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Graphical Abstract

∙ Circ-TNPO3 is significantly downregulated in ccRCC.
∙ Circ-TNPO3 can suppress ccRCC metastasis by directly binding to IGF2BP2
protein and destabilizing SERPINH1 mRNA, in turn, regulating the
SERPINH1-SNAIL/SLUG axis.

∙ ESRP1 is involved in the biogenesis of circ-TNPO3 by targeting the flanking
intron.
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Abstract
Background: Clear cell renal cell carcinoma (ccRCC) is a common malignant
tumour of the urinary tract. The major causes of poor prognosis are the lack
of early diagnosis and metastasis. Accumulating research reveals that circular
RNAs (circRNAs) can play key roles in the development and the progression of
cancer. However, the role of circRNAs in ccRCC is still uncertain.
Methods: The circRNAs microarray (n = 4) was performed to investigate the
circRNAs with differential expression in ccRCC tissues. The candidate circRNA
was selected based on the cut-off criteria, such as circRNA expression abun-
dance, circRNA size and the design of divergent primers. The circ-transportin-3
(TNPO3) levels in ccRCC tissues were tested by quantitative real-time (qRT)-
PCR (n = 110). The characteristics and subcellular localization of circ-TNPO3
were identified via RNase R assay, qRT-PCR and fluorescence in situ hybridiza-
tion (FISH). Then, we explored the biological roles of circ-TNPO3 in ccRCC
via the function experiments in vitro and in vivo. RNA pull-down, RNA
immunoprecipitation, bioinformatic analysis, RNA-FISH assays and rescue
assays were applied to validate the interactions between circ-TNPO3, insulin-
like growth factor 2 mRNA-binding protein 2 (IGF2BP2) and serpin family H
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member 1 (SERPINH1) to uncover the underlying molecular mechanisms of
circ-TNPO3.
Results: We detected the obvious downregulation of circ-TNPO3 in ccRCC
compared to matched adjacent normal tissues (n = 110). The lower circ-
TNPO3 expression was found in ccRCC patients with distant metastasis,
higherWorldHealthOrganization/International Society ofUrologic Pathologists
(WHO/ISUP) grade andmore advanced tumour T stage. In vitro and in vivo, circ-
TNPO3 significantly suppressed the proliferation and migration of ccRCC cells.
Mechanistically, we elucidated that circ-TNPO3 directly bound to IGF2BP2 pro-
tein and then destabilized SERPINH1 mRNA. Moreover, IGF2BP2/SERPINH1
axis was responsible for circ-TNPO3’s function of inhibiting ccRCC metastasis.
Epithelial splicing regulatory protein 1 (ESRP1) was probably involved in the
biogenesis of circ-TNPO3.
Conclusions: Circ-TNPO3 can suppress ccRCC progression and metastasis via
directly binding to IGF2BP2 protein and destabilizing SERPINH1 mRNA. Circ-
TNPO3 may act as a potential target for ccRCC treatment.
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1 BACKGROUND

Renal cell carcinoma (RCC) has the second highest mor-
tality rate of all urologic tumours, and its global incidence
is steadily rising.1 In 2020, globally, 179 368 deaths and
431 288 new cases due to RCC were reported.2 Clear cell
RCC (ccRCC) is one of themost common subtypes of RCC,
accounting for nearly 70%–75% of all cases.3,4 The main-
stay treatment for localized ccRCC is surgical resection.
Nevertheless, ∼30% of patients with localized ccRCC ulti-
mately develop recurrence and metastases, resulting in
high mortality.5,6 Although considerable improvements in
the diagnosis and 5-year survival rate have been made, the
overall prognosis is far from satisfactory.7,8 Therefore, it is
crucial to deeply evaluate the molecular mechanisms of
pathogenesis and metastases and to identify novel reliable
therapeutic targets for ccRCC.
A newly discovered category of non-coding RNAs,

known as circular RNAs (circRNAs), have a covalent
closed-loop structure and absence of 5′ caps and 3′ ends.9,10
Existing studies have shown that circRNAs have diverse
functions in the regulation of gene expression, such as
miRNA sponges, alternative splicing, RNA–protein inter-
actions as well as translation ability.11–13 Further, circR-
NAs can participate in the development and progression
of many cancer types, such as breast cancer,14 lung
adenocarcinoma,15 hepatocellular carcinoma,16 prostate
cancer17 andRCC.18 Thus, a comprehensive understanding
of circRNAs in ccRCC is warranted.

The interaction between circRNAs and RNA-binding
protein is widely reported to play a critical role during
tumour progression.19 Insulin-like growth factor 2 mRNA-
binding protein 2 (IGF2BP2, also named as IMP2) is an
important RNA-binding protein that modulates the trans-
lation, localization and stability of RNA and plays a crit-
ical role in the post-transcriptional regulation of RNA.20
IGF2BP2 is reportedly dysregulated in many cancers21;
however, its role in ccRCC is unclear. The serpin fam-
ily H member 1 (SERPINH1), also called HSP47, is a
molecular chaperon necessary in the biosynthetic pathway
of collagen.22,23 Emerging studies demonstrate that SER-
PINH1 is closely associated with cancer development and
may be referred to as a potential biomarker of tumours.24
Nevertheless, the function of SERPINH1 in ccRCC remains
elusive.
In this study, we identified a circRNA derived from

the transportin-3 (TNPO3) gene (termed circ-TNPO3).
This was downregulated in ccRCC tissues and associ-
ated with ccRCC distant metastases, World Health Orga-
nization/International Society of Urologic Pathologists
(WHO/ISUP) grade and tumour T stage. Functional assays
indicated that circ-TNPO3 suppressed the migration and
proliferation of ccRCC cells both in vivo and in vitro.Mech-
anistically, circ-TNPO3 could bind to IGF2BP2, thereby
synergically downregulating SERPINH1 expression and
inhibiting ccRCC migration. In conclusion, circ-TNPO3
is a potential target for the treatment of patients with
ccRCC.
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2 MATERIALS ANDMETHODS

