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Abstract
Background

Mutations in MTOR and TSC1/2 can only explain part of variability in mTOR inhibitor response. Here, we
performed a comprehensive molecular characterization of tumors with high sensitivity to these drugs to
uncover novel mechanisms of response.

Methods

Chromophobe renal cell carcinoma (chRCC) tumors were analyzed by whole-exome sequencing.
Rapamycin sensitivity, expression of mTOR pathway effectors, ubiquitylome analyses to identify USP9X
substrates, p62 immunoprecipitation and autophagy assessment through immuno�uorescence assays
for p62 and LC3 were performed in USP9X depleted HeLa and 786-O cells for mechanistic investigation.

Results

Whole-exome sequencing of chRCC patients with high mTOR inhibitor sensitivity, uncovered USP9X
deubiquitinase as the only mutated gene shared by these tumors. The clonal characteristics of the
mutations, revealed by studying multiple primary and metastatic samples, together with the low USP9X
mutation rate in unselected chRCC series, implied a causal link between USP9X and mTOR inhibitor
sensitivity. The high sensitivity was recapitulated in vitro, and while no direct effect on mTORC1 was
detected, an unbiased ubiquitylome analysis revealed p62 as a direct USP9X target. Bortezomib
treatment, which also led to p62 ubiquitination, increased rapamycin effect. Finally, immuno�uorescence
assays for p62 and LC3 con�rmed dysregulated autophagy in USP9X depleted cells, supporting a
synthetic lethal interaction between rapamycin-induced autophagy via mTOR-axis and USP9X loss.

Conclusions

Our study uncovers USP9X as a potential novel marker of sensitivity to mTOR inhibitors and suggests the
inhibition of this gene as a clinically exploitable strategy able to increase sensitivity to these drugs
through a novel p62 regulatory mechanism. 

Background
mTOR pathway has a central role in cell biology as it coordinates nutrients with metabolic activity and
cell division. Its over-activation is a frequent event in cancer, with point mutations in MTOR, TSC1 and
TSC2 present in 6% of the tumors in the Pan-Cancer project and MTOR ampli�cation in 4% of tumors (1).
Two mTOR pathway inhibitors, temsirolimus and everolimus, are approved for the treatment of renal cell
carcinoma, progressive pancreatic neuroendocrine tumors, subependymal giant cell astrocytoma
associated with tuberous sclerosis complex and HER2-negative breast cancer.



Page 4/24

There is large variability in the response to mTOR inhibitors. Extraordinary responses have been linked to
speci�c mutations in MTOR, TSC1 and TSC2 that by over-activation of the pathway result in increased
rapalog sensitivity (2–7). However, studies on large series of treated patients found an incomplete
correlation between these alterations and mTOR inhibitor response (8–11). Intra-tumor heterogeneity may
explain part of this discordance, with extraordinary responses being driven by early mutations in these
genes or by parallel evolution in different tumor subclones, leading in both cases to a high mTOR
pathway dependency in all tumor cells (5, 12, 13). In addition, cases without mTOR pathway mutations
and high sensitivity to mTOR inhibitors suggest a role for still unidenti�ed genes, which would represent
novel predictive markers and potential drug targets in cancer.

In this study, by applying whole exome sequencing (WES) to three chromophobe renal cell carcinoma
(chRCC) patients with high sensitivity to temsirolimus, we discovered USP9X as the only mutated gene
shared by the tumors. This deubiquitinase was found rarely mutated in unselected chRCC cases and in
vitro cellular models validated the association with mTOR inhibitor sensitivity. Ubiquitylome studies
revealed p62 as a USP9X substrate and ubiquitination of this protein was identi�ed as a pivotal
postranscriptional modi�cation involved in autophagy regulation, supporting a synthetic lethal interaction
between USP9X and mTOR inhibitors.

