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ABSTRACT
◥

Sunitinib resistance remains a serious challenge to the treatment of
advanced andmetastatic renal cell carcinoma (RCC), yet the mechan-
isms underlying this resistance are not fully understood. Here, we
report that the long noncoding RNA IGFL2-AS1 is a driver of therapy
resistance in RCC. IGFL2-AS1 was highly upregulated in sunitinib-
resistant RCC cells and was associated with poor prognosis in patients
with clear cell RCC (ccRCC) who received sunitinib therapy. IGFL2-
AS1 enhanced TP53INP2 expression by competitively binding to
hnRNPC, a multifunctional RNA-binding protein that posttranscrip-
tionally suppresses TP53INP2 expression through alternative splicing.
Upregulated TP53INP2 enhanced autophagy and ultimately led to
sunitinib resistance. Meanwhile, IGFL2-AS1 was packaged into extra-
cellular vesicles through hnRNPC, thus transmitting sunitinib resis-
tance to other cells. N6-methyladenosine modification of IGFL2-AS1
was critical for its interaction with hnRNPC. In a patient-derived
xenograft model of sunitinib-resistant ccRCC, injection of chitosan-
solid lipid nanoparticles containing antisense oligonucleotide-IGFL2-
AS1 successfully reversed sunitinib resistance. Thesefindings indicate a
novelmolecularmechanismof sunitinib resistance inRCCand suggest
that IGFL2-AS1 may serve as a prognostic indicator and potential
therapeutic target to overcome resistance.

Significance: Extracellular vesicle-packaged IGFL2-AS1 pro-
motes sunitinib resistance by regulating TP53INP2-triggered
autophagy, implicating this lncRNAas a potential therapeutic target
in renal cell carcinoma.
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lnc-IGFL2-AS1, which can be transmitted via extracellular vesicles, promotes sunitinib
resistance via control of alternative splicing and enhanced autophagy.

Introduction
In recent decades, the incidence of kidney cancer has continued to

increase in both men and women throughout the world (1). Among
patients with kidney cancer, approximately 85% are diagnosed with
renal cell carcinoma (RCC), and 70% of RCC have a histology of clear

cell RCC (ccRCC; ref. 2).Nearly 30%of all RCCcases includemetastases
at the time of first diagnosis (3). Moreover, one-third of patients with
RCC treated with local resection have a relapse of their cancer at distant
sites (4). Sunitinib is an oral multitarget receptor tyrosine kinase
inhibitor (TKI), which can specifically inhibit the signaling pathways
for vascular endothelial growth factor and platelet-derived growth
factor receptor (5). As the representative of targeted therapies, sunitinib
is still the recommended regimens for patients with metastatic ccRCC
(mccRCC). However, approximately 60% to 70% of all patients with
metastatic RCC exhibit inherent resistance to sunitinib therapy, and
even responders can relapse after 11 months of therapy (6). Although
previous studies have identified molecular markers of sunitinib effi-
ciency in vitro (7, 8), the biological characteristics and underlying
mechanisms of sunitinib resistance in mccRCC remain unclear.

Autophagy is a highly conserved self-degradation process in mam-
malian cells that maintains intracellular homeostasis, and has been
reported to play an important role in tumorigenesis, tumor progres-
sion, and drug resistance (9). However, growing evidence has shown
that this process may contribute to resistance to targeted therapies.
Although excessive autophagy can exert cytotoxic effects that lead to
autophagic cell death (10), drug resistance can also result from
digestion of damaged organelles and proteins caused by targeted
therapy and immunotherapy (11). Therefore, more studies are needed
to explore these dual effects of autophagy on drug resistance.
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Long noncoding RNAs (lncRNA) having a length of more than 200
nucleotides are one of the most diverse and abundant classes of
ncRNAs (12). Generally, lncRNAs exert biological effects by regulating
transcription, posttranscription, cellular organelles, and genome
integrity (13). Accumulating evidence shows that lncRNAs are exten-
sively involved in phenotypes associatedwith cancer, such as stemness,
proliferation, invasion, and metastasis (14–17). Meanwhile, bioactive
lncRNAs can be packaged into extracellular vesicles (EV) and trans-
mitted to surrounding tumor cells (18, 19).However, a role of lncRNAs
in sunitinib resistance has not been fully understood.

Herein, we constructed two acquired sunitinib-resistant RCCmod-
els and identified a novel lncRNA, insulin growth factor-like family
member 2 antisense 1 (IGFL2-AS1), which is significantly overex-
pressed in sunitinib-resistant RCC cells. IGFL2-AS1 enhanced tumor
protein p53 inducible nuclear protein 2 (TP53INP2) expression by
competitively binding to heterogeneous nuclear ribonucleoprotein C
(hnRNPC), an RNA-binding protein that suppressed TP53INP2 exp-
ression through alternative splicing. Increased TP53INP2 promoted
autophagy and thus led to sunitinib resistance in RCC cells. Further-
more, binding to hnRNPC allowed IGFL2-AS1 to be packaged into
EVs to transmit sunitinib resistance to other cells. In addition,
N6-methyladenosine (m6A) modification in IGFL2-AS1 was critical
to its interaction with hnRNPC. On the basis of these findings, we
developed a novel nanomedicine, chitosan-solid lipid nanoparticles
(C-SLN), which could deliver antisense oligonucleotide (ASO)-IGFL2-
AS1 stably and efficiently for in vivo treatment of sunitinib-resistant
ccRCC in a patient-derived xenograft (PDX) model.

Materials and Methods
Sunitinib-resistant RCC cell models and PDX models

For our sunitinib-resistant RCC cells xenograft mice model, 4 to
5 weeks oldmale BALB/c-Numice (RRID:IMSR_GPT:D000521) were
housed and fed in specific pathogen free conditions. 786-O cells and
ACHN cells were injected subcutaneously with a concentration of
5�106 cells/100 mL. The tumor volume was calculated as length �
width � width/2 and measured weekly. When the tumor volume
reached 200mm3, the first-generationmicewere treatedwith sunitinib
(40 mg/kg/day) or vehicles orally on the basis of a standard treatment
schedule: 4 weeks on and 2 weeks off. Sunitinib was purchased from
Selleck and dissolved in 5% DMSO þ corn oil. Six weeks later, all the
mice were sacrificed. Tumors were separated surgically and cut into
1 mm3 tumor blocks. The mice of second generation were grafted with
1 mm3 tumor blocks and followed with vehicle or sunitinib treatment.
After the sacrifice of third generation mice, the isolated tumors were
disaggregated surgically and washed with cold PBS containing 2%
penicillin-streptomycin solution and levofloxacin (100 mg/mL). Then
the tumors were digested in the DMEM medium containing 0.2%
Collagenase 4, 0.01%Hyaluronidase and 0.002%DNase I (Stemcell) at
37�C for 45minutes with continuous shaking. The cell suspension was
centrifuged at 300 � g and the supernatant were plated in 6-well plate
with a concentration of 7 � 105 cells/well. Fibroblasts were removed
through the method of reduplicative adherence. Sunitinib-resistant
RCC cells were named 786-O-R and ACHN-R, respectively.

