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PTEN loss confers sensitivity to rapalogs in clear cell renal
cell carcinoma
Xiao-lian Liu1,2, Gui-ming Zhang2, Si-si Huang2, Wen-hui Shi2, Lin-xuan Ye2, Zhong-lu Ren3,4, Jia-jie Zhang2, Shu-wen Liu2, Le Yu2 and
Yi-lei Li1

Rapalogs (everolimus and temsirolimus) are allosteric mTORC1 inhibitors and approved agents for advanced clear cell renal cell
carcinoma (ccRCC), although only a subset of patients derive clinical benefit. Progress in genomic characterization has made it
possible to generate comprehensive profiles of genetic alterations in ccRCC; however, the correlations between recurrent somatic
mutations and rapalog efficacy remain unclear. Here, we demonstrate by using multiple patient-derived ccRCC cell lines that
compared to PTEN-proficient cells, PTEN-deficient cells exhibit hypersensitivity to rapalogs. Rapalogs inhibit cell proliferation by
inducing G0/G1 arrest without inducing apoptosis in PTEN-deficient ccRCC cell lines. Using isogenic cell lines generated by CRISPR/
Cas9, we validate the correlation between PTEN loss and rapalog hypersensitivity. In contrast, deletion of VHL or chromatin-
modifying genes (PBRM1, SETD2, BAP1, or KDM5C) fails to influence the cellular response to rapalogs. Our mechanistic study shows
that ectopic expression of an activating mTOR mutant (C1483F) antagonizes PTEN-induced cell growth inhibition, while
introduction of a resistant mTOR mutant (A2034V) enables PTEN-deficient ccRCC cells to escape the growth inhibitory effect of
rapalogs, suggesting that PTEN loss generates vulnerability to mTOR inhibition. PTEN-deficient ccRCC cells are more sensitive to the
inhibitory effects of temsirolimus on cell migration and tumor growth in zebrafish and xenograft mice, respectively. Of note, PTEN
protein loss as detected by immunohistochemistry is much more frequent than mutations in the PTEN gene in ccRCC patients. Our
study suggests that PTEN loss correlates with rapalog sensitivity and could be used as a marker for ccRCC patient selection for
rapalog therapy.
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INTRODUCTION
Renal cell carcinoma (RCC) encompasses a heterogeneous group
of cancers derived from renal tubular epithelial cells. Clear cell
renal cell carcinoma (ccRCC) is the most common histological
subtype and accounts for the most RCC-specific deaths [1].
Surgery is the only curative treatment for localized RCC, while
systemic treatment is necessary for patients with metastatic RCC.
ccRCC is usually resistant to chemoradiotherapy. Targeted
therapies, including inhibitors of vascular endothelial growth
factor receptor (VEGFR) and its ligand or inhibitors of mammalian
target of rapamycin (mTOR) signaling pathways, are standard
treatment options for patients with metastatic ccRCC [2, 3].
The mTOR serine/threonine kinase exerts its effects mainly

through mTOR complex 1 and 2 (mTORC1/2), defined by distinct
protein partners. Rapamycin and its analogs everolimus and
temsirolimus (so-called rapalogs) are inhibitors of the mTOR
pathway, acting through FK506-binding protein 12 (FKBP12) to
inhibit the mTORC1 complex [4]. Large, randomized clinical trials on
mTOR inhibitors in the metastatic RCC setting led to Food and Drug
Administration approval of temsirolimus and everolimus [5, 6].

The Cancer Genome Atlas (TCGA) data revealed that the genetic
changes underlying ccRCC include alterations in genes controlling
cellular oxygen sensing (e.g., VHL), the maintenance of chromatin
states (e.g., PBRM1, SETD2, BAP1, and KDM5C), and the PI3K/AKT/
mTOR pathway (e.g., PIK3CA, MTOR, and PTEN) [7]. Paradoxically,
targeted treatments such as rapalogs are applied without assessing
the genomic profile of tumors in individual ccRCC patients [8]. It is
reasonable to anticipate that ccRCC patients with high-level
activation of mTORC1 resulting from activating mutations in either
MTOR or PIK3CA or inactivating mutations or loss of TSC1, TSC2 or
PTEN are likely more sensitive to rapalogs. Remarkably, previous
studies have shown controversial results regarding the potential
correlations between alterations in mTOR pathway genes and the
response to rapalog therapy in ccRCC [9–13]. Furthermore, whether
other recurrent mutations affect the cellular response to rapalogs
remains obscure [9, 10, 13]. Here, we sought to clarify the
associations between recurrent mutations (VHL, PBRM1, SETD2,
BAP1, KDM5C, and PTEN) and the response to rapalog treatment by
using patient-derived ccRCC cell lines and isogenic cell models
generated by gene editing techniques. Our study demonstrates
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that PTEN loss confers sensitivity to rapalogs in cell models and in
xenografted zebrafish and mouse models.

MATERIALS AND METHODS
Cell culture
HEK293A cells were kindly provided by Dr. Kun-Liang Guan
(University of California, San Diego). A498 and OS-RC2 cells were
obtained from Cellcook Biotech Co., Ltd. (Guangzhou, China). A704
and HEK293T cells were available from ATCC (Beijing Zhongyuan
Limited, Beijing, China). Caki-1, 769P, and 786O cells were
obtained from the Cell Resource Center of the Chinese Academy
of Sciences (Shanghai, China). KMRC1, KMRC20, VMRC-RCW, and
VMRC-RCZ cells were obtained from the Japanese Collection of
Research Bioresources (Tokyo, Japan). UT16, UT33a, and UT44 cells
were obtained from the Chinese Academy of Medical Sciences
(Beijing, China). A498, VMRC-RCW, and VMRC-RCZ cells were
maintained in MEM (Thermo Fisher Scientific); Caki-1 cells were
maintained in McCoy’s 5A medium (Thermo Fisher Scientific);
HEK293A, HEK293T, KMRC1 and KMRC20 cells were maintained in
DMEM (Thermo Fisher Scientific); UT16, UT33a and UT44 cells were
maintained in DMEM/F12 (Thermo Fisher Scientific); and other cell
lines were maintained in RPMI-1640 medium (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (Gemini)
and 1% penicillin/streptomycin (Invitrogen). Cells were maintained
at 37 °C in a humidified incubator with 5% CO2. No mycoplasma
(Thermo Fisher Scientific) contamination was detected.