Methods

Patients
Three metastatic chRCC patients with high sensitivity to temsirolimus treatment were selected for WES. In
brief, patient 1 was a 34-year old woman with metastatic chRCC at diagnosis. She received temsirolimus
which resulted in complete response in all metastatic lesions and 80% decrease of the renal tumor
volume, with the remaining tumor removed by nephrectomy. The patient received again temsirolimus for
a bone metastasis detected 9 years after the initial diagnosis. Again a complete response was obtained
and, currently, 13 years after the initial diagnosis the patient is disease free. The response to the �rst
temsirolimus treatment has been published (4). Patient 2 was a 49-year old man with a localized chRCC
removed by surgery that 15 years later developed a retrovesical/ perirectal metastasis and started
temsirolimus treatment. Maintained radiological response was observed by MRI and after 23 months the
patient stopped treatment, underwent surgery and was disease free for 52 months. At this point,
metastatic lesions were detected, and the patient received temsirolimus again for 1 year obtaining
response. 20 months after stopping temsirolimus, metastases were again detected, removed by surgery
and currently monitoring of the patient continues. Patient 3 was a 68-year old woman with a stage III
chRCC that 3.5 years after the nephrectomy developed multiple lymph node metastases. Temsirolimus
treatment achieved a 35% reduction in tumor size, but 1 year later treatment was stopped due to toxicity
with a maintained response of 11 months after stopping temsirolimus. A detailed description of these
three patients is provided in Supplementary Methods. Tumor mutations in genes frequently altered in
chRCC and immunohistochemistry characteristics for these three cases and a large series of 89 chRCC
patients, was recently published by our group (14).
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The study was approved by the Instituto de Salud Carlos III Review Board, and the patients provided
written informed consent to participate in the study.

Whole exome sequencing (WES)
WES analysis was performed in the three patients: in blood and in available FFPE tumors blocks with
su�cient material (e.g. some biopsies were excluded; Fig. S1). DNA was extracted from the tumor tissues
using the Maxwell® RSC DNA FFPE Kit (Promega) and the Maxwell® RSC Instrument (Promega).
Samples with highly degraded DNA unsuitable for library production were excluded. DNA from peripheral
blood was isolated using DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer
instructions.

DNA libraries were produced using the SureSelect XT HumanAllExon V5 kit (Agilent Technologies), and
sequencing was performed in a HiSeq instrument (Illumina) using a 100-bp paired-end mode. WES mean
depth of coverage was > 90x for all samples. Raw sequencing data was aligned to hs37d5 (GRCh37)
reference genome using BWA-mem. Somatic variant calling of the tumor with germline-matched samples
was performed using Mutect (GATK v3.4). Sequencing data was analyzed to identify single nucleotide
variants (SNVs) and small insertions or deletions (indels), applying an allele frequency threshold of 0.10
and with ≥ 2 alternative reads supporting the variant. Those variants present in gnomAD
(https://gnomad.broadinstitute.org/) with an allele frequency > 0.0001 were not considered further.
Coding non-synonymous and loss-of-function variants (labelled as Moderate or High Impact by VEP; e.g.
missense, nonsense, those disrupting canonical splice sites, in-frame and frameshift indels), were
retained for the analysis, as previously described (4).

Immunohistochemistry (IHC)
USP9X IHC was performed on tumor tissue sections using ab180191 antibody (Abcam), following
standard protocols. The speci�city of the antibody was con�rmed using HAP1 USP9X knock-out (KO) and
HAP1 wild type cells (Horizon Discovery).

Cell lines and culture
Cell line authentication for HeLa and 786-O cell lines was performed using the GenePrint® 10 kit
(Promega) and cells were veri�ed to be free of mycoplasma (MTC-NI System; Millipore). HeLa and 786-O
cells were grown with high glucose DMEM with L-glutamine (Sigma) supplemented with 10% FBS. For
serum starvation, cells were washed three times with PBS and incubated with culture media without FBS
for 16 h. For serum plus amino acid starvation, after the 16 h without FBS, cells were washed and
incubated with PBS for 1h. For stimulation experiments, starved cells were incubated with media with
FBS (20%) and amino acids for 30 min. Cell proteins were extracted and used for immunoblotting
(methods and antibodies are described in detail in Suppl. Methods).

USP9X gene silencing
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USP9X shRNA-mediated gene knock-down was performed using pTRIPZ human USP9X doxycycline
inducible vectors containing 4 different shRNAs (RHS4740-EG8239; clone ID: V2THS41519;
V2THS41521; V3THS320834; V2THS41523; these were referred to in the text as #1, #2, #3 and #4,
respectively) and a non-target shRNA (Dharmacon). Lentiviral infections were performed according to the
manufacturer’s instructions. After puromycin selection, cells were grown with doxycycline at 1 µg/ml to
induce shRNA expression and silence USP9X. After protein isolation of the different shRNA transduced
cells and western-blot, V2THS41523 (#4) was discarded due to poor USP9X silencing.