To generate sunitinib-resistant RCC cells in vitro, 769-P cells were
cultured with an increasing dose of sunitinib (2–10 mmol/L). Ten
months later, a sunitinib-resistant cell line was obtained and named
769-P-R.

For our ccRCC PDX models, 4 to 5 weeks old male NCG (NOD/
ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice (IMSR, Catalog
No. GPT_T001475, RRID:IMSR_GPT:T001475) were transplanted

with the fragments of fresh human RCC tissues into flanks subcutane-
ously. The tumor volume was measured weekly. When the tumor
volume reached 100 mm3 (approximately 4 weeks), the mice were
sacrificed. The tumors were cut into 1 mm3 pieces and transplanted
into the second-generation mice. After three generations, we obtained a
stable ccRCCPDXmodel.We constructed seven ccRCCPDXmodels in
total and chose the one with highest expression of IGFL2-AS1 and
highest IC50 value of sunitinib for the following experiments. For the
orthotopic xenograft model, NCG mice were anesthetized with 1%
pentobarbital (50 mg/kg body weight) in PBS. A piece of PDX tumor (1
mm3) was transplanted into the right renal subcapsule orthotopically,
and fixed with 3M Vetbond Tissue Adhesive. For the subcutaneous
xenograftmodel, anesthetizedNCGmice were transplantedwith a piece
of PDX tumor (1 mm3) subcutaneously. During the oral gavage of
sunitinib, PBS, C-SLN, ASO-IGFL2-AS1, or C-SLN/ASO-IGFL2-AS1
were tail-vein injected to NCG mice for 4 weeks (5 nmol every 3 days).
After 2 weeks off, all the mice were sacrificed and the tumors were
disaggregated surgically for TUNEL assay or IHC stain.

All the animal studies were examined and approved by the Insti-
tutional Animal Care and Use of Sun Yat-sen University Cancer
Center. The in vivo experiments were carried out in accordance with
the guidelines for the care and use of animals.

Cell lines
The human RCC cell lines 786-O (RRID:CVCL_1051), 769-P

(RRID:CVCL_1050), and ACHN (RRID:CVCL_1067) were pur-
chased from the Cell Bank of the Chinese Academy of Sciences. The
establishment of sunitinib-resistant RCC cell lines 786-O-R, ACHN-R,
and 769-P-R were described in the “Sunitinib-resistant xenograft
experiments and PDX models.”

786-O cells, 786-O-R cells, 769-P cells, and 769-P-R cells were
cultured in RPMI1640 medium (Gibco). ACHN cells and ACHN-R
cells were cultured in DMEM medium (Gibco). Both media were
supplemented with 10% FBS (PAN-Seratech) and 1% penicillin-
streptomycin (Biosharp) at 37�C with 5% CO2. 786-O, 769-P, and
ACHNwere examinedwith the short tandem repeat (STR) profiling by
vendors. All cells were periodically tested for Mycoplasma infection.

ccRCC patient samples and follow-up data
This study was approved by the Institutional Review Board and

Human Ethics Committee of Sun Yat-sen University Cancer Center
and the First Affiliated Hospital, Sun Yat-Sen University. Written
informed consent was signed by the participants and their surrogates
for the use of human ccRCC tissue specimens and serum samples. At
first, we collected successively a total of 82 patients with ccRCC treated
with sunitinib between 2010 and 2018 from Sun Yat-sen University
(SYSU). Patients were excluded if their samples were not taken before
sunitinib therapy, or their follow-up data and laboratory examination
informationwere incomplete, or RNA contents were less than 5 ng/mL.
After initial screening, we retained 72 patients with ccRCC, including
14 patients from the First Affiliated Hospital, Sun Yat-Sen University
and 58 patients from the Sun Yat-sen University Cancer Center
(SYSUCC). All patients underwent nephrectomy before sunitinib
therapy. All tested tissues were primary tumors. Out of 72 patients
with ccRCC, serum samples from 60 patients with ccRCC were
sufficient for EV extraction. All serum samples were obtained before
sunitinib therapy. Both tumor tissues and serum-derived EVs were
used for qRT-PCR analysis of IGFL2-AS1. The detailed clinical
characteristics are provided in Supplementary Table S1 to S4. Tumor
blocks used for PDXs were obtained in 2019 from the First Affiliated
Hospital, Sun Yat-Sen University. The detailed clinical characteristics
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were provided in Supplementary Table S5. All samples used in this
study were approved by the Medical Ethics Committee of the First
Affiliated Hospital, Sun Yat-sen University, and the Sun Yat-sen
University Cancer Center. Progressive disease (PD) was defined as
the appearance of new lesions, or a 20% increase in the sum of
diameters of target lesions. Overall survival (OS) was defined as the
time from initiation of sunitinib treatment to the date of death from
any reason. Progression-free survival (PFS) was defined as the time
from initiation of sunitinib treatment to the date of first radiologic
evidence of PD.

RNA pull-down, silver staining, and MS analysis
RNA pull-down assay was performed using Pierce Magnetic

RNA-Protein Pull-Down Kit (Thermo Fisher Scientific) according
to manufacturer’s instructions. The RNA probes were obtained
using a T7 Transcription Kit (Invitrogen) and labeled with biotin
with an RNA 30 End Desthiobiotinylation Kit (Thermo Fisher
Scientific) according to manufacturers’ instructions. The protein
samples were loaded in each lane of SDS-PAGE. After electropho-
resis, the gel was stained with a Fast Silver Stain Kit (Beyotime).
Targeted region of gel was cut off and saved in microcentrifuge
tubes. MS analysis was provided by BGI.

FISH
The labeled IGFL2-AS1 probes were synthesized from Umine

Biotechnology. FISH was performed with Fluorescent In Situ Hybrid-
ization Kit (RiboBio) according to manufacturer’s instructions. The
images were obtained using OLYMPUS FV1000 confocal microscopy.
The U6 and 18S probes were provided by RiboBio. The IGFL2-AS1
probe sequence was shown as below:

IGFL2-AS1: 50-Cy3 labeling-AGAACUCAUUCACCUGUCCUC-
AGUUGUCUG GAAAUAGGCUUUUCUGGGAU-30

RNA interference
All the siRNAs, ASOs, and corresponding negative controls were

provided by RiboBio. siRNAs and ASOs were transfected into RCC
cells using RNAiMAX (Invitrogen) according to manufacturers’
instructions. Function tests were performed 48 hours after the trans-
fection. Targeting sequences of siRNA and ASO were listed in Sup-
plementary Table S6.