Gene deletion by the CRISPR/Cas9 system
The CRISPR/Cas9 system was used to delete genes of interest. The
single guide RNA (sgRNA) sequences were cloned into the
plasmids px459 v2 (Addgene #62988) or LentiCRISPR V2 (Addgene
#52961). The sgRNA sequences targeting individual genes were as
follows (5′-3′): CGCGCGTCGTGCTGCCCGTA (VHL #1), CCCGTATGG
CTCAACTTCGA (VHL #2), GAAACCACTTCATAATAGTC (PBRM1 #1),
TTACTCACAGGATCTACAGT (PBRM1 #2), TTAAAGAACCAGTTGA
TACG (SETD2 #1), TGTAACATCCAGGCCACTGC (SETD2 #2), ACCGA
AATCTTCCACGAGCA (BAP1 #1), ACCCACCCTGAGTCGCATGA (BAP1
#2), GGTTTACCCCCCGAATCCAG (KDM5C #1), AGATTCCCAATGTA
GAACGG (KDM5C #2), ACAGATTGTATATCTTGTAA (PTEN #1), and
ACGCCTTCAAGTCTTTCTGC (PTEN #2). The constructed px459
plasmids were transfected into HEK293A cells. Twenty-four hours
after transfection, HEK293A cells were treated with puromycin
(1 μg/mL) for 3 days and were then sorted into 96-well plates with
only one cell in each well. The clones were screened by Western
blot analysis with gene-specific antibodies, and at least two
independent clones for each gene deletion were used for each
experiment described. For analysis of genome modification by
CRISPR/Cas9 in knockout (KO) clones, PCR primers were designed
to span the Cas9 cleavage site. Indel mutations were identified
through Sanger sequencing of PCR products. PTEN was deleted in
KMRC20 and 769P cells by a lentiviral CRISPR/Cas9 system.
Lentiviral particles were generated using HEK293T cells as
previously described [14]. Lentiviral supernatant was filtered
through a 0.45 μm filter, supplemented with 5 μg/mL polybrene,
and used for infection. The polyclonal population was used for
the subsequent experiments shortly after puromycin selection
(1 μg/mL, 3 days).

Viral infection
786O and OS-RC2 cells stably expressing empty vector, PTEN,
or mTOR were generated by retroviral and lentiviral infection.
HEK293T packaging cells were transfected with empty vector,
(pQCXIH hygro) PTEN, (pQCXIH hygro) FKBP12, or (pLVX puro)
mTOR constructs (Youbio Technologies). Forty-eight hours
after transfection, retroviral and lentiviral supernatants were
filtered through a 0.45 μm filter, supplemented with 5 μg/mL
polybrene, and used for infection. Forty-eight hours after

infection, cells were selected with hygromycin (500 μg/mL) or
puromycin (1 μg/mL).

Immunoblot analysis and immunoprecipitation
Equal amounts of protein samples were separated by SDS–PAGE.
Antibodies against mTOR (2983P, 1:1000), H2AK119ub1 (8240S,
1:200,000), HA (2367S, 1:1000), PTEN (9188S, 1:500), p-AKT (Thr308)
(4056S, 1;1000), p-S6K (Thr389) (9234S, 1:1000), HIF-1α (36169T,
1:1000), H3K36me3 (8173S, 1:3000), H3K4me3 (9751S, 1:10,000)
and VHL (68547S, 1:1000) were obtained from Cell Signaling
Technology; those against BAP1 (sc-28383, 1:100) and GAPDH (sc-
25778, 1:10,000) were obtained from Santa Cruz; those against
PBRM1 (A301-591A, 1:1000) and KDM5C (A301-034A-M, 1:1000)
were obtained from Bethyl Laboratories; the antibody against
SETD2 (A3194, 1:1000) was obtained from ABclonal; and the
antibody against Flag (F1804, 1:1000) was obtained from
Sigma–Aldrich. For immunoprecipitation, cells were lysed with a
buffer containing 0.05 M Tris-HCl (pH 7.5), 0.15 M NaCl, 0.5% Triton
X-100, protease inhibitor cocktail (11873580001, Roche) and
phosphatase inhibitor cocktail (88667, Thermo Fisher Scientific).
Primary antibodies were added to the lysates and incubated with
rotation overnight at 4 °C. Magnetic protein A/G beads (88802,
Thermo Fisher Scientific) were added and incubated for an
additional 2 h. The immunoprecipitates were washed three times
with lysis buffer and were then subjected to immunoblot analysis.

Immunohistochemistry
ccRCC tissue arrays (OD-CT-UrKid01-002) were purchased from
Shanghai Outdo Biotech Co., Ltd. Paraffin sections were depar-
affinized and rehydrated with xylene and alcohol gradients.
Sections were then subjected to heat-induced antigen retrieval
using 10mM sodium citrate buffer followed by 3% H2O2 for 30
min to quench endogenous peroxidase activity. Sections were
incubated overnight at 4 °C with antibodies against PTEN (9188S,
1:500, Cell Signaling Technology) or Ki67 (9449S, 1:200, Cell
Signaling Technology), and antibodies were detected using a
Vectastain ABC kit and DAB peroxidase substrate kit (ZSGB-BIO).
The intensity and extent of staining in the tumor cells were
evaluated, and the cases were categorized as PTEN- or Ki67-
positive/negative according to the following criteria. PTEN
expression levels were assessed by scoring the staining intensity
in the whole cell as 0 (absent), 1 (weak), 2 (moderate) or 3 (strong);
PTEN-negative tumors were those with an intensity score of 0/1.
Ki67 expression was assessed by scoring the intensity in the
nucleus as negative, weakly positive or strongly positive; tumors
with positive Ki67 expression were identified as those with
weakly/strongly positive staining.

MTT cell viability assay
Cells were seeded in 96-well plates 1 day prior to treatment with
everolimus (T1784, TargetMol) or temsirolimus (T2145, TargetMol)
for 6 days. MTT (0793, VWR International) reagent was then added.
The absorbance was measured with a spectrophotometer
(Bio–Rad Laboratories) at a wavelength of 570 nm. Relative cell
viability was calculated as the percentage of viable treated cells
relative to vehicle control (DMSO) cells.

