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circPTPN12 promotes the progression and sunitinib resistance
of renal cancer via hnRNPM/IL-6/STAT3 pathway
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Renal cell carcinoma (RCC) is characterized by the difficulties in early diagnosis and the propensity to metastases. For advanced
RCC, sunitinib targeted therapy is the clinically recommended first-line drug and the major challenge of sunitinib treatment is
adaptive resistance. Therefore, it is imperative to research the mechanisms underlying sunitinib resistance. In this study, we
discovered that circPTPN12 was highly expressed in RCC tissues and was associated with poorer clinical outcomes. circPTPN12
could promote the proliferation, migration, invasion, and sunitinib resistance of RCC cells. Mechanistically, circPTPN12 was found to
form a complex with hnRNPM, which was involved in the regulation of mRNA processing. The combination with circPTPN12
enhanced the ability of hnRNPM to maintain the stability of IL-6 mRNA and further activated the STAT3 signaling pathway. The
study revealed that circPTPN12/hnRNPM/IL-6/STAT3 axis promoted RCC progression and sunitinib resistance, which might be a
promising therapeutic target for relieving sunitinib resistance in RCC.
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INTRODUCTION
Renal cell carcinoma (RCC) is the tumor that originated from renal
tubular epithelial cells, which is one of the most common
malignancies in the urinary system [1, 2]. The most recent
research showed that the number of new renal cancer cases in the
United States reached 76,080 in 2021, while the number of deaths
caused by renal cancer reached 13,780 [3]. Due to the mild
symptoms of RCC, nearly 30% of patients have distant metastases
at the time of initial pathological diagnosis [4]. For patients who
have lost the opportunity to have surgery for various reasons,
sunitinib, one of the tyrosine kinase inhibitors (TKI), is currently the
most commonly used first-line drug in clinical practice [5, 6].
Despite the fact that sunitinib can double the progression-free
survival time of those patients, most of them eventually develop
sunitinib resistance [7, 8]. Therefore, the identification of ideal
early diagnostic markers for RCC and the thoroughly study of the
unique mechanisms underlying adaptive sunitinib resistance are
of utmost significance.
Circular RNAs (circRNAs) are covalently closed, endogenous

biomolecules that are produced by backsplicing [9]. CircRNAs
can contribute in a variety of biological processes in tumor cells,
including as carcinogenesis, metastasis, immunological evasion,
and drug resistance [10–13]. Numerous studies have documen-
ted the function of circRNAs in controlling tumor-targeted
therapy tolerance [14–16]. In the field of renal cancer, relevant
studies are still rare. The regulation of sunitinib resistance by
circRNA in RCC has only been described in two studies [17, 18].

hsa_circ_0003764 (circPTPN12) is derived from the exons 5, 6, 7,
and 8 regions within the PTPN12 locus. No studies concerning
circPTPN12 have been reported in oncology research. Only two
research in other disciplines have examined the capacity of
circPTPN12 to encourage fibroblast proliferation in keloid and
endometrial fibrosis [19, 20].
Multiple classical signaling pathways are involved in the

development of sunitinib resistance in RCC including PI3K/AKT
pathway, JAK/STAT pathway, and MAPK/ERK pathway [21–23].
When STAT3 is phosphorylated in the cytoplasm, it rapidly forms
dimers and gathers in the nucleus to perform transcriptional
functions, which has an impact on subsequent signaling
molecules including PARP, c-MYC, and caspases-3 that promotes
drug resistance [24–26].
In this study, circPTPN12 was found to be an upregulated

circRNA in RCC that predicted poorer outcomes of RCC.
circPTPN12 directly bound with hnRNPM and enhanced its
ability to stabilize IL-6 mRNA, which led to the activation of
STAT3 pathway and accelerated the progression and sunitinib
resistance of RCC.

MATERIALS AND METHODS
RCC tissue samples
A total of 60 pairs of RCC tissues and corresponding normal tissues were
collected from RCC patients undergoing radical nephrectomy or partial
nephrectomy in the Department of Urology, Union Hospital, Tongji
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Medical College (Wuhan, China). Normal kidney tissue specimens were
obtained from ≥2 cm from the edge of the resected kidney cancer tissue.
These samples were used for subsequent whole transcriptome sequencing
and qRT-PCR. All specimens were stored in an ultra-low temperature
refrigerator at −80 °C immediately after a brief wash and information
registration. All patients signed informed consent and agreed to
participate in post-operative follow-up, and the research was approved
by the Ethics Committee of Huazhong University of Science and
Technology. All patients were followed up postoperatively by telephone
as planned, by which overall survival time (OS) for these patients used for
plotting survival curve was determined based on postoperative telephone
follow-up on the last day of every month until the visit was lost or 5 years
have elapsed.