2.1 Human ccRCC specimens

A total of 114 pair ccRCC tissues and matched para-
cancerous tissues from ccRCC patients treated by radical
nephrectomy or nephron-sparing surgery were collected
at the Southwest Hospital, Chongqing, China (2019–2021).
Clinical characteristics are listed in Tables S1 and S2. All
cases were confirmed by histopathological examination,
and no patient received any neoadjuvant therapy. The sur-
gically excised samples were collected in centrifuge tubes
pre-filled with RNA later and stored at−80◦C.WHO/ISUP
is a standard histological staging system for RCC based
on the assessment of the nucleoli. T stage is the ‘T’ part
of the TNM system to stage RCC and is the most impor-
tant indicator for assessing the size and extension of the
main tumour. Informed consent was received from each
patient and the research design was granted by the Ethics
Review Committee of Chongqing Medical University and
Southwest Hospital, Army Medical University.

2.2 Microarray analysis

Four pairs of fresh ccRCC tissues and their matched para-
cancerous tissues were prepared. RNA extraction, quality
identification and analysis of differentially expressed cir-
cRNAs were performed by Shanghai Genomics Corpora-
tion (Shanghai, China) as described previously.25,26

2.3 RNA extraction and quantitative
real-time PCR (qRT-PCR) analysis

TRIzol (Invitrogen, Carlsbad, CA) was applied to the
extraction of RNA from ccRCC cell lines and tissues. Iso-
lation and extraction of RNA from nucleus and cytoplasm
were performed using a PARIS Kit (Invitrogen, Carlsbad,
CA). RNA was reverse transcribed to cDNA using the
PrimeScript RT Reagent Kit (Takara, Dalian, China). The
expressions of circ-TNPO3, IGF2BP2, SERPINH1 and other
RNAs were analysed by quantitative real-time (qRT)-PCR
with an SYBR Premix Ex Taq kit (Takara, Dalian, China).
The expression of microRNA was measured using Taq-
Man MicroRNA Assays (Invitrogen, Carlsbad, CA). U6 or
GAPDHwas used as the normalizing control. The Bio-Rad
CFX96 real-time PCR system and 2−ΔΔCT method were
performed to evaluate the transcript levels. qPCR proce-
dure was shown as follows: pre-denaturation at 95◦C for
30 s, denaturation at 95◦C for 10 s, annealing at 58◦C for 10 s
and final extension at 72◦C for 10 s. A total of 40 cycleswere
performed from denaturation to extension. The primer
sequences information is given in Table S3.

2.4 RNA-fluorescence in situ
hybridization (FISH) assay

The Cy3-labelled circ-TNPO3 probes targeting the circ-
TNPO3 back splice site were synthesized at GenePharma
(Shanghai, China). ccRCC cells were seeded on a cul-
ture plate (iBiDi, Martin Reid, Germany). Localization
of circ-TNPO3 in ccRCC cells was detected by RNA-
fluorescence in situ hybridization (FISH) assay using the
FISH kit (GenePharma, Shanghai, China). Images were
acquired with a Confocal Microscope (Leica Microsys-
tems, Germany). The information on probes is presented
in Table S4.

2.5 Cell transfection and lentiviral
transduction

siRNA constructs targeting circ-TNPO3, IGF2BP2, SER-
PINH1, epithelial splicing regulatory protein 1 (ESRP1)
and their non-targeting controls were synthesized by
GenePharma (Shanghai, China). The sequence informa-
tion on these siRNAs is listed in Table S5. In addition,
the full-length sequences of circ-TNPO3, IGF2BP2 and
SERPINH1 were cloned into the pCD-ciR, pcDNA3.1
and pCDH vector, respectively, to obtain the correspond-
ing pCD-circ-TNPO3, pcDNA3.1-IGF2BP2 and pCDH-
SERPINH1 overexpression plasmids. Plasmids carrying
the IGF2BP2 mutant and Flag sequences were con-
structed in the pcDNA3.1 vector background. Transfec-
tion of siRNAs or plasmids into ccRCC cells was con-
ducted with Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) or Neofect DNA transfection reagent (Neofect, Bei-
jing, China). To construct stable cell lines, we ligated
the shRNA targeting circ-TNPO3 into the HBLV-LUC-
PURO vector and synthesized lentiviruses at HanBio
Biotechnology Co., Ltd (Shanghai, China). The sequences
of lentiviruses are shown in Table S5. Next, Caki-1,
RCC-JF and 786-O cells were infected with lentivirus
constructs encoding circ-TNPO3 shRNA at a multiplic-
ity of infection 1:50 for 2 weeks with puromycin (2–
3 μg/ml). The qRT-PCR assay verified the efficiency of
knockdown, and these cells were used for subsequent
experiments.

2.6 RNA pull-down assay

The interaction of circ-TNPO3 with candidate proteins
and microRNAs was verified by an RNA pull-down
assay. We constructed a plasmid containing full-length
circ-TNPO3 and MS2bs sequences in the pLC5-ciR vec-
tor background. The MS2 binding sites sequence is as
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follows: TACTCCTAGTGGGTACATGGAAGGGACTAGT
GGGTACAGACGTCCAGCTGAGATCTTTTGTACTC-
CTAGTGGGTACATG. The pLC5-circ-TNPO3-MS2 and
pMS2-GFP (Addgene, MA, USA) plasmids were then
co-transfected into HEK293T cells. The RNA immunopre-
cipitation (RIP) assay was conducted with GFP antibody,
which could specifically pull-down endogenous RNAs
and proteins associated with circ-TNPO3; The negative
control is IgG.