RNA immunoprecipitation
RNA immunoprecipitation (RIP) assay was carried out using an

EZ-Magna RIP Kit (Millipore) according to manufacturer’s instruc-
tions. The m6A RIP assay was carried out using a Magna MeRIP m6A
Kit (Millipore) according to manufacturer’s instructions. The rRNAs
were removed from the total RNA before the specific enrichment. Five
micrograms of IgG, anti-hnRNPC antibody (Santa Cruz Biotechnol-
ogy, Catalog No. sc-32308, RRID:AB_627731) and anti-m6A antibody
(Synaptic Systems, Catalog No. 202 003, RRID:AB_2279214) were
used for each sample. The precipitated RNAs were examined through
qRT-PCR analyses. The specific primers used for qRT-PCR were
presented in Supplementary Table S7.

EVs experiments
The blood sample was collected into clot activator tubes and

incubated at room temperature for 30 minutes. After clotting, the
blood sample was centrifuged at 1,880 � g for 10 minutes at room
temperature. An equal volume of serum (2 mL) was collected and
dilutedwith PBS. The diluted serumwas then centrifuged at 300� g for
10 minutes, 2,000 � g for 10 minutes, 10,000 � g for 30 minutes in

turn. After filtration with a 0.22 mmol/L filter (Millipore), the filtrate
was centrifuged at 120,000 � g for 70 minutes twice (Beckman
Coulter). The pellets were resuspended with PBS and prepared for
the following experiments.

RCC cells were grown in medium with 10% EV-depleted FBS
(System Biosciences) for 72 hours before the isolation of EVs. The
supernatant was collected and centrifuged at 300 � g for 10 minutes,
2,000 � g for 10 minutes, 10,000 � g for 30 minutes in turn. After
filtration with a 0.22 mmol/L filter, the filtrate was centrifuged at
120,000 � g for 70 minutes twice. The pellets were resuspended with
PBS and prepared for the following experiments.

The morphology of EVs was taken by JEM1200-EX TEM (JEOL).
The size of EVs was detected by Nanosight ns300 (Malvern Instru-
ments Ltd.). The EV proteinmarkers were examined throughWestern
blotting. The specific primary antibodies applied in this study were
presented in Supplementary Table S8.

For qRT-PCR analyses of serum-derived EVs, synthesized l polyAþ

RNA (Takara) was used as the external reference. Specifically,
1.8 � 108 l polyAþ RNAs were added to the EV suspension (nor-
malized by volume of serum) before RNA extraction. For qRT-PCR
analyses of CM-derived EVs, lncRNAs were normalized against l
polyAþ RNAs per million EV particles. Specifically, 1.8 � 108 l
polyAþ RNAs were added to the EV suspension before RNA extrac-
tion. The number of EV particles was quantified by NanoSight ns300,
using NTA 3.0 software. The RNAs in EVs were extracted using an EV
RNA Purification Kit (EZBioscience) according to manufacturer’s
instructions.

Polysome analysis
Before lysis, approximately 1.5 � 107 cells were incubated in

complete RPMI1640/DMEMmediumwith 100 mg/mL cycloheximide
(CHX) at 37�C for 10minutes. The cells were collected and centrifuged
for 5 minutes (1,000 � g, 4�C). After removing the supernatant,
500 mL lysis buffer [300 mmol/L NaCl, 20 mmol/L Tris-HCl pH
7.4, 10 mmol/L MgCl2, 1% Triton X-100, 1 mmol/L 1,4-dithiothreitol,
100 mg/mL CHX, 0.5% (w/v) sodium deoxycholate, EDTA-free pro-
tease inhibitor cocktail, RNase inhibitor] were added and each sample
were kept on ice for 10 minutes. Then the cleavage products were
centrifuged for 5minutes (13,000 � g, 4�C) and the supernatants were
collected for RNA concentration measurements.

Gradient were made with 5% and 50% sucrose solution containing
100mg/mLCHX inGradientMaster108 (Biocomp). Equal cell extracts
were added to the top of each gradient in the ultracentrifuge tube
(Beckman Coulter). Tubes were loaded in a SW41 rotor and centri-
fuged in Beckman Coulter OptimaTM L-100XP (Beckman Coulter) at
39,000 rpm for 120 minutes at 4�C. Twelve fractions were collected
respectively from the ultracentrifuge tube using Piston Gradient
Fractinator (Biocomp). RNAwas extracted fromeach tubewithTRIzol
LS Reagent (Invitrogen). After reverse transcription, qRT-PCR anal-
yses were performed to evaluated the distribution of TP53INP2 in
polysomes.

Bioinformatics analysis
The coding potential of IGFL2-AS1 was evaluated through five

methods in the LNCipedia database (20). The predicted sequence
motif of hnRNPC binding site were obtained from POSTAR2 (21).
The predicted secondary structure of IGFL2-AS1 were downloaded
from RNAalifold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi). The m6A modified sites in IGFL2-AS1 were predicted
based on RNA sequences and machine learning using SRAMP (22).
The m6A-seq data showing m6A peaks of IGFL2-AS1 were obtained
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from REPIC (23). EV database Vesiclepedia was utilized to assess the
distribution of hnRNPC in EVs (24).

Statistical analysis
All statistical analyses in this study were carried out using SPSS 25.0

software (RRID:SCR_002865) and GraphPad Prism 8.3.0 (RRID:
SCR_002798). Mann–Whitney–Wilcoxon tests were used for com-
parisons between pairs of groups. For comparisons among three or
more groups, Kruskal–Wallis tests with Bonferroni correction were
applied. Pearson’ Chi-square test was used to test association between
IGFL2-AS1 expression and clinical characteristics. OS and PFS were
evaluated through Kaplan–Meier survival analysis and examined by
the log-rank test. The median expression of IGFL2-AS1 was set as the
cutoff point for the low and high expression groups. Univariate and
multivariate Cox regression analyses were performed to evaluate
independent prognostic predictors. All in vitro experiments were
repeated at least in triplicate unless otherwise indicated. Data were
presented as mean � SD. The statistical difference was confirmed
when the P value < 0.05 (�, P < 0.05; ��, P < 0.01; ���, P < 0.001).

Data availability statement
All data associated with this study are presented in the paper or the

Supplementary Data. The materials that support the findings of this
study are available from the corresponding author on reasonable
request.