USP9X-KO cells were generated with the CRISPR/Cas9 system. CRISPR guide sequences targeting exon 3
of the human USP9X gene (5 CATACTGACTTGGCCAAGTT-3  and 5 -AGTTGGATGACATGATCAAC-3 )
were designed using the Cas9-Designer, optimized using Cas-OFFinder, and cloned into lentiviral
plasmids. SpCas9 expression plasmids (500 ng) and sgRNA plasmids (500 ng) were transfected into
2×105 HEK293T cells using Lipofectamine 2000 (Thermo�sher). Lentiviral particles were used to
transduce HeLa and 786-O cell lines. After 10 days of growth in media with puromycin, cells were diluted
and sorted to establish single-cell clones. Proteins were isolated from each single colony and USP9X KO
cells identi�ed by western-blot. Mutations in the USP9X target region were analyzed by Sanger
sequencing.

MTT viability assays
Cells were seeded in 96-well plates at 1250 (HeLa) or 2000 (786-O) cells per well and after 8 h treated
with rapamycin, WP1130, bortezomib, or a combination of drugs, at different concentrations for 32–96 h,
depending on the cell type and compound tested. Eight replicates for each concentration were used with
a 1% DMSO �nal concentration, in at least two independent plates. For shRNA experiments, doxycycline
was added to the media, at least 3 days before plating and during the MTT experiments. MTT solution
was incubated at 1g/l for 2 h at 37ºC, media was removed and cells lysed with DMSO. Compounds were
added to the plates using the Biomeck NPX Laboratory Automation Workstation (Beckman Coulter).
Absorbance at 544 nm was assessed with a microplate reader (VICTOR Multilabel Plate Reader;
PerkinElmer).

K-ε-GG pro�ling and proteome analysis
Cellular pellets were lysed in 5% SDC, 100 mM TrisHCl buffer pH 7.5, supplemented with protease and
phosphatase inhibitors (HALT, Pierce) and Benzonase (Merck). Proteins were reduced and alkylated 1 h at
room temperature with 15 mM TCEP and 35 mM 2-chloroacetamide (Sigma). Lysates were then digested
with Lys-C (Wako, enzyme/ protein ratio 1:200) followed by trypsin (Trypzean, Sigma; enzyme/ protein
ratio 1:50). Digests were quenched with TFA, peptides desalted and lyophilized. For enrichment of K-ε-GG
peptides, the PTMScan ubiquitin remnant motif (K-ε-GG) kit (Cell Signaling Technology, 5562) was used.
Eluted peptides were desalted using StageTips and analyzed by coupling an UltiMate 3000 RSLCnano LC
system to a Q Exactive Plus mass spectrometer (Thermo Fisher Scienti�c). Raw �les were processed with
MaxQuant (v 1.6.1.0) using the standard settings against a human protein database (UniProtKB/TrEMBL,
20,303 sequences, march 2018) supplemented with common found laboratory contaminant protein
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sequences. Carbamidomethylation of cysteines was set as a �xed modi�cation whereas oxidation of
methionines, protein N-term and addition of glycine-glycine to lysine (K-GG) as variable modi�cations.
Results were �ltered at 0.01 FDR (peptide and protein level). For label free quanti�cation match between
runs option was enabled. Afterwards, the “GlyGly (K)Sites.txt” �le was loaded in Prostar (v1.10) (15)
using the intensity values for further statistical analysis. A global normalization of log2-transformed
intensities across samples was performed using the median. Missing values were imputed using the
algorithms imp4p (for partially observed values) and Lapala (for values missing on an entire condition).
Differential analysis was done using the empirical bayes statistics limma. The FDR was estimated using
Benjamini-Hochberg procedure.

p62 transfections and structural model of p62-UBA and
ubiquitin
Cells were seeded into 96-well plates and once attached, transfected in the same plate with p62-wildtype
(HA-p62, Addgene plasmid #28027) or p62-K435R using Lipofectamine 2000 (ThermoFisher Scienti�c).
After transfection, medium was replaced and 58 h later MTT was used to measure cell viability.

For the structural representation of p62 K435, the structure of the UBA domain obtained by NMR was
used (PDB code: 2knv). Model 1 from the ensemble was used as a representative structure for
visualization purposes. The structure of ubiquitin (PDB code: 1ubq) was visualized at the same scale as
p62 UBA domain using the program Coot (16). The surface of ubiquitin was computed using the program
PyMOL (17).

p62 immuno�uorescence quanti�cation
Cells cultured in 96 well plates were �xed with 4% paraformaldehyde in PBS at room temperature and
permeabilized with 0.2% Triton X-100 in PBS for 5 min. After washing three times with PBS, cells were
incubated with blocking buffer (1% BSA in PBS) at 37ºC for 30 min. Then, blocking buffer was removed
and were incubated with primary antibody at 1:100 dilution in blocking buffer (1% BSA in PBS) at room
temperature for 1 h at 37ºC. Cells were then washed three times with PBS and incubated with Invitrogen's
Alexa-conjugated secondary antibody at 37ºC for 30 min. Then, cells were washed 3 times with PBS and
counterstaining of nuclei with 4,6-diamidino-2-phenylindole (DAPI).