Cell culture
Human renal tubular epithelial cell line HK-2 and human RCC cell lines
(786-O, ACHN, A-498, CAKI-1, and OSRC-2) were obtained from the
American Type Culture Collection. All cells were cultured in high sugar
DMEM medium containing 10% fetal bovine serum with 1% penicillin
under 37 °C and 5% CO2. Sunitinib-resistant cell lines (786-O-R and ACHN-
R) were induced by gradually raising the sunitinib concentration to 10 μM.

Transient transfection and lentivirus transfection
Small interfering RNA (siRNA) targeting circPTPN12 (si-circPTPN12) and
hnRNPM (si-hnRNPM) and the corresponding negative control siRNA (si-
NC) were designed and provided by RiboBio (RibioBio, Guangzhou, China)
and QijingBio (QijingBio, Wuhan, China) respectively. The truncated
plasmids of hnRNPM were obtained from genecreate (Genecreate, Wuhan,
China). The lentivirus used to overexpress circPTPN12 and a negative
control lentivirus were purchased from Genechem (Genechem, Shanghai,
China). For transient transfection, Lipofectamine 3000 reagent (Invitrogen,
CA, USA) was used according to the instructions. Cells were harvested for
subsequent experiments after 48 h of transfection. For lentivirus transfec-
tion, ZsGreen1 expression was assessed under a fluorescent microscope
3 days after transfection, and 5 μg/ml puromycin was used to screen the
cells that were transfected. The information of the si-RNA, plasmids, and
lentivirus were shown in Supplementary Table 1.

Cell proliferation assays
1000 cells were seeded in the 96-well plates after 48 h of transfection. CCK-
8 assay (CCK8; MCE, NJ, USA) was performed at the next 24, 48, 72, and
96 h. After 2 h of 10% CCK-8 incubation, the optical density values were
measured by a spectrophotometer at 450 nm. EdU Cell Proliferation Assay
Kit (Beyotime Biotechnology, Shanghai, China) was used to get a better
visual of cell proliferation according to the manufacturer’s instructions. And
the results were assessed under a fluorescent microscope.

Cell migration and invasion assays
1 × 104 cells were added into the upper chambers in serum-free medium
for migration assay and 2 × 104 cells were employed for invasion assay.
After 24 h of incubation, the cells were fixed with 100% methanol and
dyed with 0.05% crystal violet. Three randomly chosen fields were selected
to count the cells across the membrane under ×100 and ×400
magnification.

Quantitative reverse transcription PCR
Total RNA was extracted from tissues or cells using TRIzol® reagent
(Thermo Fisher Scientific, MA, USA). The concentration and purity of the
RNA were evaluated by a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific). Superscript II Reverse Transcription Kit (Takara Bio,
Beijing, China) was used to reverse transcribe the RNA into cDNA
according to the manufacturer’s protocol. The primers used in the study
were synthesized by TSINGKE (TSINGKE, Beijing, China) and the sequences
of these primers were shown in Supplementary Table 2.

Western blot assays
Total protein was extracted from tissues or cells using RIPA lysis buffer
(Servicbio.Inc., Wuhan, China) with 1% protease inhibitor Cocktail (MCE).
After that, the protein concentration was adjusted to the same level using
a BCA protein assay kit (Beyotime Biotechnology). After the electrophoresis
and transmembrane, PVDF membranes (Millipore, Bedford, USA) were first
incubated in 5% BSA (Servicbio.Inc.) for 2 h, then transferred to primary

antibodies overnight at 4 °C after being rinsed with PBS. Next, the
membranes were incubated in corresponding secondary antibodies for
1 h. Finally, the protein bands were detected using ChemiDoc XRS+
(Bio‑Rad Laboratories, CA, USA) with ECL chemiluminescent substrate
(Biosharp, Wuhan, China). Information of the antibodies were shown in
Supplementary Table 3.

Actinomycin D treatment and RNA stability assays
The cells were treated with 10 μg/ml Actinomycin D (Selleck, TX, USA) for 0,
3, 6, 9, and 12 h when reached the fusion of 70%. Total RNA was extracted
after Actinomycin D treatment. The RNA was analyzed by qRT-PCR with U6
as internal reference.

Cellular fractionation assay of RNA
The cellular fractionation assay was conducted using Cytoplasmic &
Nuclear RNA Purification Kit (Biotek, VT, USA). GAPDH was used as
cytoplasmic internal reference and U6 was used as nuclear internal
reference. The RNA was analyzed by qRT-PCR.

RNA fluorescence in situ hybridization (FISH)
Fluorescent in Situ Hybridization kit (RiboBio) was used, in which
circPTPN12, as well as U6 and 18S probes were labeled with Cy3 when
cell fusion reached 70% in 24-well plates. Hybridization was performed in
786-O cells according to the manufacturer’s protocol. 0.1% DAPI was used
to label the nucleus at last. Detection of individual channel fluorescence
signals using a confocal laser scanning microscope (Carl Zeiss LSM 780,
Baden-Württemberg, Germany).