Results
Overexpression of lnc-IGFL2-AS1 in sunitinib-resistant RCC
cells

There is growing evidence for involvement of lncRNAs in tumor
progression, metastasis, and drug resistance. To examine possible
lncRNAs involved in sunitinib resistance in RCC, we constructed
two sunitinib-resistant RCC cell lines in vivo, named 786-O-R and
ACHN-R, and one sunitinib-resistant RCC cell line in vitro, named
769-P-R (Fig. 1A; Supplementary Fig. S1A). To examine the sunitinib
resistance, we performed CCK8 assays, caspase 3/7 activity assays and
flow cytometry (Supplementary Figs. S1B–S1G). Remarkably, 786-O-R,
ACHN-R, and769-P-Rcells exhibitedhigher sunitinib resistance, higher
IC50 values, lower caspase 3/7 activity, and lower apoptosis rates than
parental cells when treated with sunitinib.

We next conducted a high-throughput RNA-sequencing (RNA-seq)
to compare lncRNAs expressions between sunitinib-resistant and
parental RCC cell lines. Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis of the upregulated genes in resistant RCC cells showed
enriched pathways, such as regulation of autophagy (Fig. 1B). To
identify lncRNAs necessary for sunitinib resistance in RCC, we per-
formed four rounds of screening (Fig. 1C). First, the heatmap showed
the top 20 most increased or decreased lncRNAs among 297 differen-
tially-expressed lncRNAs (fold change >3, P < 0.001; Fig. 1D). Second,
among the top 20 differentially-expressed lncRNAs, seven lncRNAs in
common amplified (chromosome 5q, 7, 19, and 22q) or deleted regions
(chromosome 3p, 8p, and 14q) of RCCs were identified (25). Third, we
validated the expression of 7 lncRNAs by qRT-PCR in parental and
resistantRCCcells.Only IGFL2-AS1 andLINC01111 showed expression
differences consistent with RNA-seq (Supplementary Fig. S2A). Finally,
we conducted a combination of siRNA and ASO, and only interference
of lncRNA IGFL2-AS1 suppressed sunitinib resistance in sunitinib-
resistant RCC cells (Fig. 1E; Supplementary Figs. S2B and S2C). Thus,
we decided to concentrate on lnc-IGFL2-AS1. IGFL2-AS1 is located on
human chromosome 19 and consists of three exons (Supplementary

Fig. S2D). The full length of IGFL2-AS1 is 1686 nt as confirmed by the
rapid amplification of cDNA ends (RACE) assay (Fig. 1F; Supplemen-
taryFigs. S2E andS2F).Northern blot analysis showed that expressionof
IGFL2-AS1 in sunitinib-resistant RCC cells was higher than that in
parental RCC cells (Supplementary Fig. S2G). The protein coding
potential of IGFL2-AS1 was ruled out by coding-potential analysis
(Supplementary Fig. S2H). We conducted RNA-FISH and cellular
fractionation analysis, confirming that IGFL2-AS1was mainly localized
in the nuclei of RCC cells (Fig. 1G; Supplementary Fig. S2I).

To study whether lncRNA IGFL2-AS1 was involved in clinical
ccRCC progression, we first collected and analyzed expression of
IGFL2-AS1 in the SYSU cohort, where each patient with ccRCC
endured relapse or metastasis after surgery and received sunitinib.
Remarkably, prolonged OS and PFS were observed in the low
IGFL2-AS1 expression group (Fig. 1H and I; Supplementary Tables
S1 and S2). These data showed that IGFL2-AS1 might play an
important role in the progression of ccRCC and serve as a potential
prognostic biomarker for patients with metastatic ccRCC.

Loss or gain of function of IGFL2-AS1 associated with sunitinib
resistance

First, we examined and validated the sunitinib-resistant effect of
IGFL2-AS1 in vitro through CCK8 assays, clone formation, and flow
cytometry. Remarkably, IGFL2-AS1 knockdown resulted in reduced
cell viability, reduced numbers and sizes of colonies, and increased
apoptosis in sunitinib-resistant RCC cells (Fig. 2A–H; Supplementary
Figs. S3A–S3D). In contrast, IGFL2-AS1 overexpression elicited the
opposite response in RCC cells. Next, we constructed an in vivo tumor
model to examine the effect of IGFL2-AS1 (Supplementary Figs. S3E
and S3F). Similarly, after sunitinib treatment, slower tumor growth,
smaller tumor size, and lower tumor weight were observed in the
IGFL2-AS1 knockdown groups (Fig. 2I and J; Supplementary
Fig. S3G). Meanwhile, IGFL2-AS1 overexpression largely enhanced
tumor growth and tumor weight when cells were treated with sunitinib
(Fig. 2K and L; Supplementary Fig. S3H). TUNEL assay results were
consistent with the results described above (Fig. 2M; Supplementary
Fig. S3I).

IGFL2-AS1 overexpression enhances autophagy in RCC cells by
regulating alternative splicing of TP53INP2

Extensive evidence supports a critical role for autophagy in tumor
progression and drug resistance. However, its effect on sunitinib
resistance in ccRCC remains unclear. According to the transcriptome
KEGG analysis shown in Fig. 1B, we tested the key regulators of five
tumor-related pathways with most significant changes (P < 0.001),
including TNF signaling pathway, autophagy pathway, chemokine
signaling pathway, PI3K-Akt signaling pathway, and Jak-STAT sig-
naling pathway (Fig. 3A; Supplementary Fig. S4A). Remarkably, upon
sunitinib treatment, we only observed a significantly higher LC3-II/
LC3-I ratio in IGFL2-AS1-overexpressing group. Therefore, we deter-
mined to focus on autophagy pathway in RCC cells. It is well known
that LC3 plays an important role in autophagy flux. Confocal micros-
copy of labeled LC3 showed enhanced autophagy in IGFL2-AS1-
overexpressing RCC cells upon sunitinib treatment (Fig. 3B; Supple-
mentary Fig. S4B). Consistently, electron microscopy also revealed
increased numbers of autophagosomes/autolysosomes when overex-
pressing IGFL2-AS1 in RCC cells treated with sunitinib (Fig. 3C).
Next, we examined key regulators affecting the transition from LC3-I
to LC3-II, including ATG3, ATG7, and TP53INP2, and found that the
level of TP53INP2 protein significantly increased upon IGFL2-AS1
overexpression (Fig. 3D). Consistently, the TP53INP2 protein level
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Figure 1.

lnc-IGFL2-AS1 is highly expressed in sunitinib-resistant RCC cells and is associated with poor prognosis. A, Schematic illustration of the modeling process to obtain
sunitinib-resistant RCCcells.B,KEGGanalysis of the upregulatedgenes in resistant RCCcells byRNA-seq.C,Flowchart of screeningdifferentially expressed lncRNAs
identified by RNA-seq. D, Heatmap of top 20most increased or decreased lncRNAs between sunitinib-resistant RCC cells and related parental RCC cells. E, Relative
cell viability of 786-O-R calculated by CCK8. F, Representative image of agarose gel electrophoresis and Sanger sequencing of the 50-RACE and 30-RACE products
of IGFL2-AS1. G, Intracellular localization of IGFL2-AS1 was examined in RCC cell lines by RNA-FISH assays. White scale bar, 20 mm. H and I, Kaplan–Meier survival
analysis for patients with ccRCC from the SYSU cohorts. CI, confidence interval. A P-value < 0.05 was considered as significant. Data are shown as mean � SD
(error bars). � , P < 0.05.