2.7 RIP assay

RIP experiments were performed with the Magna RIP
Kit (Millipore, MA, USA). The cells were processed
at 1 × 107 cells/reaction density and lysed by adding
lysis buffer containing protease and RNase inhibitors for
5 min. The magnetic beads were combined with 5-μg
antibody against IGF2BP2 (Millipore, MA, USA), N6-
Methyladenosine (CST, Boston,USA) or Flag (CST, Boston,
USA), or control IgG at indoor temperature, and the cor-
responding cell lysates were added; the samples were
incubated overnight at 4◦C. The samples were subjected
subsequently to RNA purification and protein extraction,
and the RIP efficiency was verified by Western blot assay;
the enrichment of circRNAs or mRNAs was verified by
qRT-PCR assay.

2.8 Immunofluorescence and
immunohistochemistry assays

To perform an immunofluorescence assay, ccRCC cells
were grown on a μ-Slide 8 Well (iBiDi, Martin Reid, Ger-
many) culture plate and incubated with antibodies specific
to IGF2BP2 (Millipore, MA, USA) overnight at 4◦C. Fur-
ther, the cells were stained using DAPI (300 nmol/L) and
IgG antibody (Alexa Fluor 488, 1:400). For immunohis-
tochemistry assay, paraffin sections were dewaxed and
hydrated, following which they were incubated with the
corresponding antibody overnight at 4◦C. Subsequently,
the sections were stained using haematoxylin and DAB.
The antibodies used for immunohistochemical experi-
ments were as follows: Ki67 (1:500, Servicebio, Wuhan,
China), SERPINH1 (1:100, SAB,Maryland, USA), IGF2BP2
(1:200, Abcam, Cambridge, UK), SLUG (1:100, SAB, Mary-
land, USA) and SNAIL (1:200, Bioss, Beijing, China).

2.9 RNA sequencing

To detect differentially expressed genes in Caki-1 cells after
IGF2BP2-RIP and circ-TNPO3 silencing, RNA sequenc-

ing was performed by Shanghai Genomics Corporation
(Shanghai, China), including library construction and
computational analysis. To screen the target genes of
IGF2BP2, total RNAs of Caki-1 cells with IGF2BP2 knock-
down or controls were isolated. mRNA sequencing was
carried out by Tsingke Biotechnology Co., Ltd (Beijing,
China).

2.10 Statistical analysis

Statistical analysis was performed via GraphPad Prism 8
software. Student’s t-test, Fisher’s exact test, chi-square
test or Mann–Whitney U test were conducted to verify
the differences among the two groups. Pearson correlation
analysis was applied to determine the correlation between
the two groups. Differences were considered statistically
significant when p < .05.

3 RESULTS

3.1 Circ-TNPO3 is downregulated in
ccRCC and its low level significantly
correlates with distant metastasis,
WHO/ISUP grade and tumour T stage

To determine the expression of circRNAs in ccRCC tis-
sues, circRNA microarray analysis was performed in four
matched ccRCC tissues and adjacent noncancerous tis-
sues. By using │log2FC│≥1, average fluorescence signal
value ≥7, and p < .05 as the cut-off criteria, 3749 differen-
tially expressed circRNAs were identified, including 2210
upregulated and 1539 downregulated circRNAs between
ccRCC and matched noncancerous tissues (Figure S1).
We included circRNAs of 300–2000-bp length for fur-
ther analysis and identified a total of 1190 differentially
expressed circRNAs (Table S6). In comparing the pre-
viously mentioned candidate circRNAs with the list of
disease-related circRNAs from the cancer-specific circR-
NAs database (http://gb.whu.edu.cn/CSCD/), 12 upreg-
ulated and 17 downregulated circRNAs were identified
(Figure 1A,B and Table S7). Excluding some circRNAs that
are difficult to design PCR primers, we finally selected 17
candidate circRNAs for subsequent validation. The expres-
sion of these circRNAs in 15 pairs of ccRCC tissues was
verified by qRT-PCR analysis. A total of six downregulated
circRNAs, including has_circ_0000284, hsa_circ_0001423,
has_circ_0004087, has_circ_0006370, has_circ_0000123
and hsa_circ_0001741, were identified, among which circ-
TNPO3 (hsa_circ_0001741) (fold change= .16, p < .01) was
the most dysregulated according to its fold change value
(Figure 1C).