Immunofluorescence (IF)
786-O and ACHN cells were fixed with 100% methanol when the fusion
reached 70% in 24-well plates. Then 0.1% Triton X-100 (Servicbio.Inc.) was
used to increase the permeability of antibodies to cell membranes for
15min. After that, the cells were closed with 5% BSA for 30min at 37 °C
and washed with PBS three times. Then the cells were incubated with
hnRNPM antibody at 4 °C overnight. After washing the antibody with PBS,
the cells were incubated with Fluorescent secondary antibody in light-
proof conditions for 2 h. Finally, DAPI was used to label the nucleus. The
images were acquired with a confocal laser scanning microscope (Carl
Zeiss LSM 780).

RNA pulldown assays
Biotin-labeled circPTPN12 (sense) and negative control (anti-sense) probes
were designed by TSINGKE (TSINGKE). About 107 cells were washed with
pre-cooled PBS buffer and irradiated for 15min under an ultraviolet
crosslinker. Then the cells were incubated in lysis buffer (20Mm Tris-HCl,
150mM NaCl, 1 mM EDTA, and 0.5% NP-40 with DTT, PMSF, Cocktail, and
RNase inhibitor added before use). The probes were incubated in the cell
lysates with rotation for 1 h at 4 °C. After that, the mixture was incubated
with Streptavidin Magnetic Beads (MCE) for 2 h at 4 °C. Then the beads
were washed with buffer A (25mM Tris-HCl, 150mM KCl, 5 mM EDTA, and
0.5% NP-40). The beads were heated for 10min with 2 × protein loading
buffer (Servicebio) at 95 °C. The sequences of biotin probes were list in
Supplementary Table 4.

Silver staining and mass spectrometry analysis
Protein silver stain plus kit (Coolaber, Beijing, China) was used to stain the
protein gel as the manufacturer’s protocol described. The mass spectro-
metry analysis was accomplished by Novogene (Novogene, Beijing, China).
Finally, Proteome Discoverer software (Thermo Fisher Scientific) was used
to identify the proteins.

RNA immunoprecipitation (RIP)
Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore) was
applied in the RIP assay. About 107 786-O cells were collected and
incubated in RIP lysis buffer at −80 °C. Then 5 μg antibodies were used to
incubate with the cell lysates in Protein A/G Magnetic Beads (MCE) with
rotation for 1 h. The magnetic beads were digested by proteinase K buffer
in a shaker at 55 °C for 30min. RNeasy MinElute Cleanup Kit (Qiagen,
Hilden, Germany) was then applied to withdraw the RNA in the
supernatant. The information of truncated plasmids was list in Supple-
mentary Table 5.
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Tumor xenograft model
The BALB/c nude mice (4 weeks old, male) obtained from Beijing HFK Bio-
Technology Co., Ltd. were chosen for tumor xenograft model. 2 × 106 cells
were injected subcutaneously into the axilla of the mice. The mice were
intraperitoneally injected with stattic (3.75mg/kg) or DMSO (MCE) and
the size of the subcutaneous tumors was measured every 3 days. The mice
were killed after 30 days. Afterward, the weight of tumors was measured
and immunohistochemical staining assays were conducted.

Immunohistochemistry assay
The tumor xenografts were successively fixed in 4% formalin at room
temperature, dehydrated, and embedded in paraffin. The sections were
incubated in p-STAT3 primary antibody overnight at 4 °C. After washing
with PBS, the sections were incubated with corresponding secondary
antibodies for 2 h. A NanoZoomer S360 (Hamamastu Corporation,
Shizuoka, Japan) was used to scan the sections. Random fields were
selected under ×100 and ×400 magnification.

Bioinformatics analysis
The gene set enrichment analysis (GSEA) software (https://www.gsea-
msigdb.org/gsea/index.jsp) and Kyoto Encyclopedia of Genes and Gen-
omes databases (c2.all.v6.2.symbols.gmt) was used to find pathways
enriched in the gene set on the basis of pathway Enrichment Score. The
crystallographic data for static was downloaded from MCE website (https://
www.medchemexpress.cn/Stattic.html).

Statistical analysis
The results of the experiments were expressed as mean ± standard
deviation (mean ± SD). Statistical analyses were performed by Graphpad
8.0 (GraphPad Software, Inc., CA, USA). Statistical differences between the
two groups were compared using the student’s test. P < 0.05 indicated a
statistical difference (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
Three independent biological replicates were performed for each
experiment. Heatmaps in the study were made using R 4.1.3.