Lnc-IGFL2-AS1 Promotes Sunitinib Resistance in RCC

AACRJournals.org Cancer Res; 83(1) January 1, 2023 107



was positively correlated with IGFL2-AS1 expression in tumor tissues
of ccRCC patients (Fig. 3E). We therefore focused on the regulation of
TP53INP2 by IGFL2-AS1. TP53INP2 has five exons and four tran-
scripts (splice variants; Fig. 3F). We first examined expression of 4

transcripts and confirmed two main transcripts, TP53INP2–001 and
TP53INP2–003 (Fig. 3G; Supplementary Fig. S4C). TP53INP2–001
contains exon 2 (Incl. Exon2) and TP53INP2–003 skips exon 2
(Skip Exon2). Both transcripts contained the same coding sequence.

Figure 2.

IGFL2-AS1 promotes sunitinib resistance of RCC cells in vitro and in vivo.A andB, IGFL2-AS1-knockdown, IGFL2-AS1-overexpressing, and corresponding control cells
were treated with the indicated concentrations of sunitinib for 60 hours (n¼ 4). C–E, Colony formation assay of IGFL2-AS1-knockdown, IGFL2-AS1-overexpressing,
and corresponding control cells with sunitinib treatment (2 mmol/L) in 6-well dishes (500 cells per well) for 10 days (n ¼ 4). F–H, Apoptosis analysis of IGFL2-AS1-
knockdown, IGFL2-AS1-overexpressing, and corresponding control cells treated with sunitinib (2 mmol/L) for 60 hours. Stacked histograms showing the apoptosis
distributions. UL, top left; UR, top right; LR, bottom right; LL, bottom left. I and J,Weekly measurements of tumor growth in IGFL2-AS1-knockdown and control cells.
Representative images of tumors are shown (n¼ 6).K and L,Weeklymeasurements of tumor growth in IGFL2-AS1-overexpressing and control cells. Representative
images of tumors are shown (n ¼ 6). M, TUNEL assay showing apoptosis in the tumor. Data are shown as mean � SD (error bars). � , P < 0.05; �� , P < 0.01.
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Figure 3.

IGFL2-AS1 overexpression enhances autophagy in RCC cells by regulating alternative splicing of TP53INP2. A, Western blotting analyses of autophagy
pathway in the absence (�) or presence (þ) of sunitinib (2 mmol/L) for 60 hours. B, Confocal microscopy showing autophagic flux in 786-O cells treated with
sunitinib (2 mmol/L) for 60 hours. Scale bar, 20 mm. C, Electron micrographs indicating increased numbers of autophagosomes/autolysosomes (red arrows) in
RCC cells treated with sunitinib (2 mmol/L) for 60 hours. D, Western blotting analyses of key regulators affecting the transition from LC3-I to LC3-II in the
absence (�) or presence (þ) of sunitinib (2 mmol/L) for 60 hours. E, Correlation analysis between IGFL2-AS1 expression and TP53INP2 protein levels in the
SYSU cohort. Tissue expressions of IGFL2-AS1 were detected by qRT-PCR. Tissue protein levels of TP53INP2 were examined by IHC staining. F, The schematic
diagram of four transcripts of TP53INP2. G, Validation of four transcripts of TP53INP2 by qRT-PCR (n ¼ 4). H, Validation of TP53INP2 alternative splicing after
IGFL2-AS1 overexpression by qRT-PCR(n ¼ 4). I and J, Polysome profiles of 786-O cells after IGFL2-AS1 overexpression. I, Distribution differences between
Incl. Exon2 and Skip Exon2 transcripts in the sucrose gradient fractions. J, Relative distribution of total TP53INP2mRNA in the sucrose gradient fractions. Data
are shown as mean � SD (error bars). � , P < 0.05.
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Interestingly, after overexpression of IGFL2-AS1, we observed
increased levels of TP53INP2 Incl. Exon2, and correspondingly
reduced levels of TP53INP2 Skip Exon2 (Fig. 3H; Supplementary
Fig. S4D). However, there were no significant differences in the total
levels of twoTP53INP2 transcripts. At the same time, we became aware
that Jones and colleagues had also reported that alternative splicing
(AS) of TP53INP2 might affect cell function (26). Therefore, we
decided to further investigate IGFL2-AS1-induced alternative splicing
of TP53INP2. Generally speaking, mRNAs that distribute to the high
molecular weight (HMW) polysomes possess higher translational
efficiency than those distributing to the nonpolysomal fraction or low
molecular weight (LMW) polysomes. Therefore, we performed poly-
some profile analysis. Notably, TP53INP2 Incl. Exon2 was mainly
located in theHMW,whereasTP53INP2 Skip Exon2mainly located in
the non- and LMW polysomal fractions (Fig. 3I; Supplementary Figs.
S4E–S4G). Correspondingly, overexpression of IGFL2-AS1 signifi-
cantly increased the proportion of total TP53INP2 mRNAs in HMW
polysomes (Fig. 3J; Supplementary Fig. S4H). These findings sug-
gested that IGFL2-AS1 might promote TP53INP2 mRNA transcrip-
tion efficiency via AS events.

IGFL2-AS1 functions by interacting with hnPNPC protein
To further explore how IGFL2-AS1 upregulated TP53INP2, we first

performed an RNA pulldown assay. Silver staining showed an overtly
differential band, which was identified by MS as hnRNPC (Fig. 4A
and B). hnRNPC belongs to the subfamily of hnRNP, which are RNA-
binding proteins that play a role in precursor mRNA (pre-mRNA)
processing, RNA nuclear export, m6A regulation, among other func-
tions (27, 28). Western blotting also confirmed the binding of
IGFL2-AS1 to hnRNPC (Supplementary Fig. S5A). Furthermore, RIP
assay verified enrichment of IGFL2-AS1 in hnRNPC precipitates
(Fig. 4C). Confocal microscopy of IGFL2-AS1 and hnRNPC immu-
nostaining showed that IGFL2-AS1 and hnRNPC mainly colocalized
in and around the nucleus of RCC cells (Fig. 4D). Consistently, we
found that IGFL2-AS1 interacted with hnRNPC via RNA electropho-
retic mobility shift assays (RNA EMSA; Fig. 4E). To confirm the
specific binding motif of IGFL2-AS1 to hnRNPC, we designed a
series of IGFL2-AS1 truncations. Deletion analysis revealed that the
120–160 nt region of IGFL2-AS1 was essential for direct interaction
with hnRNPC (Fig. 4F and G). To further identify the specific motif
responsible for hnRNPC binding, we performed sequence analysis
using the POSTAR2 database (Fig. 4H). The predicted binding
sequence “CNGG” (N ¼ G, A, T, or C) was also located in the
120–160 nt region of IGFL2-AS1, which is a stem-loop structure
(Fig. 4I). After deleting the 120–160 nt fragment, IGFL2-AS1 could
no longer interact with hnRNPC (Fig. 4J; Supplementary Fig. S5B).
After deleting the only one RNA recognition motif (RRM; 16–87 aa)
region in hnRNPC, IGFL2-AS1 could no longer interact with hnRNPC,
indicating that the RRM of hnRNPC was the binding site for
IGFL2-AS1 (Fig. 4K; Supplementary Figs. S5C and S5D).