http://gb.whu.edu.cn/CSCD/


PAN et al. 5 of 21

F IGURE 1 Circ-transportin-3 (TNPO3) is downregulated in clear cell renal cell carcinoma (ccRCC) and its low level significantly
correlates with distant metastasis, World Health Organization/International Society of Urologic Pathologists (WHO/ISUP) grade and tumour
T stage. (A) Flow chart illustrating the screening criteria of circular RNAs (circRNAs) in ccRCC. (B) A cluster heat map showing 29
upregulated and downregulated circRNAs. Vertical coordinates indicate circRNAs, whereas horizontal coordinates indicate samples. Red
represents upregulated, whereas blue indicates downregulated circRNAs. (C) Quantitative real-time (qRT)-PCR assays for the expression of
candidate circRNAs in ccRCC tissues. Paired t-test, n = 15. ns, not significant. * p < .05, **p < .01, ***p < .001. (D) Left: qRT-PCR analysis of
circ-TNPO3 expression in 110 pairs of ccRCC tissues and matched adjacent noncancerous tissues. Right: A decrease in circ-TNPO3 expression
is observed in 80% of the ccRCC patients. Paired t-test, n = 110. ***p < .001. (E–G) circ-TNPO3 expression in ccRCC patients with different
WHO/ISUP stages. (E) (I and II [n = 84] vs. III and IV [n = 26)]), tumour size (F) (T1a–T1b [n = 86] vs. T2–T4 [n = 24]) and distant metastases
(G) (No [n = 96] vs. Yes [n = 14]). (H) Correlation between circ-TNPO3 expression and Ki67 level in ccRCC (Ki67 < 10% [n = 53] vs.
Ki67 ≥ 10% [n = 26]). Mann–Whitney U test, *p < .05, **p < .01
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Next, we analysed the level of circ-TNPO3 in a larger
cohort comprising ccRCC tissues. The downregulated
expression of circ-TNPO3was validated between 110 paired
ccRCC tissues and matched noncancerous tissues (fold
change = .41, p < .001). The decrease in circ-TNPO3 level
was observed in 89 (80%) of the 110 ccRCC tissues rela-
tive to the correspondingly matched noncancerous tissues
(Figure 1D). However, there was no remarkable difference
in the level of parent TNPO3 in ccRCC tissues (Figure S2).
We further investigated whether the expression of circ-
TNPO3was related to the clinical characteristics of ccRCC.
We grouped the ccRCC sample cohort (n = 110) accord-
ing to the WHO/ISUP stage, tumour T stage and distant
metastasis to compare the circ-TNPO3 levels among these
groups. The results suggested that lower levels of circ-
TNPO3 were associated with ccRCC of higher WHO/ISUP
grade (I–II [n = 84] vs. III–IV [n = 26], p < .01), more
advanced tumour T stage (T1a–T1b [n = 86] vs. T2a–T4
[n = 24], p < .01) and distant metastasis (Yes) (metasta-
sis [No] [n = 96] vs. metastasis [Yes] [n = 14], p < .05)
(Figure 1E–G).Moreover, the correlation between the level
of circ-TNPO3 expression and clinical immunohistochemi-
cal indexes indicatedKi67 expression in 79 of the 110 ccRCC
patients. Subsequently, these 79 patients were divided into
Ki67 low expression (Ki67 < 10%, n = 53) and high expres-
sion groups (Ki67 ≥ 10%, n = 26). Circ-TNPO3 levels were
significantly lower in the Ki67 ≥ 10% group relative to the
Ki67 < 10% group (Figure 1H). The above results indicated
that circ-TNPO3was downregulated in ccRCC andmay act
as a ccRCC suppressor.

3.2 Identification and characteristics of
circ-TNPO3 in ccRCC

circ-TNPO3 (chr7: 128655032–128658211), located on chro-
mosome 7, is derived from exon 2 to exon 4 (432 bp)
of the host gene TNPO3 via back-splicing. By designing
divergent primers and Sanger sequencing, we confirmed
the predicted junction of circ-TNPO3 (Figure 2A). To ver-
ify the characterization of circ-TNPO3, we first designed
specific primers to amplify linear and circular TNPO3
sequences. qRT-PCR analysis suggested that circ-TNPO3
could only be amplified from the cDNA template using
divergent primers but not gDNA, whereas linear TNPO3
mRNA could be detected from both cDNA and gDNA tem-
plates using convergent primers (Figure 2B). Next, we only
amplified circ-TNPO3 using random primers but not oligo
(dT)18 primers from RCC-JF and Caki-1 cells (Figure 2C).
Circ-TNPO3 was resistant to RNase R treatment relative
to linear TNPO3 and GAPDH (Figure 2D). Subsequently,
qRT-PCR analysis after actinomycin D treatment in RCC-
JF and Caki-1 cells indicated that circ-TNPO3 had higher

stability than linear TNPO3 (Figure 2E). In addition,
nucleoplasmic separation and FISH assays showed that
circ-TNPO3 was predominantly localized to the cytoplasm
(Figure 2F,G). Taken together, the above results showed
that circ-TNPO3 was a stable circRNA in ccRCC.

3.3 Circ-TNPO3 suppresses migration
and proliferation properties of ccRCC cells
in vitro

In order to identify the potential function of circ-TNPO3,
we first constructed siRNAs which can target the back-
splice junction and overexpression vector of circ-TNPO3.
Then we confirmed successful interference and overex-
pression of circ-TNPO3 in RCC-JF and Caki-1 cells; the
mRNA and protein levels of linear TNPO3 remained
unaffected (Figure S3A,B). The results illustrated that
knocking down promoted but the overexpression of circ-
TNPO3 inhibited the migration of RCC-JF and Caki-1
cells (Figure 3A,B). We further examined whether circ-
TNPO3 inhibited ccRCC cell migration by regulating the
epithelial–mesenchymal transition (EMT) pathway. We
detected the influence of circ-TNPO3 on the expression
of five EMT-related proteins (E-cadherin, N-cadherin,
vimentin, SNAIL and SLUG). The results showed that inhi-
bition significantly increased, whereas the overexpression
of circ-TNPO3 reduced the levels of SNAIL and SLUG
(Figure 3C).However, circ-TNPO3hadno significant influ-
ence on the expression of other EMT-related proteins
(Figure S4).
To investigate the impact of circ-TNPO3 on cellular

proliferation, we established lentivirus-based stable sh-
circ-TNPO3-Caki-1 and sh-circ-TNPO3-RCC-JF cell lines
(Figure S3C,D). Colony formation, CCK-8 and EdU assays
confirmed that stable inhibition significantly boosted,
whereas the overexpression of circ-TNPO3 reduced the
proliferation of ccRCC cells (Figure 3D–F). Therefore, our
data suggested that circ-TNPO3 inhibited the migration
and proliferation of ccRCC cells in vitro.