RESULTS
circPTPN12 is upregulated and associated with a worse
prognosis in RCC
Three pairs of RCC tissues and the adjacent normal tissues were
chosen for whole transcriptome RNA sequencing. The top 10
differential expressed circRNAs with the smallest P values were
selected according to the screening criteria of |log2FC| ≥ 1.5,
P < 0.05. Among these circRNAs, we found hsa_circ_0003764 was
upregulated in RCC and had not been reported in the field of
oncology research (Fig. 1a). hsa_circ_0003764 was derived
from the exons 5, 6, 7, and 8 regions within the PTPN12 locus
according to the CSCD database and the back-spliced site of
which was validated by Sanger sequencing (Fig. 1b). circPTPN12
was significantly upregulated in more RCC tissues and RCC cell
lines (Fig. 1c, d). Moreover, higher circPTPN12 levels indicated
poorer clinical outcomes (Fig. 1e). DNA gel electrophoresis of RT-
PCR products showed that circPTPN12 could be amplified with
divergent primers in the cDNA but not gDNA (Fig. 1f). We reverse
transcribed RNA with random 6 mers and oligo dT primers and
performed qRT-PCR to calculate relative RNA levels. The result
indicated that random 6 mers amplified circPTPN12 more
efficiently than oligo dT primers compared to mPTPN12, which
demonstrated that circPTPN12 lacked a poly-A tail structure
(Fig. 1g). And circPTPN12 turned out to be more stable compared
with its linear transcripts under Actinomycin D and RNase R
treatment (Fig. 1h, i). qRT-PCR analysis of the nuclear/cytoplasmic
fractionation and FISH assay indicated that circPTPN12 was mainly
distributed in the nucleus of RCC cells (Fig. 1j, k).

circPTPN12 promotes the proliferation, migration, and
invasion of RCC cells in vitro
To explore the biological function of circPTPN12 in RCC cells,
siRNA and plasmids were used to knock down and overexpress
circPTPN12. 786-O and ACHN cells with relatively high circPTPN12

expression were used to knock down circPTPN12, while A-498
cells with relatively low circPTPN12 expression were used to
overexpress circPTPN12. qRT-PCR was applied to verify the effect
of transient transfections (Fig. 2a). CCK-8 assays showed that the
silencing of circPTPN12 significantly suppressed the proliferation
ability of 786-O and ACHN cells, while the overexpressing of
circPTPN12 facilitated the proliferative ability of A-498 cells
(Fig. 2b). The results of EdU assays provided better visual of the
effect of circPTPN12 on cell proliferation (Fig. 2c). Next, transwell
assays were used to measure the migration and invasion ability of
RCC cells. The results showed that circPTPN12 knockdown
reduced the migration and invasion rates of 786-O and ACHN
cells, while circPTPN12 overexpression promoted the above
abilities of A-498 cells (Fig. 2d).

circPTPN12 activates STAT3 signaling pathway in RCC cells
We performed RNA sequencing (RNA-seq) using circPTPN12-
knockdown and control cells to investigate the signaling path-
ways regulated by circPTPN12 in RCC. According to the test
reports, we took an intersection of the differential genes from two
cell lines and a total of 298 shared differential genes were
obtained (Fig. 3a, b). KEGG enrichment analysis of these
differential genes was further applied, among which the JAK-
STAT pathway was the most significantly altered pathway with the
smallest P value (Fig. 3c). We further verified that knockdown of
circPTPN12 resulted in the reduction of phosphorylated STAT3
protein levels, as well as the increases of cleaved-PARP and
cleaved-caspase3 levels. While the overexpression of circPTPN12
led to opposite changes in these proteins (Fig. 3d). Since
circPTPN12 was mainly localized in the nucleus, whereas STAT3
phosphorylation occurred in the cytoplasm, we suggested
circPTPN12 might activate the STAT3 pathway through the
upstream molecules of this pathway instead of combining directly
with STAT3. We selected IL6, IL-8, IL-11, LIF, CNTF, OSM, and TLR4,
the reported upstream molecules of STAT3, and measured the
mRNA levels of these molecules after knocking down circPTPN12
by qRT-PCR. The result suggested that only the level of IL-6 was
reduced after circPTPN12 silencing (Fig. 3e). We further found a
positive correlation between circPTPN12 levels and IL-6 secretion
in the supernatant using ELISA experiments (Fig. 3f, g).