IGFL2-AS1 regulates alternative splicing of TP53INP2 by
competitively binding to hnRNPC

A previous study reported that the hnRNP family could regulate AS
of TP53INP2 mRNA (26), and so we examined the effect of hnRNPC
on TP53INP2AS events. RIP assays showed that the RRM of hnRNPC
was critical for the interaction with TP53INP2 pre-mRNA (Fig. 5A).
We further silenced hnRNPC in 786-O cells, and observed a decreased
level of TP53INP2 Skip Exon2 with a corresponding increase in levels
ofTP53INP2 Incl. Exon2 (Fig. 5B; Supplementary Fig. S6A). Polysome
profile analysis also showed enrichment of TP53INP2 mRNAs in

HMW when silencing hnRNPC (Fig. 5C; Supplementary Fig. S6B).
The above results showed that the RRM region of hnRNPC could
interact with IGFL2-AS1 and TP53INP2 pre-mRNA, and that both
IGFL2-AS1 and hnRNPC regulated TP53INP2 AS events. We thus
speculated about whether IGFL2-AS1 could competitively bind to
hnRNPC and sequester hnRNPC from TP53INP2 pre-mRNA.
Intriguingly, RIP assays showed that IGFL2-AS1 overexpression nota-
bly inhibited the interaction of hnRNPC with TP53INP2 pre-mRNA
(Fig. 5D). However, this effect was attenuated when the 120–160 nt
region of IGFL2-AS1 was deleted. Furthermore, after silencing
hnRNPC, IGFL2-AS1 knockdown could not regulate AS events and
the mRNA distribution of TP53INP2 (Fig. 5E and F; Supplementary
Fig. S6C). Meanwhile, the effect of IGFL2-AS1 knockdown on autop-
hagy-induced sunitinib resistance was largely abolished upon
hnRNPC knockdown (Supplementary Fig. S6D).

To reverse the sunitinib-resistant effect of IGFL2-AS1, we stably
silenced TP53INP2 in control and IGFL2-AS1 overexpressing cells
(Fig. 5G). The high ratio of LC3-II/LC3-I caused by IGFL2-AS1
overexpression was reversed by TP53INP2 knockdown. Moreover,
TP53INP2 knockdown rescued sunitinib-resistant effect of IGFL2-AS1
on RCC cells in vitro and in vivo (Fig. 5H and I; Supplementary Figs.
S6E–S6J). All these findings indicated that IGFL2-AS1 positively
regulated TP53INP2 translation efficiency by competitively binding
to hnRNPC, and conversely TP53INP2 knockdown attenuated the
sunitinib-resistant effect of IGFL2-AS1.

hnRNPC mediates IGFL2-AS1 packaging into EVs
A growing body of evidence has demonstrated that ncRNA are

enriched in EVs. Therefore, we examined EV-packaged IGFL2-AS1 in
the sera of patients with ccRCC and culture media (CM) of RCC cells.
We first validated the characteristics of the particles isolated from the
sera and CM (Supplementary Figs. S7A–S7F). Kaplan–Meier survival
analysis showed poorer survival outcome in the high expression group
(Fig. 6A; Supplementary Fig. S7G; Supplementary Tables S3 and S4),
indicating that EV-packaged IGFL2-AS1might play an important role
in the transmission of sunitinib resistance. The expression pattern of
EV-packaged IGFL2-AS1 was similar to that of cellular IGFL2-AS1,
suggesting that EV-packaged IGFL2-AS1 could also function in suni-
tinib resistance (Supplementary Figs. S7H and S7I).

Recently, hnRNPC has been reported to control sorting of
ncRNAs into EVs by binding to EXOmotifs (GGAG/CCCU; refs.
27, 29). The Vesiclepedia database also showed abundant hnRNPC
in EVs (Supplementary Fig. S7J). Intriguingly, we found several
EXOmotifs in the binding region of IGFL2-AS1 to hnRNPC, so we
suspected that hnRNPC might guide IGFL2-AS1 into EVs. We per-
formed qRT-PCR analysis and found that silencing of hnRNPC
could inhibit loading of IGFL2-AS1 into EVs (Fig. 6B). Meanwhile,
truncated IGFLA-AS1 could not be enriched in EVs, which indi-
cated that the 120–160 nt region is important for IGFL2-AS1
packaging into EVs (Fig. 6C).

IGFL2-AS1 transmits sunitinib resistance via EVs
To determine whether IGFL2-AS1 could transmit sunitinib resis-

tance to the sensitive cells, we first confirmed internalization of EVs
(Fig. 6D and E). Compared with EVs isolated from control CM, EVs
isolated from CM of IGFL2-AS1 knockdown cells had no influence on
IGFL2-AS1 expression and cell viability of recipient cells (Fig. 6F
and G). To further verify the effect of EV-packaged IGFL2-AS1 on
sunitinib resistance, we established an in vivo tumor model (Fig. 6H).
Intriguingly, 2 weeks after treatment, tumor growth, size, and weight
in the group injected with EV-786-Ooe-IGFL2-AS1 were significantly
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Figure 4.

IGFL2-AS1 functions by binding to hnPNPC protein. A, RNA pulldown assay with full-length and antisense RNAs in 786-O cells, followed by silver staining. B, MS of
IGFL2-AS1 binding proteins. C, RIP with control IgG and anti-hnRNPC antibodies to examine the enrichment of IGFL2-AS1 in sunitinib-resistant RCC cells (n ¼ 4).
D, Confocal microscopy of IGFL2-AS1 and hnRNPC immunostaining. White arrow, colocalization around the nucleus. Scale bar, 10 mm. E, RNA EMSA assay showing
binding of biotin-labeled IGFL2-AS1 andpurified hnRNPC. F andG,Aseries of deletion analyses of IGFL2-AS1 viaRNApulldown assays.H,Predictedbinding sequence
motif of IGFL2-AS1using the POSTAR2database. I,Predictedminimal folding free energy secondary structures of IGFL2-AS1 (RNAfoldweb server). J,RIP assaysafter
overexpression of truncated IGFL2-AS1 in 786-O (n¼ 4). K, Top, schematic diagram of hnRNPC RRM; bottom, RIP assays after overexpression of truncated hnRNPC
(n ¼ 4). Data are shown as mean � SD (error bars). � , P < 0.05.
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increased compared with the control groups (Fig. 6I and J; Supple-
mentary Fig. S7K). Furthermore, a lower proportion of TUNEL-
positive cells and higher expression levels of TP53INP2 were observed
in the EV-786-Ooe-IGFL2-AS1 group (Fig. 6K). In conclusion, these data
are consistent with an important role for EV-packaged IGFL2-AS1 in
the transmission of sunitinib resistance.