Colony formation assay
786O (800 cells per well) and OS-RC2 (1500 cells per well) cells
were seeded in six-well plates. Colonies were stained using 0.1%
crystal violet and counted 10–14 days after plating. The colony
number and the sum of colony area were calculated by ImageJ
software.

Cell cycle analysis
Cells were treated with temsirolimus at the indicated concentra-
tions for 48 h. The cells were then fixed with ice-cold 75% ethanol
in PBS and stained using propidium iodide. The distribution of
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cells in different phases of the cell cycle was analyzed by flow
cytometry (BD FACSCanto II).

Annexin V staining for apoptosis analysis
Cells were treated with temsirolimus at the indicated concentra-
tions for 6 days. The cells were collected and stained with Annexin
V-APC and propidium iodide (Annexin V-APC/PI Apoptosis
Detection Kit, KGA1030-100T, KeyGEN BIOTECH) according to the
manufacturer’s protocol. Flow cytometry (BD LSRFortessa X-20)
was used to analyze the stained cells within 1 h.

Wound healing assay
Cells were serum starved overnight, after which the cell layer in
the six-well plate was scratched using a 100 μL pipette tip and was
then cultured in serum-free medium with or without temsirolimus
at the indicated concentrations. The wound area was measured at
0 and 48 h. Quantification of wound healing was performed using
ImageJ. The wound area was used to determine the extent of
wound healing, and the cell migration ability was evaluated using
the “relative area of wound closed”.

Whole-exome and whole-genome sequencing
Genomic DNA was extracted from UT16, UT33a, UT44, and VMRC-
RCZ cells using a PureLink Genomic DNA Mini Kit (Thermo Fisher
Scientific). DNA was then sent to a sequencing company
(Novogene) for whole-exome and whole-genome sequencing.

RNA sequencing and bioinformatics analysis
Total RNA was extracted with an RNAsimple Total RNA Kit (RE-
03113, FOREGENE) from HEK293A cells, and PTEN KO#2 cells
treated with vehicle control (DMSO) or 1000 nM temsirolimus for
24 h. Three replicates for each sample were established and
analyzed. RNA was sent to a sequencing company (Novogene) for
sequencing. Bioinformatics analysis was performed as described
previously [15]. Genes with adjusted P < 0.05 and absolute log2
fold change >0.585 were considered significantly differentially
expressed genes (DEGs). Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis of DEGs was performed
using the online database KOBAS 3.0.

Animal work
All animal procedures were carried out according to protocols
approved by the Institutional Animal Care and Use Committee of
Southern Medical University (2015-0056).
Wild-type AB zebrafish were obtained from the China Zebrafish

Resource Center (Wuhan, China). Zebrafish embryos at 48 h post
fertilization (hpf) were dechorionated prior to cell injection.
Approximately 100 CM-DiI (Thermo Fisher Scientific)-labeled cells
were injected into the embryonic yolk sac using a micropipette
and pump (World Precision Instruments). Engrafted embryos were
sorted to remove falsely injected embryos. Then, the embryos
were exposed to DMSO (solvent control) or temsirolimus at the
indicated concentrations. The exposed embryos were maintained
at 28 °C for 1 h and were then placed in an incubator at 34 °C for
6 days. The drug-containing medium was replaced every day. At
6 days post injection (6 dpi), engrafted zebrafish embryos were
examined using an Olympus MVX10 Zoom Fluorescence Macro
System Microscope.
Male nude mice (6 weeks old) purchased from Guangdong

Medical Laboratory Animal Center (Guangzhou, China) were used
to evaluate the anticancer efficacy of temsirolimus against A498
and OS-RC2 cells. A498 (5 × 106) and OS-RC2 (5 × 106) cells were
grafted subcutaneously into the right back flanks of nude mice.
When the tumors were just palpable, the mice were randomly
assigned to the vehicle control (5% ethanol+ 5% Tween 80+ 5%
PEG 300 in water) or temsirolimus group (n= 10 per group).
Temsirolimus was administered intraperitoneally at 20 mg/kg
body weight once daily. Tumor height and width were measured

with a caliper every other day to calculate tumor volume
(=width2 × height × 0.5). Mice were sacrificed after 15 days of
treatment. Tumor xenografts were excised, fixed with 4%
paraformaldehyde, and embedded in paraffin.

Statistical analysis
All data analysis was performed using GraphPad Prism version
6.0c for Mac (GraphPad Software, CA).

RESULTS
PTEN-deficient ccRCC cells are hypersensitive to mTORC1
inhibition
Genetically, ccRCC is characterized by early loss of the von Hippel-
Lindau tumor suppressor gene (VHL) followed by alterations in
chromatin remodeling genes and PI3K/AKT/mTOR pathway genes, as
depicted in Supplementary Fig. S1. We checked the mutation status
of VHL, PBRM1, SETD2, BAP1, KDM5C, MTOR, PTEN, PIK3CA, TSC1, and
TSC2 in a panel of 13 cell lines established from ccRCCs. Whole-
exome sequencing was performed in the UT16, UT33a, and UT44 cell
lines, and whole-genome sequencing was applied to the VMRC-RCZ
cell line. Whole-exome sequencing data of the remaining nine ccRCC
cell lines were obtained from the Cell Model Passports website
(https://cellmodelpassports.sanger.ac.uk/) [16]. Twelve of the 13 cell
lines showed genetic alterations in VHL, while only Caki-1 cells did
not carry VHL mutations. Six cell lines (A704, KMRC1, KMRC20, OS-
RC2, UT33a, and UT44) harbored PBRM1 mutations, and six cell lines
(A498, A704, UT16, UT33a, UT44, and VMRC-RCW) had SETD2
mutations. BAP1 mutations were present in four cell lines (KMRC20,
VMRC-RCW, VMRC-RCZ, and 769P). None of the 13 cells lines carried
KDM5C mutations. Six cell lines showed PTEN (KMRC1, OS-RC2, and
786O), MTOR (KMRC20), TSC1 (UT33a), and TSC2 (769P) mutations in
a mutually exclusive manner. PIK3CAmutations were not detected in
any of the cell lines (Supplementary Table S1).
We next evaluated the protein expression of VHL, PBRM1,