3.4 Circ-TNPO3 inhibits
tumourigenesis andmetastasis of xenograft
tumours in vivo

To further elucidate the function of circ-TNPO3 in an
animal model of a tumour, we generated a 786-O cell
line with stably knocked-down circ-TNPO3 as previ-
ously described. We confirmed the knockdown of circ-
TNPO3 in sh-circ-TNPO3-786-O cells, and these cells
showed increased migration ability (Figure S3E,F). In the
nude mice xenograft model, the inhibition of circ-TNPO3
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F IGURE 2 Identification and characteristics of circ-transportin-3 (TNPO3) in clear cell renal cell carcinoma (ccRCC). (A) Schematic
illustration showing circ-TNPO3 contains three exons (432 bp) from host gene TNPO3. The specific primers of circ-TNPO3 were validated by
quantitative real-time (qRT)-PCR and its sequence was proven by DNA sequencing. (B) The circulation of circ-TNPO3 from cDNA and gDNA
was verified via qRT-PCR using divergent and convergent primers in Caki-1 and RCC-JF cell lines. (C) qRT-PCR analysis of circ-TNPO3 and
linear TNPO3 in total RNA reverse transcribed by random 6 mers or oligo dT 18 primers. (D) Effect of RNase R treatment on the expression of
circ-TNPO3 and linear TNPO3 in Caki-1 and RCC-JF cells were determined via qRT-PCR. (E) qRT-PCR assay to detect the stabilities of
circ-TNPO3 and linear TNPO3 after actinomycin D treatment in Caki-1 or RCC-JF cells. (F and G) The nucleocytoplasmic fractionation and
fluorescence in situ hybridization (FISH) assays were used to detect the subcellular localization of circ-TNPO3. Red dots represent positive
signals, and the nuclei were stained with DAPI. Scale bar, 10 μm. The data were all presented as the mean ± SD. Student’s t-test, n = 3.
*p < .05, **p < .01, ***p < .001
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F IGURE 3 Circ-transportin-3 (TNPO3) inhibits the migration and proliferation of clear cell renal cell carcinoma (ccRCC) cells in vitro.
(A) Migration ability was identified by wound healing assay after knockdown or overexpression of circ-TNPO3 in Caki-1 and RCC-JF cells.
Scale bar, 50 μm. The data were showed as the mean ± SD. Student’s t-test, n = 3. *p < .05, **p < .01. (B) Transwell assays were performed
after knockdown or overexpression of circ-TNPO3 in Caki-1 and RCC-JF cells. Scale bar, 50 μm. Student’s t-test, n = 3. *p < .05, ***p < .001.
(C) The protein levels of SNAIL and SLUG in Caki-1 cells with overexpression or stable knockdown of the circ-TNPO3. (D–F) Proliferation
ability was examined by colony formation, CCK-8 and EdU assays after stable silence or overexpression of circ-TNPO3 in the Caki-1 and
RCC-JF cells. Scale bar, 50 μm. Data were presented as mean ± SD. Student’s t-test, n = 3. *p < .05, **p < .01, ***p < .001
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F IGURE 4 Circ-transportin-3 (TNPO3) inhibits tumourigenesis and metastasis of xenograft tumours in vivo. (A) Left: The subcutaneous
xenografts of sh-NC and sh-circ-TNPO3 cells in implanted in nude mice. Right: The weight of xenografts at indicated time. Student’s t-test,
n = 4. *p < .05. (B) The changes in tumour volume were recorded every 2 days in nude mice. Student’s t-test, n = 4. *p < .05, **p < .01. (C) The
level of circ-TNPO3 in tumour tissues of nude mice was measured by quantitative real-time (qRT)-PCR. Data were showed as mean ± SD.
Student’s t-test, n = 4. *p < .05. (D) The protein expression of Ki67 was evaluated by IHC assay; scale bar, 250 μm. Mann–Whitney U test,
n = 6. **p < .01. (E) Representative images of the abdominal dissemination model. (F) Representative images of mice lungs in a nude mouse
lung metastasis model (left) and the quantification of lung metastatic colonization (right). Mann–Whitney U test, n = 6. *p < .05. (G)
Representative images of pulmonary metastatic nodules after H&E staining in lung metastasis model. Scale bar, 500 μm

evidently enhanced the growth rate and volume of sub-
cutaneous tumour xenografts (Figure 4A,B). We validated
the knockdown efficiency of circ-TNPO3 in the sh-circ-
TNPO3 group of xenografted mice (Figure 4C). Moreover,
IHC assays demonstrated that the decreased expression
of circ-TNPO3 was associated with a higher expression
of Ki67 in xenografts (Figure 4D). In the abdominal dis-

semination model, the ability of intra-abdominal tumour
dissemination was significantly enhanced in nude mice
injected with sh-circ-TNPO3-Caki-1 cells as compared to
the controls (Figure 4E). In the pulmonary metastasis
model of ccRCC, we found that nude mice injected with
sh-circ-TNPO3-786-O cells showed an increased number of
metastatic pulmonary nodules as compared to the control
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F IGURE 5 Circ-transportin-3 (TNPO3) directly interacted with insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) protein
in clear cell renal cell carcinoma (ccRCC) cells. (A) Overlap of circ-TNPO3-binding RBPs predicted by Starbase website and the expression
analysis in ccRCC from TCGA database and literature. (B) Schematic diagram of circ-TNPO3 pulls down in 293T cells. (C) The efficiency of
circ-TNPO3 pulled down by RNA immunoprecipitation (RIP) assay was examined through quantitative real-time (qRT)-PCR. Data were
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group (Figure 4F,G). These results suggested that circ-
TNPO3 could suppress the growth andmetastasis of ccRCC
in vivo.