circPTPN12 promotes sunitinib resistance by IL-6/STAT3
pathway in RCC cells
Since numerous studies showed that the STAT3 signaling pathway
was involved in multiple drug resistance, it was natural to wonder
whether circPTPN12 would affect sunitinib resistance in RCC cells
[27–29]. We found that circPTPN12 was significantly upregulated
in 786-O and ACHN sunitinib-resistant cells (Fig. 4a). We further
selected sunitinib-resistant cells for knocking down circPTPN12
and parental cells for overexpressing circPTPN12, then tested its
effects on sunitinib resistance. The results of the drug sensitivity
curve indicated that circPTPN12 promoted the sunitinib resistance
in RCC cells (Fig. 4b). To demonstrate that circPTPN12-induced
sunitinib resistance was mediated by the STAT3 signaling pathway,
stattic, a specific inhibitor of STAT3 phosphorylation, was used to
apply rescue assays [30–32]. And the molecular formula of stattic
was shown in Fig. 4c. The results showed that circPTPN12-induced
sunitinib resistance could be reversed by stattic, which implied
that circPTPN12 facilitated sunitinib resistance in RCC cells via the
STAT3 pathway (Fig. 4d). We further verified whether circPTPN12
activated STAT3 pathway by increasing the IL-6 levels in cell
supernatant. We discovered that the sunitinib resistance of 786-O-
R cells was significantly reduced when cells were cultured with
supernatant obtained from circPTPN12-knockdown cells, while the
opposite changes were found when cells were incubated with
supernatant from circPTPN12-overexpress cells (Fig. 4e). Finally, we
examined the changes of STAT3 signaling pathway-related
proteins in 786-O cells after supernatant incubation. The results
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showed a positive correlation between the level of IL-6 in the
supernatant and the activation of the STAT3 pathway (Fig. 4f).
These results demonstrated that circPTPN12 could promote
sunitinib resistance through the IL-6/STAT3 pathway in RCC cells.

circPTPN12 interacts with hnRNPM protein in RCC cells
Since circPTPN12 was mainly distributed in the nucleus, where
circRNAs exerted their subsequent effects mainly through binding
proteins. RNA pulldown experiments and protein profiling analysis

Fig. 1 circPTPN12 is upregulated and associated with a worse prognosis in RCC. a The expression levels of ten differential expressed
circRNAs with smallest P values in RCC. b Scheme illustrating the formation of circPTPN12, the back-splice site of which was verified by Sanger
sequencing. c The relative expression levels of circPTPN12 in 20 pairs of RCC tissues and paired normal tissues. d The expression levels of
circPTPN12 in normal cell line (HK-2) and RCC cell lines (786-O, ACHN, A-498, CAKI-1, and OSRC-2). e The Kaplan-Meier curves of circPTPN12 in
RCC for overall survival time. f The existence of circPTPN12 was validated using divergent primers and convergent primers in cDNA.
g circPTPN12 was conformed to lack poly-A tail using random 6 mers and oligo dT Primer. h The relative levels of circPTPN12 and PTPN12
were detected in the presence of RNase R. i The relative levels of circPTPN12 and PTPN12 were detected by qRT-PCR after actinomycin D
treatment. j Identification of the proportion of circPTPN12 in the cytoplasm and nucleus. k The subcellular location of circPTPN12 was
demonstrated by FISH assay. U6 and 18 S were used as positive controls for nucleus and cytoplasm respectively. Scale bars, 10 μm. ns: not
significant, **P < 0.01, ***P < 0.001, ****P < 0.0001. The results were expressed with mean ± SD. All the experiments were replicated three times.
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were used to further explore circPTPN12-binding proteins, which
was important for the ensuing mechanistic studies. The ability of
circPTPN12 to bind with AGO2 protein was the basis for ceRNA
mechanistic studies, with which we could decide whether to
conduct a ceRNA mechanistic study or a RBP mechanistic study
[33–35]. We thus performed circPTPN12 RNA pull-down

experiments to explore the proteins binding with circPTPN12
(Fig. 5a). Following the screening pipeline (Fig. 5b), a major
differential protein band was confirmed to be hnRNPM by mass
spectrometry analysis (Fig. 5c). circPTPN12 was validated to
interact with hnRNPM through detecting the precipitates immu-
noprecipitated by anti-hnRNPM antibody (Fig. S1a) and RIP

Fig. 2 circPTPN12 promotes the proliferation, migration, and invasion of RCC cells in vitro. a The expression levels of circPTPN12 and
PTPN12 after transfection. b The viability of RCC cells after knocking down and overexpressing circPTPN12 was detected by CCK-8 assay. c The
proliferation ability of RCC cells after knocking down and overexpressing circPTPN12 was detected by EdU assay. d The migration and
invasion abilities of RCC cells after transfection were detected by transwell assay. ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. The results were expressed with mean ± SD. All the experiments were replicated three times.
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analysis (Fig. 5d). Besides, we did not find AGO2 in the protein
profile results file, which implied that the ceRNA mechanism was
not the major regulation mode of circPTPN12 in RCC (Supple-
mentary Table 6). We further proved that circPTPN12 and hnRNPM
had the same subcellular localization by FISH and IF assays
(Fig. 5e). Moreover, catRAPID algorithm was used to predict the
binding site and truncated plasmids were constructed according
to the protein functional structural domains of hnRNPM displayed
in UniProt database (Fig. 5f). The results of anti-Flag RIP showed

that the RRM3 (RNA recognition motif 3, aa652–729) of hnRNPM
was the key to the binding of hnRNPM and circPTPN12 (Fig. 5g).