SETD2, BAP1, KDM5C, and PTEN by Western blotting. Loss of VHL
protein expression was observed in the majority of the cell lines.
A704, KMRC1, UT33a, and UT44 cells did not express PBRM1
protein. SETD2 protein expression was absent in A704, UT16,
UT33a, UT44, and VMRC-RCW cells. VMRC-RCW and VMRC-RCZ
cells did not express BAP1 protein. Lack of PTEN protein
expression was observed in KMRC1, OS-RC2, and 786O cells.
KDM5C protein expression was present in all cell lines tested
(Fig. 1a). In addition to genetic mutations (e.g., missense,
nonsense, insertion or deletion), other genetic alterations (e.g.,
loss of heterogeneity) and epigenetic alterations (e.g., methylation
and noncoding RNA) have also been reported for the tested genes
in ccRCC [3]. According to copy number variation analysis, loss of
heterogeneity could contribute to the absence of VHL, PBRM1,
SETD2, and BAP1 protein expression (Supplementary Table S1). In
addition, VHL loss could also be attributed to promoter
hypermethylation (Supplementary Fig. S2). In contrast, the lack
of PTEN expression is unlikely due to loss of heterogeneity or
promoter methylation, suggesting that other epigenetic changes
might be involved in addition to genetic mutations (Supplemen-
tary Table S1 and Supplementary Fig. S2). Collectively, these
findings indicate that genetic and epigenetic changes led to the
lack of specific protein expression in individual cell lines.
We then tested the sensitivity of the 13 ccRCC cell lines to the

rapalogs everolimus and temsirolimus in vitro. PTEN-deficient
ccRCC cell lines demonstrated dose-dependent sensitivity to
everolimus with a half-maximal effective concentration (EC50) of
1–20 nM. Similar results were obtained for temsirolimus. However,
PTEN-proficient ccRCC cell lines were largely insensitive to rapalogs,
with an EC50 > 300 nM for everolimus and EC50 > 400 nM for
temsirolimus in A498 cells and an EC50 > 1000 nM for both rapalogs
in the other cell lines (Fig. 1b). These findings suggest an
association of PTEN loss with cellular sensitivity to rapalogs.
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Fig. 1 PTEN-deficient ccRCC cell lines are more sensitive to everolimus and temsirolimus than PTEN-proficient ccRCC cell lines. a
Immunoblots showing relevant protein expression in 13 ccRCC cell lines. * indicates nonspecific bands. b Viability assay in ccRCC cell lines
after treatment with everolimus or temsirolimus at the indicated concentrations for 6 days. The data are presented as the mean ± SD (n= 3) of
one representative experiment out of three (left). The EC50 values for each cell line are presented as the mean ± SD (n= 3) of three separate
experiments (right). c Representative immunohistochemical (IHC) images of PTEN expression in paraffin-embedded tissues from patients with
ccRCC and adjacent normal tissues are shown. Scale bar: 50 μm (left). The percentage of PTEN-positive and PTEN-negative specimens among
145 ccRCC samples (right).
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We conducted immunohistochemical (IHC) analysis of ccRCC
specimens. Positive PTEN staining in the adjacent normal tissues
was detected. In contrast, negative PTEN staining was observed in
44.8% (65 of 145) of the tumors (Fig. 1c). This percentage is much
higher than that expected for PTEN mutations (4% in the TCGA
PanCancer ccRCC cohort) (Supplementary Fig. S1), implying that
additional regulatory mechanisms contribute to the loss of PTEN
protein expression in ccRCC patients.

PTEN deletion confers sensitivity to rapalogs
Most reported somatic mutations in VHL, PBRM1, BAP1, SETD2,
KDM5C, and PTEN in ccRCC result in loss of function [3]; thus, we
chose to delete each gene for phenotypic analysis. To compre-
hend the role of each individual gene in cellular sensitivity to
rapalogs, we performed knockout (KO) of VHL, PBRM1, BAP1,
SETD2, KDM5C, and PTEN in human HEK293A cells, a model cell
line that can be efficiently transfected and is thus particularly
amenable to genome editing. The isogenic mutant clones were
generated by CRISPR/Cas9 and validated by Sanger sequencing
and Western blotting. Two different clones generated by two
independent CRISPR guide sequences were used for this study.
Sanger sequencing confirmed the frameshift insertions and
deletions (indels) within the targeted genes in both alleles in all
selected KO clones except VHL KO#2, which showed an out-of-
frame deletion (8 bp) of one allele and a large in-frame insertion of
another allele, which resulted in the deletion of Phe91 and
insertion of 32 amino acids (p.Phe91delins (32)) (Supplementary
Table S2). The insertion was located in the beta domain, which is
required for prolyl-hydroxylated HIF-α recognition [17]. VHL is the
substrate recognition subunit of an E3 ligase known to target the
α subunits of the heterodimeric transcription factor HIF for
ubiquitin-mediated degradation under normoxic conditions [18].
VHL KO clones were verified by the lack of VHL protein expression
and elevated HIF-1α level (Fig. 2a). Interestingly, the VHL protein
was also undetectable in the partial VHL deletion clone (KO#2),
suggesting that the insertion might lead to protein misfolding and
degradation. VHL deletion failed to influence cellular sensitivity to
everolimus and temsirolimus (Fig. 2a). PBRM1 encodes BRG1-
associated factor (BAF)180, the defining subunit of the polybromo
BAF (BRAF) SWI/SNF complex. SWI/SNF chromatin remodeling
complexes utilize ATP to mobilize nucleosomes and thereby
modulate chromatin structure [19]. PBRM1 deletion did not affect
cellular sensitivity to rapalogs (Fig. 2b). BAP1 deletion was verified
by the absence of BAP1 expression and increase in monoubiqui-
tination of histone H2A at lysine 119 (H2AK119ub1), which is a
physiological substrate of BAP1 [20]. The BAP1 KO clones did not
exhibit altered rapalog sensitivity (Fig. 2c). SETD2 is the enzyme
that trimethylates lysine 36 on histone H3 (H3K36me3), while
KDM5C removes di- and trimethyl groups from lysine 4 on histone
H3 (H3K4) [1, 3]. The SETD2 and KDM5C KO clones were
functionally validated by the decreased H3K36me3 and increased
H3K4me3 levels, respectively (Fig. 2d and e). Neither SETD2
deletion nor KDM5C deletion changed cellular sensitivity to
rapalogs (Fig. 2d and e). As expected, PTEN deletion increased
the levels of p-AKT (Thr308) (an effector downstream of PTEN) and
p-S6K (Thr389) (one mTORC1 substrate). Interestingly, PTEN
deletion conferred sensitivity to rapalogs (Fig. 2f). In summary,
PTEN loss made HEK293A cells more sensitive to rapalogs,
whereas loss of VHL, PBRM1, BAP1, SETD2, or KDM5C exerted
minimal or no effects on cellular sensitivity to rapalogs.