3.5 Circ-TNPO3 can directly interact
with the RNA binding protein, IGF2BP2, in
ccRCC cells

Emerging evidence demonstrates that circRNAs play key
roles as miRNA sponges, RNA-binding protein scaf-
folds and translation. We first tested whether circ-TNPO3
could function as an miRNA sponge. Several miRNA-
binding sites of circ-TNPO3 were predicted using the Star-
base and circRNA interactome (https://circinteractome.
nia.nih.gov/) databases. Next, six candidate miRNAs were
identified through the overlap of predicted results and
expression analysis of miRNAs in ccRCC using TCGA
database. However, we could not confirm the binding
between candidate miRNAs and circ-TNPO3 by luciferase
reporter assays and RNA pull-down assays (Figure S5A-C).
Next, analysis using the circRNADb database suggested
that circ-TNPO3 had a very low probability of encod-
ing proteins. Finally, to examine whether circ-TNPO3
could bind to proteins in ccRCC, we predicted 33 can-
didate RBPs using the Starbase website (CLIP data ≥ 1)
(Table S8). Among the candidate RBPs, IGF2BP2 and
PTBP1 were the only two that showed a differential
expression in ccRCC tissues based on TCGA analysis and
literature review (Figure 5A) (Table S9). Therefore, we
chose IGF2BP2 and PTBP1 for further validation. Subse-
quently, the RNA pull-down assay showed that IGF2BP2,
but not PTBP1, could be pulled down by circ-TNPO3 in
293T cells (Figure 5B,C). RIP assay and qRT-PCR analy-
sis further validated that IGF2BP2 could bind specifically
to endogenous circ-TNPO3 in Caki-1 cells (Figure 5D).
Moreover, the levels of circ-TNPO3 which interacted with
IGF2BP2 decreased significantly in ccRCC cells trans-
fected with siRNA for IGF2BP2 (Figure 5E). Given that
IGF2BP2 contains four hnRNPK homology (KH) domains
and two RNA recognition motifs (RRMs), we constructed
full-length and truncated IGF2BP2 expression plasmids,
to locate the binding sites of IGF2BP2 targeted by circ-
TNPO3. The RIP experiments indicated that circ-TNPO3

bound with both the RRM (1–157 aa) and KH regions (193–
913 aa) of IGF2BP2 but predominantly bound with the
KH domain (193–913 aa) (Figure 5F,G). In condition, we
found that the combined circ-TNPO3 level was reduced if
we divided the complete KH domain into two segments,
KH 1 + 2 (193–341 aa) or KH 3 + 4 (427–913 aa), indi-
cating that the integrity of the four KH domains may be
critical for binding with circ-TNPO3 (Figure S6A,B). Con-
sistently, the enrichment of circ-TNPO3-IGF2BP2 com-
plexes in the cytoplasm of ccRCC cells was observed
by immunofluorescence and FISH assays (Figure 5H).
Although circ-TNPO3 was able to bind to IGF2BP2, we
verified that circ-TNPO3 and IGF2BP2 had no effect on
each other’s expression (Figure S7A,B). Moreover, the
nucleoplasmic separation assay demonstrated that circ-
TNPO3 did not influence the subcellular localization of
IGF2BP2 (Figure S7C). Overall, the above data indicated
that circ-TNPO3 could directly interact with the IGF2BP2
protein.

3.6 IGF2BP2 is downregulated in ccRCC
and IGF2BP2–circ-TNPO3 interaction is
involved in inhibiting tumour migration
induced by circ-TNPO3 or IGF2BP2

IGF2BP2 is an RNA-binding protein involved in tumour
progression. However, its role in ccRCC remains unclear.
We first detected the levels of IGF2BP2 in ccRCC tissues
compared to those in matched adjacent noncancerous tis-
sues (n= 110) and found that it was significantly downreg-
ulated in human ccRCC tissues (Figure 6A). The decrease
in IGF2BP2 expression was observed in 103 (93%) of the
110 ccRCC tissues. Furthermore,Western blotting and IHC
assay also verified the downregulation of IGF2BP2 pro-
tein in ccRCC tumour tissues compared with matched
adjacent noncancerous tissues (Figure 6B,C). To further
elucidate the potential anti-oncogenic role of IGF2BP2 in
ccRCC, we transfected ccRCC cell lines with siRNA or
overexpression plasmids of IGF2BP2 (Figure S8A,B). Tran-
swell assay suggested that silencing promoted, whereas
the overexpression of IGF2BP2 inhibited the migration of
ccRCC cells (Figure 6D). More importantly, we confirmed
that the interference of IGF2BP2 expression significantly

presented as mean ± SD. Student’s t-test, n = 2. ***p < .001. Western blot experiments examined the binding ability of circ-TNPO3 to IGF2BP2
or PTBP1 in 293T cells. (D and E) Western blot assays identified the efficiency of RIP assay with or without a knockdown of the IGF2BP2. The
level of circ-TNPO3 enriched by IGF2BP2 was detected by qRT-PCR. Data were presented as mean ± SD. Student’s t-test, n = 2. ***p < .001.
(F) Structural diagram of IGF2BP2 protein and truncated IGF2BP2 variants. (G) The full-length or truncated mutant of IGF2BP2 variants was
pulled down by anti-flag which was verified by Western blot. The expression of enriched circ-TNPO3 in various groups was tested by
qRT-PCR. (H) The localization of circ-TNPO3 (red) and IGF2BP2 (green) was detected by immunofluorescence and RNA-fluorescence in situ
hybridization (FISH) in RCC-JF and Caki-1 cells. Scale bar, 50 μm