circPTPN12-hnRNPM complex improves the stability of IL-6
mRNA and maintains the activation of STAT3 pathway
Gene set enrichment analysis (GSEA) showed that hnRNPM was
involved in the regulation of spliceosomes, the JAK-STAT signaling
pathway, and RNA degradation (Fig. S1b, c). Next, we found that
changing the expression of circPTPN12 or hnRNPM left the

Fig. 3 circPTPN12 activates STAT3 signaling pathway in RCC cells. a The heatmap of differential expressed genes in 786-O and ACHN cells
after knocking down circPTPN12. b The volcano plot of differential expressed genes in 786-O and ACHN cells. c KEGG enrichment analysis of
differential expressed genes. d The changes of STAT3 signaling pathway-related proteins after knocking down and overexpressing circPTPN12.
e The changes of upstream molecules of STAT3 pathway after knocking down circPTPN12. f The changes of IL-6 mRNA levels after knocking
down and overexpressing circPTPN12. g The changes of IL-6 secretion in supernatant after knocking down and overexpressing circPTPN12.
ns: not significant, *P < 0.05, **P < 0.01. All the experiments were replicated three times.
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expression of the other unaffected, which suggested that the
regulation of hnRNPM induced by circPTPN12 was not based on
the expression level (Fig. S1d, e). We next investigate whether
hnRNPM regulated the level of IL-6 mRNA by regulating its
alternative splicing. IL-6 was reported to have three isoforms,
among which IL-6 isoform 2 had been reported as an IL-6 inhibitor
in RCC [36]. However, the level of all these three isoforms
decreased when hnRNPM was knocked down and there was no
increase in the expression of IL-6 isoform 2 as expected,
suggesting that the change in expression levels of isoforms might
be due to the changes in IL-6 mRNA level but not to hnRNPM-
mediated alternative splicing (Fig. S1f).
Recently, hnRNPM was reported to regulate the stability of

target mRNA [37]. We speculated that hnRNPM might promote
the accumulation of IL-6 by enhancing the stability of IL-6 mRNA.
Actinomycin D assays demonstrated that the degradation rate of
IL-6 mRNA was notably increased when hnRNPM was knocked
down (Fig. 6a). Results of ELISA assays showed that IL-6 secretion
in cell supernatants increased after overexpression of circPTPN12,
whereas the secretion of IL-6 increased only slightly or even
remained unchanged after hnRNPM inhibition (Fig. 6b). And the

STAT3 pathway was inhibited after knockdown of hnRNPM
(Fig. 6c). Moreover, the activation of STAT3 pathway caused by
overexpression of circPTPN12 could also be reversed by hnRNPM
silencing (Fig. 6d), which suggested that circPTPN12 activated IL-
6/STAT3 pathway via hnRNPM. We further explored the mechan-
ism by which hnRNPM improved the stability of IL-6 mRNA. We re-
performed qRT-PCR to analyze the RNA products obtained from
RIP experiments. The result indicated that hnRNPM could enrich
more IL-6 mRNA than IgG (Fig. 6e). At last, we performed RIP
experiments after knockdown and overexpression of circPTPN12.
The results showed that the level of IL-6 enriched by hnRNPM was
regulated by circPTPN12 levels (Fig. 6f). The above results
suggested that circPTPN12 increased the binding level of hnRNPM
and IL-6 mRNA, which might improve the ability of hnRNPM to
stabilize the IL-6 mRNA.

circPTPN12 promotes the progression and sunitinib resistance
of RCC cells through hnRNPM
We next investigated the effect of hnRNPM on the biological
functions of RCC cells. We first examined the effect of hnRNPM on
cell proliferation. The results of CCK-8 rescue assays demonstrated