Temsirolimus induces G0/G1-phase cell cycle arrest in
PTEN-deficient but not PTEN-proficient ccRCC cells
Temsirolimus significantly increased the percentage of PTEN-
deficient OS-RC2 and 786O cells in G0/G1 phase. In contrast,
temsirolimus did not alter the percentage of PTEN-proficient Caki-
1 and 769P cells in G0/G1 phase (Fig. 3a). Fluorescence-activated
cell sorting (FACS) analysis of Annexin V- and PI-stained cells after

temsirolimus treatment did not indicate significant changes in
apoptosis levels in PTEN-proficient Caki-1 and 769P cells or in
PTEN-deficient OS-RC2 and 786O cells (Fig. 3b). These data
suggest a cytostatic effect rather than a proapoptotic effect of
temsirolimus on PTEN-deficient ccRCC cells.

PTEN modulates cellular sensitivity to rapalogs by regulating the
AKT/mTOR pathway
PTEN exerts much of its activity as a lipid phosphatase antagonizing
the prosurvival and oncogenic PI3K/AKT/mTOR pathway; it also
performs PI3K/AKT/mTOR-independent and protein phosphatase-
dependent activities and functions within the nucleus [21]. Previous
studies have demonstrated that cancer cell lines with hyperactivat-
ing MTOR mutations display heightened sensitivity to rapamycin
both in culture and in in vivo xenografts, suggesting that such
mutations confer mTOR pathway dependency [22]. Thus, we
speculate that PTEN’s role in the PI3K/AKT/mTOR pathway is pivotal
for conferring hypersensitivity to rapalogs. To test this hypothesis,
we first determined whether PTEN regulates mTORC1 activity via
AKT. HEK293A PTEN KO cells exhibited higher p-AKT (Thr308) and
p-S6K (Thr389) levels than wild-type cells. Notably, inhibition of AKT
with an allosteric inhibitor (miransertib) prevented AKT and S6K
phosphorylation in both wild-type and PTEN KO HEK293A cells,
indicating that PTEN loss activates mTORC1 via AKT (Supplementary
Fig. S3). Next, we determined whether mTOR could counter PTEN’s
effect on cell proliferation. Ectopic expression of PTEN in PTEN-
deficient 786O or OS-RC2 cells decreased p-AKT (Thr308) and p-S6K
(Thr389) levels and significantly reduced the colony-forming
capacity, consistent with its role as a tumor suppressor (Fig. 4a
and b). We established 786O cells stably expressing empty vector,
wild-type (wt) mTOR, or mutant mTOR (C1483F) by lentiviral
transduction. The mTORC1 activating mutation (C1483F) located in
the FAT domain of mTOR reduces the mTOR-Deptor interaction,
leading to increased mTOR pathway activity [22, 23]. Of note, mTOR
mutations in the C1483 cluster are also particularly prevalent in
kidney cancer [22, 24]. We next introduced PTEN into the
aforementioned stable cells via retroviral vectors. Notably, ectopic
expression of mutant mTOR (C1483F) but not wt mTOR elevated the
p-S6K (Thr389) level (Fig. 4c). Concordantly, mutant mTOR (C1483F)
significantly reversed the inhibitory effect of PTEN on colony
formation. The same trend was observed for wild-type mTOR,
although the difference was not statistically significant (Fig. 4d).
These data suggest that PTEN suppresses cell proliferation primarily
by modulating mTOR pathway activity.
To determine whether the mTOR pathway is directly respon-

sible for the rapalog hypersensitivity phenotype observed in
PTEN-deficient ccRCC cells, we introduced empty vector, wt, or
mutant mTOR (A2034V) into 786O and OS-RC2 cells and then
measured the efficacy of rapalogs (Fig. 4e). The A2034V mutation
is located in the FRB (FKBP12-rapamycin binding) domain and
confers rapamycin resistance by disrupting the interaction of
mTOR with the FKBP12-rapamycin complex. In cells carrying the
A2034V mutant, rapalogs failed to affect the phosphorylation of
the normally rapamycin-sensitive sites in S6K (Thr389) and S6
(Ser240/244 and Ser235/236) [25]. Similarly, our immunoprecipita-
tion (IP) assay showed that FKBP12-rapamycin interacted with wt
mTOR but not with A2034 mTOR (Supplementary Fig. S4a).
Moreover, treatment with either rapamycin or rapalogs abolished
S6K (Thr389) phosphorylation in 786O and OS-RC2 cells expres-
sing empty vector or wt mTOR, whereas ectopic expression of
mutant mTOR (A2034V) substantially attenuated the inhibitory
effects of rapamycin and rapalogs on S6K (Thr389) phosphoryla-
tion (Supplementary Fig. S4b). Concordantly, ectopic expression of
wt mTOR did not affect the cellular response to everolimus and
temsirolimus, whereas ectopic expression of the A2034V mutant
reversed rapalog hypersensitivity in 786O and OS-RC2 cells
(Fig. 4f). These findings suggest that PTEN mutation confers
rapalog sensitivity due to elevated mTOR pathway activity.
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Fig. 2 PTEN deletion renders HEK293A cells more sensitive to rapalogs. VHL (a) PBRM1 (b), BAP1 (c), SETD2 (d), KDM5C (e), and PTEN (f)
knockout clones were validated by Western blotting. Cells were treated with temsirolimus or everolimus at the indicated concentrations for
6 days, and an MTT assay was used to determine cell viability. The data are presented as the mean ± SD (n= 3) of one representative
experiment out of three.
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Fig. 3 Temsirolimus induces G0/G1-phase cell cycle arrest in PTEN-deficient ccRCC cells. a Cells were treated with temsirolimus at the
indicated concentrations for 48 h, and their DNA content was analyzed by flow cytometry. The data are the mean ± SD (n= 3) of one
representative experiment out of three. Significance was assessed using ANOVA followed by Tukey’s test. b Cells were treated with
temsirolimus at the indicated concentrations for 6 days. Cellular apoptosis was assessed by phosphatidylserine externalization and binding of
Annexin V-APC. The data are presented as the mean ± SD (n= 3) of one representative experiment out of three. Significance was assessed
using ANOVA followed by Tukey’s test.
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We performed RNA-seq to analyze the transcriptomes of
parental HEK293A and PTEN KO#2 cells. Using the resulting mRNA
expression profiles, we identified 803 differentially expressed
genes (DEGs; see “Materials and methods”) between PTEN KO#2
and wild-type cells (Supplementary Table S3). To understand