https://circinteractome.nia.nih.gov/
https://circinteractome.nia.nih.gov/
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F IGURE 6 Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) is downregulated in clear cell renal cell carcinoma (ccRCC)
and is involved in inhibiting tumour migration induced by circ-transportin-3 (TNPO3). (A) Quantitative real-time (qRT)-PCR verified the
expression of IGF2BP2 in ccRCC tissues (n = 110). Paired t-test, n = 110. ***p < .001. (B and C) The protein levels of IGF2BP2 in ccRCC tissues
were measured via Western blot and immunohistochemistry assays. Scale bar, 500 μm (left), 250 μm (right). Mann–Whitney U test, n = 15.
*p < .05. (D) Transwell assay manifested the migration of RCC-JF and Caki-1 cells with overexpression or knockdown of IGF2BP2. Scale bar,
50 μm. Student’s t-test, n = 3. * p < .05, **p < .01. (E and F) Representative images (up) and quantification (down) in rescue assay showing the
migration of Caki-1 and RCC-JF cells upon overexpression or knockdown of circ-TNPO3 combined with IGF2BP2 knockdown or
overexpression. Scale bar, 50 μm. Student’s t-test, n = 3. *p < .05, **p < .01, ***p < .001
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rescued the circ-TNPO3-mediated inhibition of ccRCC cell
migration ability (Figure 6E). In addition, silencing circ-
TNPO3 could rescue the decreased migratory potential
induced upon the overexpression of IGF2BP2. Circ-TNPO3
could also mediate the inhibition of ccRCC cell migra-
tion induced by IGF2BP2 (Figure 6F). Therefore, the above
findings suggested that IGF2BP2 could suppress themigra-
tion of ccRCC cells in vitro, and circ-TNPO3 may be
involved in the functioning of IGF2BP2. Synergistically,
IGF2BP2 may be involved in inhibiting tumour migration
induced by circ-TNPO3.

3.7 Circ-TNPO3 downregulates
SERPINH1 expression by interacting with
IGF2BP2 and decreasing the stability of
SERPINH1 mRNA

To further investigate the exact mechanism through
which circ-TNPO3-IGF2BP2 regulated ccRCC migration,
we applied RNA-seq of Caki-1 cells transfected with si-
circ-TNPO3 and si-IGF2BP2 (Tables S10 and S11). On
overlapping the above RNA-Seq data with IGF2BP2 RIP-
Seq data (Table S12) and gene expression analysis for
ccRCC from TCGA database, 20 candidate genes were
identified. Based on the functions of the above genes,
seven metastasis-related genes were selected, including
SERPINH1, P4HB, CHST15, NFATC2, CDKN1C, CADM4
and TMEM245, as candidate targets of the circ-TNPO3-
IGF2BP2 axis (Figure 7A). Next, we evaluated the expres-
sions of the above target genes in Caki-1 cells by inhibit-
ing or overexpressing circ-TNPO3/IGF2BP2. Interestingly,
the inhibition of circ-TNPO3 or IGF2BP2 dramatically
increased, yet their overexpression reduced the expres-
sion of SERPINH1 (Figure 7B,C). However, circ-TNPO3
or IGF2BP2 showed no consistent influence on the
expression of other candidate mRNAs (Figure S9A,B).
In addition, IHC results showed that inhibition of
circ-TNPO3 also increased the level of SERPINH1 in
the xenograft mouse model (Figure 7D). Next, rescue
experiment results demonstrated that the knockdown of
IGF2BP2 attenuated OE-circ-TNPO3-induced SERPINH1
downregulation (Figure 7E). As expected, the overexpres-
sion of IGF2BP2 significantly counteracted si-circ-TNPO3-
mediated increased expression of SERPINH1 (Figure 7F).
Considering that IGF2BP2 is an important RNA-binding
proteinwhich can bindwith the targetmRNAand affect its
stability, we hypothesized that the circ-TNPO3–IGF2BP2
complex may regulate the expression of SERPINH1 by
influencing its mRNA stability. CLIP-seq data predicted
IGF2BP2-SERPINH1 interaction.27 We validated the inter-
action between IGF2BP2 protein and SERPINH1 mRNA
in RIP assays. Moreover, the knockdown of IGF2BP2 or

circ-TNPO3 correspondingly attenuated the interaction
between IGF2BP2 and SERPINH1 (Figure 7G,H). Next,
an mRNA decay assay for SERPINH1 was performed.
The inhibition of IGF2BP2 or circ-TNPO3 significantly
improved the stability of SERPINH1 mRNA in Caki-1
cells (Figure 7I). Conversely, SERPINH1 mRNA decay
rates were accelerated after circ-TNPO3 overexpression
(Figure 7J). Collectively, these results suggested that circ-
TNPO3 downregulated SERPINH1 expression by inter-
acting with IGF2BP2, thereby decreasing the stability of
SERPINH1 mRNA.