Autophagy measurement using the DsRed-LC3-GFP reporter
Autophagy activity quanti�cation was performed using a dual color �uorescent protein-tagged LC3
reporter as previously described (18). Retroviral plasmid containing cDNA dual color reporter was packed
in retroviral vector and cells were transduced for 24 h followed by a selection with G418. After seven days
of selection, high dsRed intensity cells were sorted to get a homogeneous population. Sorted cells were
plated in 96 well plates, incubated for 24–32 h with rapamycin, chloroquine or DMSO, �xed in PFA 4%
and analyzed by confocal microscopy with a Leica TCS SP5 Confocal Microscope. Quanti�cation of cell
size, number, size and intensity of dsRed positive vesicles per cell were performed using De�niens
software.
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Results
USP9X is the only mutated gene shared by three chRCC temsirolimus-responder patients

We performed WES on tumor and blood samples from three chRCC patients with high temsirolimus
sensitivity, and annotated the number of somatic variants (present in the tumor and absent in the
germline) leading to non-synonymous or loss-of-function variants. Figure 1 shows the number of mutated
genes detected in the tumors from each patient (367, 33 and 37; also Table S1). Among all these mutated
genes, 22 were involved in cancer, according to the Cancer Gene Census (e.g. ATM, ERCC2, FANCD2,
SPEN, TP53), and only one (TSC2) in mTOR pathway regulation. Speci�cally, patient 1 carried two TSC2
mutations detected at low frequency (c.5069-1G > C and c.3200_3201delinsAA, p.V1067E), as previously
described (4).

We then identi�ed mutated genes shared among the different tumors and found that only one (USP9X)
was mutated in the three tumors, while seven genes were mutated in two tumors (CDRT1, FANCD2,
MMP2, MUC21, PRB2, SIPA1L3, TP53, Fig. 1A). The mutations in USP9X, a gene located in the X
chromosome, in patients 2 and 3 were loss-of-function (a nonsense mutation leading to p.Q2004* and a
splicing site mutation c.3977 + 1G > T), and patient 1 had a missense mutation (c.4401A > G, p.I1467M)
predicted as possibly pathogenic by Polyphen2 and damaging by SIFT. Sanger sequencing con�rmed the
presence of these mutations in the tumors (Fig. 1B) and absence in the peripheral blood of the patients
(not shown).

IHC revealed that the two tumors with loss-of-function mutations lacked USP9X protein expression while,
as expected, USP9X protein was detected in the tumor with the misssense variant (Fig. 1C). IHC in all
available tumor tissues from patients 2 and 3 revealed a uniform lack of USP9X expression in all cancer
cells along time (diagnostic biopsies, primary tumors and metastases, before and after treatment; see Fig.
S1), indicating that USP9X mutations were early events during the evolution of these tumors. Since IHC
was not informative to detect the somatic USP9X missense mutation in patient 1, we analyzed its
presence by Sanger sequencing and NGS in all the tumor samples available. Patient 1 USP9X mutation
had a similar allele frequency in all samples tested, from treatment naïve and post-treatment primary
tumor to metastases in lymph nodes and bone, and it was similar to TSC2 mutation frequency (Fig. S2).

USP9X mutations in cancer

To study USP9X mutational prevalence in chRCC, we collected 89 additional tumors enriched in
metastatic cases (14). All these tumors showed a positive USP9X IHC staining and 3 of 84 cases with
mutation data (3.6%) carried a USP9X missense mutation. These three patients had localized disease
and did not receive systemic treatment. A comparison of the clinical characteristics of the USP9X-
mutated and wild type patients did not reveal statistically signi�cant differences in stage, metastatic
status nor survival of the patients. Clinical details, together with the mutational landscape and IHC
characteristics of this chRCC series was recently published(14). In the TCGA chRCC series, 2 of 65 tumors
(3.0%) were mutated in USP9X with a missense and a frameshift variant (Fig S3).
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Regarding other neoplasia, among the 32 different tumor types from the TCGA Pan-Cancer Atlas study,
USP9X mutations were found in 392 of 10953 patients (3.5%), with the most frequent mutation types
being missense and truncating variants (75% and 24%, respectively, Fig. S3). In the Pan-Cancer series, the
highest rates of USP9X mutations correspond to uterine corpus endometrial carcinoma (16%), skin
cutaneous melanoma (12%) and colorectal adenocarcinoma (6,5%).