cellular processes that were altered by PTEN deletion, we
performed Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis for the identified DEGs. KEGG
analysis revealed enrichment in a variety of biological processes
ranging from broad terms such as pathways in cancer to more
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specific terms such as TNF signaling pathway, Epstein–Barr virus
infection, MAPK signaling pathway and PI3K-AKT signaling path-
way (Fig. 4g and Supplementary Table S4). Indeed, multiple levels
of crosstalk between the PI3K/AKT and MAPK signaling pathways
have been demonstrated [26]. Moreover, the PI3K/AKT pathway
has been reported to be involved in the TNF signaling [27] and
Epstein–Barr virus infection pathways [28]. These findings
confirmed the role of PTEN in regulating the PI3K/AKT pathway.
We next assessed transcriptional changes in HEK293A PTEN KO#2
cells in response to temsirolimus treatment (1000 nM, 24 h). We
identified 593 DEGs between temsirolimus-treated and vehicle-
treated HEK293A PTEN KO#2 cells (Supplementary Table S3). KEGG
analysis showed that the identified DEGs are mainly involved in
processes related to protein synthesis (Supplementary Fig. S5 and
Supplementary Table S4), consistent with the reported function of
mTORC1 [29]. Interestingly, we found a negative correlation
between PTEN loss-induced transcriptional changes and
temsirolimus-induced transcriptional changes, yielding a Pearson
correlation coefficient of −0.28 (P < 2.2 × 10−16) (Fig. 4h), which is
reminiscent of the opposite roles of PTEN loss and rapalogs in
regulating mTORC1 activity.

PTEN-deficient ccRCC cells are more vulnerable to the
antimigratory effect of temsirolimus than PTEN-proficient ccRCC
cells
Inhibition of mTOR has been reported to regulate cell migration
[30–32]. We explored whether rapalogs affect cell migration
through wound healing assays. The wound healing assays showed
that temsirolimus significantly inhibited the migration of PTEN-
deficient OS-RC2 (Fig. 5a and b) and 786O (Fig. 5c, Supplementary
Fig. S6) cells, while this compound had no significant effects (or
only a weak inhibitory effect) on the migration of PTEN-proficient
A498 (Fig. 5d, Supplementary Fig. S6) and 769P (Fig. 5e,
Supplementary Fig. S6) cells.
We next determined whether PTEN deletion in ccRCC cell lines

can affect cellular sensitivity to rapalogs. Unlike the HEK293A cell
line, which is an easily transfected cell model, we found that it was
challenging to achieve a high transfection efficiency in the ccRCC
cell lines used in our study. Therefore, we chose to use a lentiviral
CRISPR/Cas9 system to delete PTEN. Among the multiple tested
ccRCC cell lines, high knockout efficiency was achieved in two cell
lines (KMRC20 and 769P). The PTEN knockout efficiency of the
tested single guide RNAs (g1 and g2) compared to that of empty
vector (vec) in the polyclonal populations of KMRC20 and 769P
cells following puromycin selection was validated by Western
blotting (Supplementary Fig. S7a). Similar to the above results,
PTEN deletion made cells more sensitive to the temsirolimus-
induced effects on cell growth inhibition, G0/G1-phase cell cycle
arrest and migration suppression (Supplementary Fig. S7b–d).

These data suggest that PTEN loss occurring in patient tumors or
generated by gene editing renders cells more sensitive to
rapalogs.
The transparent and immunoprivileged nature of zebrafish

embryos allows direct visualization of the migration, metastatic
intravasation, and extravasation of single human cancer cells
in vivo. Cell migration was observed on Day 6 after cell injection in
2-day-old zebrafish embryos that were exposed to 0, 3, and 30 μM
temsirolimus. Dissemination of tumor cells from the original
injection site (yolk sac) to distal regions (head and trunk) was
measured. Compared to the vehicle control, temsirolimus
significantly suppressed OS-RC2 (Fig. 5f and g) and 786O (Fig. 5h
and Supplementary Fig. S8a) cell dissemination away from the
yolk sac at concentrations of 3 and 30 μM. In contrast,
temsirolimus significantly decreased A498 (Fig. 5i and Supple-
mentary Fig. S8b) and 769P (Fig. 5j and Supplementary Fig. S8c)
cell migration at a high concentration (30 μM) but showed no
effect at a low concentration (3 μM). These findings suggest that
PTEN-deficient ccRCC cells are more vulnerable to the antimi-
gratory effect of temsirolimus than PTEN-proficient ccRCC cells.

PTEN-deficient xenografts are more sensitive to temsirolimus than
PTEN-proficient xenografts
To assess the effects of temsirolimus on the growth of PTEN-
deficient and PTEN-proficient tumors, we performed xenograft
experiments in nude mice. Temsirolimus robustly reduced tumor
growth in nude mice xenografted with PTEN-deficient OS-RC2
cells (Fig. 6a). Concordantly, temsirolimus significantly decreased
the tumor weight (Fig. 6b) and percentage of cells positive for Ki67
(a proliferation marker) (Fig. 6c). In contrast, PTEN-proficient
tumors were less responsive to temsirolimus. Temsirolimus
marginally reduced the growth of PTEN-proficient A498 xeno-
grafts (Fig. 6d). Moreover, the inhibitory effects of temsirolimus on
tumor weight (Fig. 6e) and the percentage of Ki67-positive cells
(Fig. 6f) were modest. These data indicate that PTEN-deficient
ccRCC tumors are more sensitive to temsirolimus.

