST. Screening a siRNA library that comprised 98 human DUBs
revealed USP13 as a new bona fide deubiquitinase that interacts
with and reverses ubiquitination of ATG5, and stabilizes the protein
in a PAK1-dependent manner. Moreover, this is the first report that
the METTL3 methyltransferase regulates m6Amodification of USP13
mRNA thereby enhancing USP13 protein production.
Recycling of damaged molecules and organelles is required for

tumor progression. Autophagy plays a critical role in the efficient
turnover of intracellular components, which suppresses tumor
initiation and reduces genomic instability, but promotes the
survival of established tumors [26–30]. IM-induced activation of
autophagy also is a key survival pathway in quiescent GIST cells
[31]. Autophagy biogenesis is characterized by the formation of an
isolation membrane phagophore whose production is regulated
by ATG genes through ubiquitination-like conjugation steps [32].
ATG5 is involved in the extension of the phagophore membrane
in autophagic vesicles, which is relatively scarce [33–35]. Several
mechanisms potentially are involved in the regulation of ATG5
expression. For example, the Gadd45ß-MEKK4-p38MAPK kinase
phosphorylates ATG5 which inactivates the protein and inhibits
autophagy [36], whereas deacetylation of ATG5 by the Sirt1
deacetylase induces autophagy [37]. Moreover, methylation of
the ATG5 promoter downregulates the expression of ATG5 and
also blocks autophagy [38]. Furthermore, overexpression of the

Fig. 7 METTL3-mediated m6A modification of USP13 mRNA maintains IGF2BP2-dependent stability. A m6A peaks are enriched in the 3′-
UTR region of USP13mRNA as determined by m6A-seq. B–E qRT-PCR and western blot analysis of METTL3 and USP13 after METTL3 knockout or
overexpression. F–G RNA immunoprecipitation-qPCR showing the enrichment of USP13 m6A after METTL3 knockout or overexpression. H The
decay rate of USP13 mRNA after treatment with actinomycin D (2.5 mmol/L) for the indicated times with METTL3 knockout or overexpression.
I Western blot analysis of ATG5 after METTL3 overexpression with or without shUSP13. J The mRNA levels in sh-Ctrl or sh-METTL3 GIST cells
transfected with pGL3-USP13-3′-UTR wild-type or pGL3-USP13-3′-UTR-Mut1/2 reporters for 24 h. K–M USP13 mRNA levels in sh-Ctrl or sh-
METTL3 GIST cells transfected with pcDNA-USP13-3′-UTR-WT/Mut1/2 for 24 h and then treated with actinomycin D for the indicated times
determined by RT-qPCR. N The mRNA levels of USP13 in IGF2BP1/2/3 knockdown GIST cells were detected by qRT-PCR. O RNA
immunoprecipitation-qPCR showing the enrichment of USP13 m6A after IGF2BP2 knockout. P The decay rate of USP13 mRNA after treatment
with actinomycin D (2.5 mmol/L) for the indicated times with IGF2BP2 knockout. Q IGF2BP2 expression correlates positively with USP13
expression in GIST patients (linear regression). Error bars represent the mean (n= 3) ± S.D. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 8 Correlative expression of METTL3, USP13, PAK1 and ATG5 as prognostic indicators for clinical GIST. A Representative images of IHC
staining of METTL3, USP13, PAK1, and ATG5 in clinical GIST samples. Scale bars: 50 µm. B–E Correlation analyses of IHC data of GIST in (A).
Statistical significance was determined by the chi-square test. A total of 42 GIST specimens were analyzed. F–H Kaplan–Meier analyses for GIST
in (A). A total of 42 GIST specimens were analyzed. I The mechanistic scheme of this study.
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immunoproteasome catalytic β5i subunit causes the degradation
of ubiquitinated ATG5 which inhibits the induction of autophagy
[39]. Here, we identify USP13 as a crucial deubiquitinase that
stabilizes and maintains the activity of ATG5.
Previous studies have implicated USP13 in cancer development

via the regulation of oncogene or tumor suppressor protein
stability [15–19]. However, the pathological function of USP13 in
the tumorigenesis of different cancers is controversial. For
example, USP13 deubiquitinates and stabilizes microphthalmia-
associated transcription factor (MITF) which is a lineage-specific
master regulator of human melanoma [40]. In addition, USP13
plays an oncogenic role by stabilization of the c-MYC transcription
factor in glioblastoma, and by upregulation of ATP citrate lyase
and oxoglutarate dehydrogenase in ovarian cancer [15, 41]. In
contrast, USP13 was discovered as a deubiquitinase of the PTEN
phosphatase which is a tumor-suppressing protein in breast and
other cancers [42]. Here, we demonstrated that USP13 is a novel
ATG5 regulator that stabilizes ATG5 through deubiquitination in
autophagy-mediated IM resistance. Interestingly, Beclin1, which is
a subunit of the PI3K-III complex of intracellular signal transducer
enzymes, also controls the stabilities of the USP10 and USP13
proteins by regulating their deubiquitinating activities [16].
Beclin1 and ATG5 are key regulatory proteins in the nucleation
stage and extension stages of autophagy, respectively. Hence,
USP13 potentially may serve as the molecular bridge between
these stages.
RNA m6A modification is involved in diverse cellular processes,

and dysregulation of this modification is a common feature of
many tumors [43, 44]. The studies here revealed that USP13 is
regulated by METTL3-induced m6A modification, thereby mediat-
ing ATG5 stabilization which promotes autophagy and IM
resistance in GIST cells. Protein interactions frequently are
facilitated by post-translational modifications such as phosphor-
ylation [45]. Accordingly, PAK1-mediated phosphorylation of ATG5
at T101 decreased its ubiquitination [20]. Here we identified
USP13 as a crucial deubiquitinase that stabilizes ATG5 in a PAK1-
dependent manner to enhance autophagy and promote IM
resistance in GIST cells. These findings hold considerable promise
for filling the void in understanding the impact of posttranscrip-
tional modifications on ATG5 function and stability.
In conclusion, the study revealed that USP13 induces autophagy

to promote proliferation and drug resistance via deubiquitylation
and stabilization of ATG5 in GISTs. Activation of PAK1 phosphor-
ylates ATG5 at residue T101 which mediates the interaction
between USP13 and ATG5, and which reduces ATG5 ubiquitina-
tion. Furthermore, METTL3 upregulates the USP13 expression
through m6A modification. Therefore, specifically targeting the
USP13-ATG5 axis may be a potential therapeutic strategy for
future treatment of GIST (Fig. 8I).
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