USP9X depletion increases sensitivity to rapamycin
To investigate whether USP9X loss increases sensitivity to mTOR inhibitors, we depleted USP9X protein in
HeLa cells through an inducible system using 3 different shRNAs. We also generated a renal cancer cell
line model in the renal cancer 786-O cells through CRISPR/Cas9 strategy and con�rmed that 3 clones
with null USP9X protein expression had biallelic frameshift mutations in USP9X. Treatment of the cells
with rapamycin resulted in decreased cell viability in the USP9X depleted cells, with a similar effect in
both HeLa and 786-O cells (Fig. 2A and 2B). We also treated wild type cells with WP1130, a partially
selective deubiquitinase inhibitor directly inhibiting USP9X, USP24 and UCH37 that has shown potent
antitumor activity against a variety of cancers (19–21). Combining rapamycin with WP1130, decreased
cell viability by a greater extent than each of the treatments alone (Fig. 2C and 2D). These data support
that USP9X mutations cause the increased temsirolimus sensitivity observed in the patients.

To gain additional knowledge regarding the mechanism linking USP9X and mTOR inhibitors, western-blot
analyses evaluating the activity of mTOR pathway in the USP9X-depleted HeLa and 786-O cells were
performed. However, no signi�cant changes in the central effectors of the pathway were detected (Fig. S4
shows HeLa results in normal growth conditions, starvation and stimulation). These results suggest that
the increased rapalog sensitivity observed in cells lacking USP9X, might not be caused by a direct effect
in the core mTOR pathway components, but rather to a downstream convergence that leads to a
synthetic lethal interaction.

Ubiquitylome analysis detects p62 as a USP9X substrate
The deubiquitinase USP9X has been reported as a ubiquitous protein, with multiple substrates involved in
a wide variety of functions. Thus, to identify potential substrates of USP9X that may be involved in the
sensitization to rapamycin, we analyzed global ubiquitin changes caused by USP9X depletion. We used
the PTMScan assay, a method based on an immunoprecipitation of ubiquitinated peptides with an
antibody that recognizes the diglycine remnant left motif on ubiquitinated lysine residues after tryptic
digestion (22), that allows to detect in an unbiased manner proteins with ubiquitin enrichment from the
entire proteome of the cells. This approximation was applied to HeLa and 786-O cellular models,
uncovering 164 and 91 ubiquitinated peptides with a statistically signi�cant upregulation in USP9X
depleted versus control cells, respectively (Fig. S5). Combined HeLa and 786-O analysis showed a group
of thirteen peptides with a signi�cant increased ubiquitination in both cell lines (Fig. 3A). Among these,
SQSTM1/p62 (from hereon p62) had more than one enriched peptide distributed in HeLa and 786-O.
Speci�cally, lysines 13, 157 and 435 in 786-O cells and lysines 264, 295, 313 and 435 in HeLa cells, were
residues with increased ubiquitination (Fig. 3B). Importantly, K435 ubiquitination, shared by both cell
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lines, was also overrepresented in a melanoma cell line silenced for USP9X (23), supporting that p62
polyubiquitination occurs upon USP9X depletion in diverse cancer cell models (Table S2). Furthermore,
K435 is located in p62 UBA domain has been shown to regulate p62-mediated autophagy (24). In fact,
transfection of USP9X-KO cells with a p62 K435 mutated construct altered cell growth (Fig. 3C) and a
structural analysis of the UBA domain indicates that K435 ubiquitination could alter dimer formation and
consequently p62 activity because of steric clashes between the ubiquitin molecules (Fig. 3D).
Additionally, the bond formation between K435 and ubiquitin would remove the lysine charge which has
been proposed to negatively impact p62 dimerization (25).

Proteasomal inhibition increases p62 polyubiquitination and
sensitivity to rapamycin
To validate that ubiquitinated p62 was increased in USP9X depleted cells, we performed p62
immunoprecipitation and tested the molecular weight of the immunoprecipitated proteins (Fig. 4A).
Bands with higher molecular weight were detected with p62 antibody in USP9X depleted cells, suggesting
high levels of polyubiquitinated p62.