DISCUSSION
In this study, we found that the mutation status of VHL, PBRM1,
SETD2, BAP1, or KDM5C is unrelated to the rapalog response in a
panel of ccRCC cell lines. In sharp contrast, we established a causal
link between PTEN loss and rapalog hypersensitivity. A mechan-
istic study showed that PTEN loss promotes rapalog sensitivity
primarily by activating the mTOR pathway, suggesting that PTEN
deficiency confers mTOR dependency.
Despite multiple attempts to investigate the potential associa-

tion between mTOR pathway mutations and the rapalog response
in ccRCC, the link remains unclear, and contrasting results have

Fig. 4 PTEN affects cell proliferation and rapalog sensitivity through the mTOR pathway. a 786O and OS-RC2 cells were stably transduced
with empty vector (pQCXIH-vec) or PTEN (pQCXIH-PTEN) retroviruses. PTEN, p-AKT (Thr308) and p-S6K (Thr389) protein levels were
determined by immunoblot analysis. b Images and corresponding quantification of colony formation by 786O and OS-RC2 cells stably
expressing vec or PTEN. The data are presented as the mean ± SD (n= 3) of one representative experiment out of three. Significance was
assessed using Student’s t test. c 786O cells were stably transduced with empty vector (pLVX-vec), wt (pLVX-mTORwt) or mutant (pLVX-
mTORC1483F) lentiviruses. The established stable cells were next infected with retroviruses encoding PTEN (pQCXIH-PTEN). The immunoblots
show the expression of the indicated proteins. d Images and corresponding quantification of colony formation by the stable cells generated in
(c). The data are presented as the mean ± SD (n= 3) of one representative experiment out of three. Significance was assessed using ANOVA
followed by Tukey’s test. e 786O and OS-RC2 cells were stably transduced with empty vector (pLVX-vec), wt (pLVX-mTORwt) or mutant (pLVX
mTORA2034V) lentiviruses. The immunoblots show the expression of mTOR. f Viability assay of the stable cells generated in (e) after treatment
with everolimus or temsirolimus at the indicated concentrations for 6 days. The data are presented as the mean ± SD (n= 3) of one
representative experiment out of three. g KEGG pathway enrichment analysis of the DEGs identified between PTEN KO#2 and parental
HEK293A cells. The bars indicate the enrichment scores, −log10 (adjusted P values). h Comparison of the transcriptional changes induced by
PTEN loss versus temsirolimus treatment (1000 nM, 24 h). The blue dots represent genes that were either upregulated or downregulated in
both comparisons; the orange dots represent genes that were significantly upregulated in one comparison and downregulated in the other
comparison. The green dots represent genes significantly changed only upon PTEN deletion in HEK293A cells, while the red dots represent
genes significantly changed upon temsirolimus treatment in HEK293A PTEN KO#2 cells. The R value was calculated for the correlation;
Pearson’s correlation coefficient.
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Fig. 5 Temsirolimus exhibits a more potent inhibitory effect on migration in PTEN-deficient ccRCCs than in PTEN-proficient ccRCC cells.
a Wound healing assays were performed to examine the effects of temsirolimus on the migration of OS-RC2 cells. Representative pictures of
OS-RC2 cells at 0 h (time of wounding) and after 48 h of exposure to the indicated concentrations of temsirolimus. Scale bar, 200 μm.
Quantification of wound healing, shown as the wound closure percentage in OS-RC2 (b), 786O (c), A498 (d), and 769P (e) cells. The data are
presented as the mean ± SD (n= 3, five independent fields for each sample) of one representative experiment out of three. Significance was
assessed using ANOVA followed by Tukey’s test. f Representative images of zebrafish embryos engrafted with OS-RC2 cells at 0 and 6 days
post injection (dpi). Zebrafish embryos were treated with temsirolimus at the indicated concentrations. Quantification of the dissemination of
OS-RC2 (g), 786O (h), A498 (i), and 769P (j) cells. Each dot represents the number of foci outside the yolk sac in a single embryo. The mean ±
SD of three independent experiments is shown. Significance was assessed using ANOVA followed by Tukey’s test.
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Fig. 6 Temsirolimus exerts more potent tumor growth inhibitory activity in PTEN-deficient tumors than in PTEN-proficient tumors. a Size
of tumors derived from OS-RC2 cells subcutaneously implanted into nude mice and treated with either vehicle or temsirolimus. The data are
presented as the mean ± SD values (n= 10). b Tumors derived from OS-RC2 cells were harvested and weighed on day 15 post treatment. The
data are presented as the mean ± SD values (n= 10). Significance was assessed using Mann–Whitney U test. c IHC staining for Ki67 in
representative OS-RC2 tumor tissues. Scale bar, 100 μm. The data are presented as the mean ± SD of three tumors (ten independent fields for
each tumor). Significance was assessed using Student’s t test. d Size of tumors derived from A498 cells subcutaneously implanted into nude
mice and treated with either vehicle or temsirolimus. The data are presented as the mean ± SD values (n= 10). e Tumors derived from A498
cells were harvested and weighed on day 15 post treatment. The data are presented as the mean ± SD values (n= 10). Significance was
assessed using Mann–Whitney U test. f IHC staining for Ki67 in representative A498 tumor tissues. Scale bar, 100 μm. The data are presented as
the mean ± SD of three tumors (ten independent fields for each tumor). Significance was assessed using Student’s t test.
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been reported in the literature. Some studies in ccRCC cases
reported that mutations in MTOR, TSC1, and TSC2 correlated with
the rapalog response [9, 12]. However, other studies failed to
validate this association in ccRCC patients [11, 13]. It has been
demonstrated that some ccRCC-derived mTOR missense muta-
tions are activating mutations, while some are passenger
mutations [24]. Thus, the heterogeneous functional effects of
mTOR missense mutations on mTORC1 activity may contribute to
the discrepancy between these studies. Remarkably, although
studies considering only PTEN mutations found no association
with the rapalog response in ccRCC [10, 11, 13], loss of PTEN
expression (detected by immunohistochemistry) has been pro-
posed as a marker of the therapeutic outcome of rapalog
treatment in patients with ccRCC [11, 12]. The latter two
referenced studies showed that negative PTEN IHC staining was
detected in 50% [11] and 58% [12] of tumors. Our study showed a
similar proportion of negative PTEN immunohistochemistry in
ccRCC in a Chinese population (44.8%, 65 of 145). Of note, the
percentage of tumors with PTEN loss as assessed by IHC staining
was much higher than the PTEN mutation (point mutations,
insertions, and deletions) frequency in ccRCC (4%) (Supplementary
Fig. S1), implying the importance of alternative mechanisms of
PTEN inactivation in ccRCC. We analyzed the copy number data of
PTEN from the TCGA ccRCC dataset, which showed that a
substantial fraction of samples (62 of 352) exhibited copy number
loss (shallow or deep deletion) (Supplementary Fig. S9a). In
addition to genetic alterations that partially or fully inactivate a
given PTEN allele, accumulating evidence shows that PTEN
expression is also suppressed via epigenetic mechanisms [21].
Notably, analysis of the TCGA ccRCC dataset revealed that PTEN
pseudogene 1 (PTENP1) mRNA expression was strongly correlated
with PTEN mRNA expression by Spearman correlation analysis (r
= 0.88) (Supplementary Fig. S9b). PTEN and PTENP1 share
extensive sequence homology, and thus PTENP1 mRNA can
function as a decoy for PTEN-targeting microRNAs (miRNAs),
counteracting miRNA-mediated repression and consequently
boosting PTEN expression [21]. Thus, the competitive endogenous
RNA (ceRNA) mechanism could be an important regulator of PTEN
expression in ccRCC. Owing to a multilayered mode of PTEN
regulation, we speculate that PTEN immunohistochemistry may
constitute a straightforward and reliable way to screen for ccRCC
patients with PTEN deficiency who are likely to benefit from
rapalog therapy.
Inactivation of VHL occurs in essentially all ccRCCs via VHL