Fig. 4 circPTPN12 promotes sunitinib resistance via IL-6/STAT3 pathway in RCC cells. a circPTPN12 was upregulated in sunitinib-resistant
cells. b circPTPN12 promoted sunitinib resistance of RCC cells. c The molecular formula of stattic. d The sunitinib resistance of RCC cells caused
by circPTPN12 could be reversed by stattic. e The changes of sunitinib sensitiveness of 786-O cells when incubated with supernatant derived
from cells after knocking down or overexpressing circPTPN12. f The changes of STAT3 signaling pathway-related proteins when incubated
with supernatant derived from cells after knocking down or overexpressing circPTPN12. ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
The results were expressed with mean ± SD. All the experiments were replicated three times.
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Fig. 5 circPTPN12 interacts with hnRNPM protein in RCC cells. a Protein gel silver staining of circPTPN12 pull-down products. b The
screening procedure for proteins that interact with circPTPN12. c Protein profiling demonstrated the possible peptides binding to circPTPN12
in the hnRNPM structure. d RIP experiments showed that hnRNPM gathered more circPTPN12 than the IgG group. e FISH experiments showed
that both circPTPN12 and hnRNPM were predominantly localized in the nucleus. f Prediction of circPTPN12-hnRNPM interaction by catRAPID
algorithm and the schematic of hnRNPM with RNA recognition motifs according to Uniprot database. hnRNPM truncations lacking the region
1–148 aa (3xFlag Δ1–148), 1–280 aa (3xFlag Δ1–280), 148–729 aa (3xFlag Δ148–729), or 652–729 aa (3xFlag Δ652–729). g The relative
enrichment levels of endogenous circPTPN12 analyzed by truncated hnRNPM RIP assays. ns: not significant, *P < 0.05, ****P < 0.0001. The
results were expressed with mean ± SD. All the experiments were replicated three times.
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that hnRNPM could reverse the proliferative effect of
circPTPN12 strongly (Fig. 7a). The drug sensitivity curve showed
that the sunitinib resistance of RCC cells reduced significantly after
knockdown of hnRNPM (Fig. 7b). And the sunitinib resistance
caused by circPTPN12 could be reversed by hnRNPM silencing

(Fig. 7c). Ultimately, transwell rescue assays showed that the
abilities of migration and invasion of RCC cells were also reversed
by hnRNPM silencing (Fig. 7d). The above results indicated that
circPTPN12 promoted the progression and sunitinib resistance of
RCC cells via hnRNPM.

Fig. 6 circPTPN12-hnRNPM complex improves the stability of IL-6 mRNA and maintains the activation of STAT3 pathway. a Actinomycin
D assays showed that the stability of IL-6 mRNA decreased after hnRNPM silencing. b The rescue assays demonstrated that hnRNPM could
reverse the effect of circPTPN12 on IL-6 secretion. c STAT3 pathway was suppressed after knocking down hnRNPM. d hnRNPM could reversed
the effect of circPTPN12 on STAT3 signaling pathway. e hnRNPM enriched more IL-6 mRNA than IgG according to anti-hnRNPM RIP
experiment. f Anti-hnRNPM RIP experiment showed that the level of IL-6 gathered by hnRNPM was regulated by circPTPN12 levels. ns: not
significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The results were expressed with mean ± SD. All the experiments were replicated
three times.
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circPTPN12 accelerates tumor growth and sunitinib resistance
in vivo
To further investigate whether circPTPN12 could promote tumor
growth and sunitinib resistance in nude mice by activating the
STAT3 signaling pathway, 786-O cell line that stably over-
expressed circPTPN12 and a negative control group were
constructed and implanted subcutaneously into nude mice.
Since previous results had shown that circPTPN12 accelerated

sunitinib resistance of RCC cells via STAT3 pathway, we further
investigated whether stattic could act as a small-molecule drug
to alleviate the sunitinib resistance caused by circPTPN12
overexpression. Each group was divided into two equal groups
based on whether subsequent stattic intraperitoneal injections
were given. All mice were treated with sunitinib by gavage daily
and the tumor sizes were measured every three days after the
formation of tumors. We found that the growth rates of

Fig. 7 circPTPN12 promotes the progression and sunitinib resistance of RCC cells through hnRNPM. a CCK-8 assays showed that hnRNPM
reversed the proliferative effects of circPTPN12. b Knocking down hnRNPM reduced the sunitinib resistance of 786-O-R and ACHN-R cells.
c hnRNPM reversed the effect of circPTPN12 on sunitinib resistance. d Transwell assays indicated that hnRNPM reversed the effect of
circPTPN12 on migration and invasion abilities. ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The results were expressed
with mean ± SD. All the experiments were replicated three times.
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subcutaneous tumors in the control group slowed down
significantly after stattic and sunitinib treatment. And the growth
rates of tumors in which circPTPN12 was overexpressed were not
significantly affected after sunitinib treatment, while the stattic
therapy on this basis effectively slowed down the growth of the
tumors (Fig. 8a–c). IHC staining and western blot were next
performed to detect the phosphorylation levels of STAT3 in
tumor tissues, and the results were consistent with the tumor
growth curve (Fig. 8d, e). These results showed that circPTPN12
accelerated tumor growth and sunitinib resistance via the STAT3
pathway and stattic combined with sunitinib therapy reduced
the growth rate and sunitinib resistance of tumors in vivo.

Overall, we suggest a model in which circPTPN12/hnRNPM
complex interacts with IL-6 pre-mRNA and improves its stability,
then further activates the STAT3 pathway and promotes the
progression and sunitinib resistance of RCC (Fig. 8f).