Proteasomal inhibition by bortezomib causes ubiquitin accumulation in a wide range of intracellular
proteins including p62, which is found extensively ubiquitinated in several residues upon treatment with
this drug (24, 26). We hypothesized that bortezomib-induced polyubiquitination could recapitulate the
increased rapamycin sensitivity of the USP9X KO cells. In fact, in a hepatocellular cellular model, a
combination of rapamycin with bortezomib has been shown to decrease cells viability further than these
drugs alone (27). A global increase in total ubiquitin conjugate levels were observed in HeLa and 786-O
wild type cells after incubation with bortezomib alone or in combination with rapamycin, while no effect
was detected with rapamycin alone. Interestingly, a higher molecular weight p62 band was detected upon
bortezomib-induced accumulation of ubiquitinated proteins, in agreement with previous studies reporting
p62 ubiquitination in these conditions (Fig. 4B). Furthermore, treatment of HeLa and 786-O cells with
bortezomib, signi�cantly increased the sensitivity to rapamycin (Fig. 4C and 4D).

Depletion of USP9X leads to altered p62 foci and
deregulation of autophagosome formation
p62 ubiquitination has been shown to regulate its dimerization and cargo-acceptor function during
autophagy (24, 28). To assess the effect of USP9X loss in p62 function, we characterized p62 status in
vitro by immuno�uorescence (Fig. 5A). Notably, in basal conditions HeLa and 786-O USP9X depleted cells
displayed higher numbers and larger size p62-positive-foci with less intensity than wild type cells
(Fig. 5B), supporting that p62 cluster formation, a key step towards encapsulation of cargo-ubiquitinated
proteins in autophagosomes, is altered in the absence of USP9X. Furthermore, upon treatment with
rapamycin, p62-foci number and size increased, with greater effect in USP9X depleted cells (Fig. 5B).
These differences augmented upon treatment with chloroquine, a well-known autophagy inhibitor that
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impairs lysosome resolution, supporting autophagosome accumulation (29). Altogether, dynamic of p62-
foci differed in USP9X KO and control cells, pointing to an alteration in p62 cluster formation.

Because rapamycin induces autophagy through mTOR inhibition, we determined whether USP9X
depleted cells showed alterations in autophagy vesicles through the evaluation of the autophagosome
marker LC3. We used the �uorescent protein-tagged LC3, formed by EGFP-LC3-dsRed in a retroviral
expression plasmid, which allows to monitor autophagy activation and autophagosome formation as
previously described by Sheen JH et al (18) (Fig. 5C). In basal conditions, no difference in the number of
LC3-positive vesicles was observed between HeLa USP9X depleted and control cells (Fig. 5D). However,
treatment with rapamycin or chloroquine signi�cantly increased the number, size and intensity of
autophagosomes in USP9X depleted cells. Thus, the increased LC3 puncta detected in USP9X KO cells
upon rapamycin treatment, suggests that autophagy dysregulation underlies the increased mTOR
inhibitor sensitivity observed in patients with USP9X mutations (30).

Discussion
By performing a genomic mutational screening of three chRCC patients highly sensitive to temsirolimus,
we identi�ed the deubiquitinase USP9X as the only somatically mutated gene shared among the patients.
This served as the basis to discover a synthetic lethal interaction between USP9X and the mTOR
pathway, directly implicating USP9X in the regulation of p62-mediated autophagy through ubiquitination,
and resulting in tumor cell sensitization to mTOR inhibitors (Fig. S6).

USP9X is a ubiquitous and multifunction deubiquitinase involved in mitosis as a structural component of
centrosomes (31, 32), in DNA repair (33), in ciliogenesis (34) and in lysosomal damage (35). Mutations in
USP9X have been found in multiple tumor types at low frequency rate (36), with the highest proportion of
mutations found in uterine tumors and melanoma. USP9X is mutated in 3% of unselected chRCC tumors,
however, the three patients with a high mTOR inhibitor sensitivity described herein had mutated tumors,
supporting an association between the mutation of this gene and treatment response.

Furthermore, USP9X depletion in cellular models increased rapamycin effect, recapitulating the
therapeutic responses observed in the patients. In this regard, our cell models mimicked patients 2 and 3,
with no mutations in mTOR pathway (e.g. in MTOR, TSC1, TSC2), while patient 1 carried one USP9X and
two TSC2 mutations in the tumor, with variant allele frequencies that remained unaltered in four different
tumor lesions obtained along 9 years of disease (Fig. S2), suggesting early mutations during
tumorigenesis. We previously showed that the TSC2 mutations found in patient 1 conferred a tumor
dependency on mTOR pathway (4), thus, the addition of a USP9X mutation would be expected to lead to
a stronger synergistic effect with mTOR inhibition, explaining the exquisite sensitivity to temsirolimus
observed in this patient. The crosstalk between USP9X and mTOR pathway was reinforced by the
increased rapamycin sensitivity observed in cell lines treated with WP1130, a partly selective
deubiquitinase inhibitor directly acting on USP9X, USP5, USP14 and UCH37 (37). Indeed, WP1130 has
been shown to increase sensitivity to other drugs, including doxorubicin, cisplatin or gemcitabine (38–41)
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and diverse mechanisms such as autophagy alteration, p53 downregulation, or induction of oxidative
stress bulk, were proposed to mediate this effect.