mutations or epigenetic silencing owing to promoter methylation
[3]. Previous studies have shown that the response to rapalog
treatment is not dependent on the presence or absence of VHL
alterations [9, 10]. In line with these findings, our data show that
VHL mutation status is unrelated to rapalog efficacy in ccRCC. In
contrast, multiple studies have reported conflicting data regarding
the associations between mutations in chromatin remodeling
genes (e.g., PBRM1, SETD2, BAP1, and KDM5C) and the response to
rapalog therapy in ccRCC. Some studies failed to identify a
relationship between mutations in these genes [9, 12] and rapalog
response. However, the RECORD-3 phase III clinical trial showed
that PBRM1 and BAP1 mutations were associated with longer and
shorter PFS (progression-free survival) times, respectively, for
ccRCC patients treated with everolimus [10]. Our study shows that
rapalogs display similar cytostatic effects on ccRCC cell lines with
or without mutations in PBRM1, SETD2, or BAP1. Furthermore,
deletion of PBRM1, SETD2, BAP1, or KDM5C did not affect the
cellular response to rapalogs compared to that of isogenic
parental wild-type cells. Indeed, our findings are in line with the
observation that PBRM1 downregulation by shRNA had no effect
on growth inhibition by rapamycin in ccRCC cell lines [33]. Thus,
our study suggests that the observed favorable or unfavorable
clinical outcomes may not derive from the direct cytostatic effect
of rapalogs on tumor cells carrying mutations in chromatin

remodeling genes. The potential link between mutations in
chromatin remodeling genes and the rapalog response and the
underlying mechanism warrant further investigation.
Previous studies have shown that in vitro exposure to rapalogs

usually arrests cell proliferation without inducing apoptosis [4].
Several mechanisms have been proposed to explain this
phenotype. For example, rapalogs block the S6K1-IRS1 negative
feedback loop, leading to the activation of PI3K/AKT prosurvival
signals [30] or stimulate eIF4E phosphorylation via Mnk-
dependent mechanisms, leading to apoptosis resistance [31].
Largely in line with these studies, rapalogs failed to induce
apoptosis in PTEN-deficient ccRCC cells at concentrations that
induced significant G0/G1 arrest in our study. It has been reported
that inhibition of mTOR attenuates cell migration through diverse
mechanisms, including epithelial-mesenchymal transition (EMT)
inhibition [32], decreases in oncometabolite levels [34], or
autophagy activation [35]. We also observed antimigratory effects
of rapalogs in ccRCC, and this effect was more pronounced in
PTEN-deficient cells than in PTEN wild-type cells. Although PTEN
immunohistochemistry showed the presence of PTEN in the
cytoplasm, membrane and nucleus in ccRCC samples with positive
staining, our data support that PTEN’s role in mTOR regulation
contributes to the observed hypersensitivity to rapalogs. In this
regard, ectopic expression of an activating mTOR mutant (C1483F)
attenuated PTEN-induced cell growth inhibition, while the
introduction of a resistant mTOR mutant (A2034V) enabled
PTEN-deficient ccRCC cells to escape the growth inhibitory effect
of rapalogs. Of note, temsirolimus appeared to oppose PTEN loss-
induced transcriptional changes. We speculate that the opposite
roles of PTEN loss and rapalog treatment in regulating mTORC1
activity might contribute to this transcriptional regulation pattern.
Interestingly, mTOR mutations and negative PTEN immunohisto-
chemistry are not mutually exclusive events in ccRCC patients [12].
The co-occurrence of mTOR-activating mutations and loss of PTEN
expression may lead to additive effects on the rapalog response.
Here, we demonstrate that PTEN loss rather than alterations in

VHL or chromatin-modifying genes (PBRM1, SETD2, BAP1, and
KDM5C) confers hypersensitivity to rapalogs in ccRCC, suggesting
that patients with PTEN deficiency are more likely to benefit from
rapalog therapy than patients with functional PTEN. A mechanistic
study showed that PTEN loss creates vulnerabilities related to
mTOR pathway dependency. Future studies could apply more
sophisticated models of ccRCC, including patient-derived xeno-
grafts or organoids, to validate the observed correlation. Rapalogs
are approved for clinical use in tumor types in addition to ccRCC,
such as pancreatic neuroendocrine tumors and advanced breast
cancer [4, 36]. In addition, multiple clinical trials have been
conducted to evaluate the efficacy of rapalogs in treating a broad
range of human cancers (clinicaltrials.gov). Given that PTEN is one
of the most frequently somatically mutated genes in cancer [37], it
would thus be of clinical significance to explore whether PTEN loss
similarly heightens sensitivity to rapalogs in other cancer types.
Elucidation of this issue would help patient select and optimize
the clinical outcomes of rapalogs.
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