M6A modification is critical to IGFL2-AS1 interaction with
hnRNPC

One of the most abundant internal modification sites in eukaryotic
RNA ism6A, which has been reported to alter local structure inmRNA
and lncRNA to facilitate binding of hnRNPC (28). To identify whether
m6A is involved in the interaction of IGFL2-AS1with hnRNPC,wefirst
examined m6A levels in RCC cells treated with sunitinib. Intriguingly,
we observed that m6A levels were unchanged in 786-O-R cells,
indicating stable m6A modification in sunitinib-resistant RCC cells

treated with sunitinib (Supplementary Fig. S8A). We next examined
all the predicted m6A modified sites in IGFL2-AS1 and also found
m6A modification in the 120–160 nt region of IGFL2-AS1 (Supple-
mentary Fig. S8B and S8C). m6A -IP-qPCR (meRIP-qPCR) analysis
showed that IGFL2-AS1 was enriched in m6A antibody precipitates
(Supplementary Fig. S8D). It is already known that METTL3
(N6-adenosine-methyltransferase) and ALKBH5 (RNA demethylase)
play an important role in m6A modification (30). MeRIP-qPCR
performed after MELLT3 overexpression and ALKBH5 overexpres-
sion revealed that IGFL2-AS1 could be regulated by m6Amodification
in RCC cells (Supplementary Figs. S8E–S8G). Meanwhile, we per-
formed an RIP assay and found that IGFL2-AS1 was enriched in
hnRNPC precipitates after MELLT3 overexpression (Supplementary
Fig. S8H). Conversely, we found less IGFL2-AS1 in hnRNPC pre-
cipitates after ALKBH5 overexpression. Furthermore, overexpression
of IGFL2-AS1 with a mutated GGACT motif, the predicted modified

Figure 5.

IGFL2-AS1 regulates alternative splicing of TP53INP2 through competitively binding to hnRNPC. A, RIP assays after overexpression of full-length and truncated
hnRNPC in 786-O cells revealed hnRNPC binding to TP53INP2 pre-mRNA, and the RRM region of hnRNPC was crucial for this interaction (n ¼ 4). B, Validation of
TP53INP2 alternative splicing after silencing hnRNPC by qRT-PCR (n¼ 4). C, Polysome profile analyses of 786-O cells after silencing of hnRNPC. D, RIP assay after
overexpression of truncated IGFL2-AS1 revealing that IGFL2-AS1might regulate AS of TP53INP2 through competitive binding of hnRNPC (n¼4).E and F, Silencing of
hnRNPC suppressed regulation of TP53INP2AS by IGFL2-AS1 (n¼ 4).G,Western blotting analysis showing decreased expression levels of TP53INP2 and the reverse
transition from LC3-II to LC3-I in the IGFL2-AS1-overexpressing TP53INP2-knockdown group in RCC cells treated with sunitinib (2 mmol/L) for 60 hours.
H, Representative images of tumors are shown (n ¼ 5). I, Tumor weight measured after surgical dissection. Data are shown as mean � SD (error bars).
� , P < 0.05; ��, P < 0.01.
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m6A site in the 120–160 nt region, showed attenuated IGFL2-AS1
interactionwith hnRNPC (Supplementary Figs. S8I and S8J).MELLT3
overexpression could partially rescue impaired cell viability caused
by mutated IGFL2-AS1 in RCC cells (Supplementary Fig. S8K). All
the results above indicated that m6A modification was critical to
IGFL2-AS1 interaction with hnRNPC.

Nanomedicine consisting of C-SLN/ASO-IGFL2-AS1 complexes
recovers sunitinib sensitivity in vivo

For the complexation and delivery of ASO-IGFL2-AS1 to cells
in vivo, we designed an effective and safe C-SLNs carrier (Fig. 7A).
C-SLNs had an average particle size of 247 � 27 nm (Supplementary

Fig. S9A). Themean zeta potential of chitosan-SLNs was 1.4� 0.3mV
at near-neutral pH. A TEM image of chitosan-SLNs indicated
successful adsorption of chitosan onto the surface of SLNs (Supple-
mentary Fig. S9B). ASObinding assay showed that C-SLNsmixedwith
ASOs at a mass ratio of 1:1.5 or higher were nearly invisible, indicating
strong binding of C-SLN complexes (Supplementary Fig. S9C). The
low cytotoxicity and high transfection efficiency of C-SLNs suggest
that they are a promising nanocarrier of ASO-drugs (Supplementary
Figs. S9D–S9F).

To apply C-SLN/ASO complexes in vivo, we constructed seven
ccRCC PDX models (Supplementary Table S5). PDX5, which had the
highest expression level of IGFL2-AS1 in tumor tissue and highest IC50

Figure 6.

hnRNPCmediates IGFL2-AS1 packaging into EVs and transmission of sunitinib resistance. A, Kaplan–Meier survival analysis showing poorer PFS in the high serumal
IGFL2-AS1 expression group. B, qRT-PCR analysis of EV-packaged IGFL2-AS1 expression released by hnRNPC knockdown RCC cells (n¼ 4). C, qRT-PCR analysis of
EV-packaged IGFL2-AS1 expression released by cells overexpressing truncated IGFL2-AS1 (n ¼ 4). D, Schematic diagram of EV labeling and internalization.
E, Representative confocal images of internalized EVs labeled with PKH-67. Scale bar, 20 mm. F, qRT-PCR analysis of IGFL2-AS1 expression 60 hours after incubation
with indicated EVs or PBS (n¼4).G,RCCcells incubatedwith EVs isolated from IGFL2-AS1 knockdown and corresponding control CMat the indicated concentrations
of sunitinib (2 mmol/L) for 60 hours (n ¼ 4). H, Schematic illustration of the establishment of the in vivo tumor model. I, Weekly measurements of tumor growth
(n¼ 5). J,Representative images of tumors are shown.K,Representative images of the TUNEL assay and IHC. Scale bar, 100 mm.Data are shown asmean� SD (error
bars). �, P < 0.05; �� , P < 0.01.
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value of sunitinib among all the PDXs, was used for ASO nanodrugs
(Supplementary Figs. S9G–S9I;). The fluorescence images after tail
vein injection of nanodrugs showed that C-SLN/FAM-ASO-IGFL2-
AS1 was stable in the circulation and could be specifically delivered to
tumors in vivo (Supplementary Fig. S9J).