Despite an initial study suggesting that USP9X was involved in mTOR pathway regulation through
stabilization of Raptor under nutrient stimulation (42), we could not con�rm this in HeLa and 786-O cells.
Recently, Wrober et al reported Rictor as a potential substrate of USP9X and found reduced levels of
Ser473-AKT phosphorylation when USP9X was transiently silenced through siRNA (43). However, another
study found no effect on AKT using a similar USP9X depletion strategy in the same cell lines (44). In our
study, we observed a small reduction of pAKT (Ser 473) levels in HeLa USP9X silenced cells (Fig. S4)
upon stimulation and starving conditions. These differences in mTORC2 results suggest transient and
cell line dependent effects. In contrast, USP9X-mediated autophagy dysregulation has been consistently
observed in different cell lines with different strategies targeting USP9X, such as siRNA (43),
CRISPR/Cas9 (this study) or pharmacological inhibition (38). In addition, we did not �nd proteins related
with mTOR pathway in an unbiased ubiquitylome experiment directed to identify USP9X substrates. This
analysis revealed USP9X-mediated multisite ubiquitination of p62, in agreement with previous analyses
in a melanoma and HeLa cell lines (23, 44), and it was concordant with the higher molecular weight
bands observed in USP9X depleted cells after p62 immunoprecipitation (Fig. 4A), frequently observed in
conditions of p62 polyubiquitination (45). Posttranslational modi�cations in p62 have been described to
alter its function as a protein adaptor and signaling hub. These modi�cations include phosphorylation at
Ser403 and Ser349 (46, 47), proteolytic cleavage by Caspase 8 (48) and ubiquitination by NEDD4,
TRIM21 and UBE2D2/UBE2D3 (24, 28, 49). Pan et al reported that ubiquitination of p62 in lysine 7
impaired protein sequestration (28) and Peng et al showed that multi-site ubiquitination of p62 regulated
selective autophagy (24). Interestingly, acetylation at K420 and K435 has been shown to disrupt UBA
dimerization and cause increased binding of p62 to ubiquitin (25), again supporting posttranslational
modi�cations as important events regulating p62 function. Furthermore, bortezomib exerts a robust
effect on p62 ubiquitination and a synergistic effect with rapamycin has been described in in vitro
models (24, 27). Similarly, we found that bortezomib sensitized HeLa and 786-O cells to rapamycin.
These results suggest that USP9X loss leads to a p62 dysregulation, with fatal consequences when
converges with mTOR pathway inhibition.

Our p62 immuno�uorescence analysis unveiled a broadening in number and size of p62 foci in USP9X
depleted cells, potentially related with a dysregulation of p62 oligomerization, phase-condensation and/or
aggregates formation, which are required for selective autophagy, in line with the large p62 bodies
described in MEF ATG5 KO cells, where autophagy is compromised (50). In agreement, the dsRed-LC3
vesicles analysis revealed that USP9X KO cells displayed higher number, size and intensity of
autophagosomes, which would indicate autophagy dysregulation (30). The exacerbation of this effect by
chloroquine, supports further LC3 accumulation in USP9X-KO cells. Similarly, Wrobel et al found that
transient knock-down of USP9X reduced the levels of LC3-II with and without ba�lomycin A1, consistent
with an impairment of autophagosome formation (43).
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Conclusion
In summary, our data suggests mTOR inhibitor treatment as a therapeutic opportunity for USP9X mutated
tumors and underpins USP9X pharmacological inhibition as a novel strategy to increase tumor
vulnerability to these agents. This study supports that the underlying mechanism for this enhanced
sensitivity to mTOR inhibitors is a synthetic lethal interaction, mediated by the effect of USP9X on p62
ubiquitination and autophagy (Fig. 6). Therefore, this study reinforces a key role for the emerging �eld of
posttranscriptional modi�cations in tumor drug response, and propose USP9X not only as a novel
response marker, but also as a potential therapeutic target in cancer.
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Figure 1