DISCUSSION
In this study, we revealed that circPTPN12 played an important
role in RCC progression and sunitinib resistance. First, we found
that circPTPN12 was highly expressed in RCC and was associated
with a poorer prognosis. Further transcriptome sequencing
revealed that circPTPN12 affected the sunitinib resistance of RCC

Fig. 8 circPTPN12 accelerates tumor growth and sunitinib resistance in vivo. a The effect of circPTPN12 and stattic on the growth curve of
subcutaneous tumors. b The effect of circPTPN12 and stattic on the subcutaneous tumors in nude mice. c The weight of subcutaneous tumors
was measured after the mice were killed. d The p-STAT3 levels in subcutaneous tumors were measured using Western blot. e IHC staining of
p-STAT3 in different group of subcutaneous tumors. f Proposed model illustrating the mechanism by which circPTPN12 promoted the
progression and sunitinib resistance of RCC. ns: not significant, ****P < 0.0001. The results were expressed with mean ± SD. All the experiments
were replicated three times.
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cells mainly by regulating the STAT3 signaling pathway. Mechan-
istically, circPTPN12 formed circRNA-protein complex with
hnRNPM in the nucleus and enhanced the ability of hnRNPM to
stabilize IL-6 pre-mRNA, thereby further activating the STAT3
pathway and ultimately promoting the progression and sunitinib
resistance of RCC.
We first investigated the signaling pathways affected by

circPTPN12 using transcriptome sequencing and KEGG enrich-
ment analysis. JAK/STAT pathway was found to be the most
significantly altered pathway and we further verified that the level
of phosphorylated STAT3 increased, which raised the question of
how circPTPN12 affects STAT3 phosphorylation when they have
different subcellular localizations. By reviewing the literature, we
assumed that circPTPN12 activated the STAT3 pathway by
regulating its upstream molecules. And the study by Xu et al.
gave a theoretical basis to our hypothesis [38]. Finally, we found
circPTPN12 promoted the progression and sunitinib resistance of
RCC cells through IL-6/STAT3 pathway.
Recent studies have identified multiple regulatory mechanisms

through which circRNAs influence the progression, metabolism,
immunity, and therapeutic resistance of cancers [39]. In addition
to serving as miRNA sponges, circRNAs are also involved in the
regulation of signaling pathways through binding with proteins
and translating into functional peptides [40–42]. Previous studies
have shown that circPTPN12 is associated with the regulation of
epithelial cell fibrosis [19, 20]. However, the location of circPTPN12
was not discussed in these studies, which had a decisive influence
on the regulatory mechanism of circRNAs. In present study, we
investigated the subcellular localization of circPTPN12 by RNA
cellular fractionation assay and FISH experiments, thus we verified
that circPTPN12 was mainly distributed in the nucleus. Besides,
subsequent protein mass spectrometry analysis didn’t find
evidence for the binding between circPTPN12 and AGO2, a vital
protein through which circRNAs could serve as miRNA sponges
[33, 34]. These findings convinced us that ceRNA is not the primary
regulatory mechanism of circPTPN12 in RCC.
hnRNPM was identified as the protein that directly interacted

with circPTPN12. hnRNPM is a protein that has not been studied
deeply and reports concerning its role in drug resistance are
rare. Studies on its biological functions are mainly focused on
alternative splicing [43, 44]. For example, Wang et al. found that
circURI1 interacted with hnRNPM to modulate the alternative
splicing of VEGFA and further suppressed the metastasis of
gastric cancer [45]. Some recent studies have also shown that
hnRNPM is involved in regulating the stability of target mRNA.
Chen et al. demonstrated that the binding of hnRNPM and its
target mRNA FGF9 enhanced FGF9 mRNA stability and
promoted translation initiation [46]. We first verified whether
hnRNPM regulated IL-6 levels through alternative splicing.
However, all isoforms of IL-6 decreased including RCC inhibitor
IL-6 isoform 2, which suggested the level of IL-6 was not
regulated by hnRNPM-mediated alternative splicing. Further
Actinomycin D assays and rescue assays showed circPTPN12/
hnRNPM regulated the rate of degradation of IL-6 mRNA and the
activation of the STAT3 pathway.
As a commonly used first-line drug in clinical practice, the use

of sunitinib has greatly improved the prognosis of RCC patients
[47]. However, As the course of treatment progresses, the
efficacy of sunitinib is greatly reduced by the development of
adaptive drug resistance [48, 49]. In our research, we found the
tumors overexpressing circPTPN12 were insensitive to sunitinib
treatment. However, when treated with a combination of
sunitinib and stattic, the growth rate of tumors slowed down
significantly, which might provide a new combination regimen
for relieving sunitinib resistance.
In summary, we proposed and validated the mechanistic

hypothesis that circPTPN12 activated the hnRNPM-mediated
IL-6/STAT3 pathway and therefore promoted the progression

and sunitinib resistance of RCC. Our findings could provide a
potential therapeutic target for sunitinib-resistant RCC.
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