Furthermore, we used an orthotopic model and a subcutaneous
model, respectively, to examined the potency of C-SLN/ASO-IGFL2-
AS1 in vivo (Fig. 7B). Notably, the C-SLN/ASO-IGFL2-AS1 group
achieved the best therapeutic effects, suggesting recovery of sunitinib
sensitivity in vivo (Fig. 7C–F). A higher proportion of TUNEL positive
cells and reduced expression of TP53INP2 were also observed in the
C-SLN/ASO-IGFL2-AS1 group (Fig. 7G and H). To sum up, our
nanomedicine consisting of C-SLN/ASO-IGFL2-AS1 complexes could
recover sunitinib sensitivity in vivo.

Extended applicability of IGFL2-AS1 to resistance of
cabozantinib and axitinib in RCC cells

Treatment options for patients with mccRCC have dramatically
increased. Contemporary targeted treatments like cabozantinib and
axitinib have a priority in the combined treatment ofmccRCC (31, 32).
Because sunitinib, cabozantinib, and axitinib all belong to TKIs, we

wonder whether the sunitinib-resistant effect of IGFL2-AS1 could be
extended to cabozantinib and axitinib. Surprisingly, IGFL2-AS1 over-
expression also resulted in increased cell viability in RCC cells treated
with cabozantinib or axitinib (Supplementary Figs. S10A and S10B).
Meanwhile, decreased apoptosis was observed in IGFL2-AS-
overexpression group when treated with cabozantinib or axitinib
(Supplementary Figs. S10C and S10D). Moreover, confocal micros-
copy of labeled LC3 also showed enhanced autophagy in IGFL2-AS1-
overexpressing RCC cells upon cabozantinib or axitinib treatment
(Supplementary Figs. S10E and S10F). These results indicated that
IGFL2-AS1might trigger cabozantinib and axitinib resistance in RCC
by enhancing autophagy as well.

Discussion
Sunitinib has been recommended for the treatment ofmccRCCover

10 years. However, themechanisms of inherent and acquired sunitinib
resistance remain unclear. In this study, we first identified a novel
lncRNA-IGFL2-AS1 in two acquired sunitinib-resistant RCC models.
Specifically, IGFL2-AS1 regulated alternative splicing of TP53INP2
mRNA via competitively binding to hnRNPC, which enhanced

Figure 7.

CharacteristicsofC-SLNnanoparticlesand invivoapplicationofC-SLN/ASO-IGFL2-AS1 complexes.A,Chemical structureof chitosanmoleculesand schematic illustration
ofC-SLNnanoparticle formation.B,Schematic illustration showing theestablishmentofRCCPDXmodels and tail vein injectionofnanodrugs.C,Weeklymeasurementsof
tumor growth in NCG mice injected with nanodrugs and treated with sunitinib (n ¼ 5). D, Representative images of subcutaneous tumors. E, Tumor weight of
subcutaneous tumorswasmeasured after surgical resection.F,Representative images of orthotopic tumors (n¼ 5).G andH,Representative images of hematoxylin and
eosin (H&E), TUNEL assay, and IHC. Scale bar for H&E, 2.5 mm. Scale bar for TUNEL and IHC, 100 mm. Data are shown as mean � SD (error bars). �� , P < 0.01.
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autophagy and further facilitated sunitinib resistance. Moreover,
IGFL2-AS1 could be packaged into EVs via binding to hnRNPC
to transmit sunitinib resistance to sensitive RCC cells. Finally, we
developed a novel nano-carrier, C-SLN, which could deliver
ASO-IGFL2-AS1 stably and efficiently via intravenous injection.
Besides, we also explored extended applicability of IGFL2-AS1 to
resistance of cabozantinib and axitinib in RCC cells. These results
indicate that IGFL2-AS1 potentially can be a prognostic indicator for
mccRCC and serve as a therapeutic target in sunitinib treatment.

Recently, a growing number of studies have reported that lncRNAs
facilitate chemoresistance through activation of autophagy (33, 34).
However, the roles lncRNAs play in targeted drug resistance through
autophagy are unknown. Giuliano and colleagues once reported that
enhanced autophagy accelerated the formation of autolysosome for-
mation and then promoted sunitinib resistance via its sequestration,
indicating a critical role for autophagy in sunitinib resistance (35).
TP53INP2 has been characterized as a key player in transcription and
autophagy (36). In the presence of stress, TP53INP2 recruits LC3
family proteins to the cytoplasm and facilitates the autophagosome
biogenesis (37, 38). Jones and colleagues found that hnRNPA2 knock-
down increased TP53INP2 exon 2 skipping transcripts, and thus
inhibited invasive migration of tumor cells (26). However, the under-
lying mechanism of the different TP53INP2 mRNA transcripts
remained unexplained. Herein, we also observed alternative splicing
of TP53INP2 mRNA caused by interaction between IGFL2-AS1 and
hnRNPC. In consideration of changes in the TP53INP2 protein rather
than TP53INP2 mRNA, we used polysome analysis to demonstrate
that TP53INP2 exon 2 inclusive transcripts had a higher translation
efficiency. This finding revealed a novel mechanism of TP53INP2
regulation by IGFL2-AS1 in sunitinib-resistant RCC cells.

Recent studies have shown that ncRNA can be selectively sorted to
EVs by membrane or RNA-binding proteins (27, 39–41). For example,
Beltri and colleagues found that hnRNPA2B1, hnRNPA1 and hnRNPC
could specifically bind the EXOmotifs GGAG/CCCU, and direct
miRNAs to EVs (27). Moreover, these EXOmotifs could also guide
the load of lncRNAs to EVs (18, 19). Herein, we found several
EXOmotifs in the 120–160 nt region of IGFL2-AS1 and demonstrated
that IGFL2-AS1 can be guided to EVs by interaction with hnRNPC.
However, more investigations are needed to understand the mechan-
ismsof hnRNPCshuttling from the nucleus to theEVs in the cytoplasm.

A limitation of our study is that, with the rapid development of
therapies, combinations of TKIs and immune checkpoint inhibitors
have become the preferred regimens in ccRCC. Nonetheless, sunitinib
is still one of themost representative targeted drugs.Ourfindings could

also contribute to the understanding of resistance to cabozantinib and
axitinib in ccRCC. Second, sunitinib-resistant RCC cell lines could not
directly reflect the biology seen in human on treatment. Ideally
identification of sunitinib-resistant-related biomarkers would come
from human PDX models.
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