Whole Exome Sequencing revealed USP9X as the only shared mutated gene. (A) Venn diagram showing
the number of mutated genes in tumors of the three patients, after germline �ltering to retain only tumor-
speci�c alterations. (B) Sanger sequencing chromatograms validating the somatic variants found in
USP9X. (C) IHC images for USP9X protein in tumor tissues of the three patients. HAP1 wild type (WT) and
HAP1 CRISPR/Cas9 USP9X-KO cell line were used as a control for the IHC.
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Figure 2

Genetic or chemical USP9X inhibition increases rapamycin sensitivity in HeLa and 786-O cell lines. A) Cell
viability assay in HeLa cells expressing doxycycline-inducible shRNA targeting USP9X (sh#1-3) or control
shRNA (non-target), together with western blots for USP9X from whole cell protein extracts prepared from
HeLa cells expressing doxycycline‐inducible shRNAs targeting USP9X. B) Cell viability assay in 786-O
cells edited with CRISPR/Cas9 to knock-out USP9X (USP9X KO1, KO2, KO3 clones) or wild type cells,
together with western blots for USP9X from whole cell protein extracts prepared from 786-O knockout
clones. C) Cell viability in HeLa cells or D) 786-O wild type cells treated with rapamycin (Rapa), the USP9X
inhibitor WP1130 (750nM for HeLa and 500nM for 786-O) or a combination of both.
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Figure 3

Global ubiquitinome analysis reveals SQSTM1/p62 as a substrate of USP9X. A) Scatter plot graph
presenting the enriched-ubiquitinated peptides fold change comparing USP9X depleted versus control
cells, in HeLa and 786-O models. Ubiquitinated peptides upregulated in both models with a log2-fold
change ≥0.5 and p-values≤0.001 in both models (n=13) are colored in green and SQSTM1 K435 residue
is marked in black. Additional signi�cantly regulated residues are colored in blue. In the protein list, those
with several ubiquitinated residues in HeLa or 786-O are marked with an asterisk. B) List of SQSTM1/p62
ubiquitinated peptides detected with a log2 FC>0.5 and p-value <0.001 in the two cell models. Values
ful�lling these criteria in both cell models are in bold. C) USP9X KO cells were transiently transfected with
p62-wild type and p62-K435R constructs and cell viability was assessed using an MTT assay 58h after
transfection in two different USP9X-KO clones. Bars represent mean and standard deviation values (***p
<0.0001). Control cells were transfected with an EGFP expression plasmid. D) Structural model of p62-
UBA dimer and ubiquitin. The p62-UBA domain dimer is shown as cartoon representation and the side
chain of K435 in p62-UBA is shown as sticks. The surface of two ubiquitin molecules is shown in blue.
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Figure 4

Ubiquitinated p62 accumulation in USP9X depleted cells and bortezomib treated cells exhibiting
increased rapamycin sensitivity. A) Western blot of p62 immunoprecipitated proteins in USP9X depleted
and wild type (WT) cells, revealed higher p62 molecular weight bands in KO cells. B) Bortezomib
treatment (3nM) and/or rapamycin (1µM) in HeLa (24h) and 786-O (20h) wildtype cells promoted global
accumulation of ubiquitin conjugates. Arrows indicate higher molecular weight bands. Rapamycin
sensitivity is increased by bortezomib treatment in C) HeLa (3nM for 72h) and D) 786-O (4nM for 48h)
wild type cells. P-values correspond to Mann-Whitney U test comparing the combination of rapamycin
and bortezomib treatment versus each of the drugs alone (* p<0.05, ** p<0.01, ***p<0.001).



Page 23/24

Figure 5

Immuno�uorescence of p62 and dsRed-LC3 expression in HeLa and 786-O cell models. A) Representative
p62 immuno�uorescence images in USP9X depleted and wild type HeLa cells. B) p62
immuno�uorescence quanti�cation in USP9X depleted and wildtype HeLa and 786-O cells under normal
conditions, rapamycin (5uM or 10uM) and chloroquine (30uM) treatment. C) Representative dsRed-LC3
immuno�uorescence images in USP9X depleted and wild type HeLa cells. D) dsRed-LC3 expression
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quanti�cation in wildtype and knock-out HeLa cells under normal conditions, rapamycin (5uM) and
chloroquine (30uM) treatment. P-values correspond to Mann-Whitney U test (* p<0.05, ** p<0.01,
***p<0.001). Rapa (rapamycin), Chloroq (chloroquine), Wildtype (WT).
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