3.8 Circ-TNPO3 suppresses migration of
ccRCC cells in a SERPINH1-dependent
manner

We investigated the role of SERPINH1 on the migration
of ccRCC cells and determined the functional interplay
between circ-TNPO3 and the IGF2BP2/SERPINH1 axis.
We compared the expression of SERPINH1 in ccRCC
tissues relative to matched adjacent noncancerous tis-
sues (n = 110) and demonstrated that SERPINH1 mRNA
expression was significantly increased in ccRCC tissues
(Figure 8A). We confirmed successful interference and
overexpression of SERPINH1 by transfecting the siRNA
and overexpression plasmid of SERPINH1, respectively in
Caki-1 and RCC-JF cells (Figure S10A,B). In vitro migra-
tion assay indicated that the knockdown of SERPINH1 sig-
nificantly inhibited, whereas its overexpression promoted
the migration ability of ccRCC cells (Figure 8B). CCK8,
colony formation and EdU assays confirmed that the inhi-
bition of SERPINH1 significantly inhibited, whereas the
overexpression of SERPINH1 promoted the proliferation
of ccRCC cells (Figure S11A–C). Next, we constructed
an abdominal dissemination model in nude mice using
Caki-1 cell line with stably knocked-down SERPINH1. The
results indicated that the inhibition of SERPINH1 obvi-
ously decreased the dissemination of abdominal tumour
nodules as compared to controls (Figure S12). Therefore,
our data suggested that SERPINH1 promoted the prolifer-
ation and migration of ccRCC cells. Rescue assays showed
that the knockdown of SERPINH1 significantly impaired
si-circ-TNPO3-induced increasedmigration of ccRCC cells
(Figure 8C). Additionally, we verified that SERPINH1
upregulated the expression of SNAIL and SLUG, which
participate in the EMT process (Figure 8D). Moreover, si-
SERPINH1 significantly rescued sh-circ-TNPO3-induced
enhanced expression of SNAIL and SLUG (Figure 8E). In
summary, our data suggested that SERPINH1 functions
as the target of circ-TNPO3/IGF2BP2 and SERPINH1-
SNAIL/SLUG axis may be required for circ-TNPO3-
mediated suppression of ccRCC cell migration.
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F IGURE 7 Circ-transportin-3 (TNPO3) downregulates serpin family H member 1 (SERPINH1) expression via interacting with
insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) and decreasing the stability of SERPINH1 mRNA. (A) Venn diagram showing
the strategy to screen potential targets of circ-TNPO3-IGF2BP2 axis. (B and C) The mRNA (B) and protein (C) levels of SERPINH1 were
measured in Caki-1 cells overexpressing or inhibiting of circ-TNPO3 or IGF2BP2. Data were shown as mean ± SD. Student’s t-test, n = 3.
*p < .05, **p < .01, ***p < .001. (D) The protein level of SERPINH1 in the xenograft mouse model was tested by IHC assay; scale bar, 250 μm.
Mann–Whitney U test, n = 6. *p < .05. (E) The mRNA levels of SERPINH1 in Caki-1 cells transfected with OE-circ-TNPO3, si-IGF2BP2 or
OE-circ-TNPO3+si-IGF2BP2 were tested by quantitative real-time (qRT)-PCR. Data were shown as mean ± SD. Student’s t-test, n = 3. ns, not
significant, *p < .05. (F) The protein levels of SERPINH1 in Caki-1 cells stably transfected with sh-NC or sh-circ-TNPO3, and co-transfected
with OE-IGF2BP2 or control were measured by Western blot assay. (G and H) The enrichment of SERPINH1 pulled down by IGF2BP2 protein
in Caki-1 cells with or without knockdown the IGF2BP2 (G) or circ-TNPO3 (H) was analysed by qRT-PCR. (I and J) The actinomycin D assay
shows the stability of SERPINH1 in Caki-1 cells with IGF2BP2 knockdown (I) and circ-TNPO3 knockdown or overexpression (I and J) at the
indicated time point.
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F IGURE 8 Circ-transportin-3 (TNPO3) suppresses the migration of clear cell renal cell carcinoma (ccRCC) in a serpin family H member
1 (SERPINH1)-dependent manner. (A) Quantitative real-time (qRT)-PCR analysed the expression of SERPINH1 in ccRCC tissues. Paired t-test,
n = 110. ***p < .001. (B) Transwell assay indicated the migration of RCC-JF and Caki-1 cells with the overexpression or knockdown of
SERPINH1. Scale bar, 50 μm. Student’s t-test, n = 3. *p < .05, **p < .01. (C) Transwell assay showed the migration of Caki-1 and RCC-JF cells
upon knockdown of circ-TNPO3 combined with SERPINH1 knockdown. Scale bar, 50 μm. Student’s t-test, n = 3. *p < .05, **p < .01. (D)
Western blot analysis showed the protein levels of SNAIL and SLUG in Caki-1 cells with knockdown or overexpression of the SERPINH1. (E)
Western blot assay shows the protein levels of SNAIL and SLUG in Caki-1 cells stably transfected with sh-NC or sh-circ-TNPO3 and
co-transfected with si-SERPINH1 or control.
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3.9 ESRP1 is probably involved in the
biogenesis of circ-TNPO3 via targeting the
flanking intron

Given that some splicing factors were able to regulate the
biogenesis of circRNAs, we tried to identify which splicing
factor regulates the transcription of circ-TNPO3. Among
the circRNAs-related splicing factors, we analysed their
expression in ccRCC tissues compared with adjacent non-
cancerous based on the TCGA database. We found three
splicing factors with differential expression in ccRCC,
including ESRP1, ESRP2 and RBM47 as the candidate reg-
ulators for circ-TNPO3 expression. Then we verified the
expression of circ-TNPO3 was evidently reduced when
silencing ESRP1 in ccRCC cells, whereas other splicing
factors did not show the effect on the expression of circ-
TNPO3 (Figure 9A). Next, we compared the expression
of ESRP1 in 110 ccRCC tissues with their matched nor-
mal tissues and found the downregulation of ESRP1 in
ccRCC tissues, consistent with TCGA data from 523 ccRCC
patients and 100 normal tissues (Figure 9B,C). Moreover,
we found that the mRNA level of ESRP1 and circ-TNPO3
was positively correlated in ccRCC (Figure 9D). Splicing
factors have been reported to induce circRNA formation
by directly binding to the sequences on introns adja-
cent to the exons which form circRNAs. Interestingly,
multiple ESRP1 motifs (GGT-rich) were observed in the
flanking of circ-TNPO3 (Figure 9E). Subsequently, the RIP
assay indicated that ESRP1 mainly binds to two motifs
sites (B in intron one and G in intron four) of circ-
TNPO3 flanks (Figure 9F). Taken together, the above data
suggest that splicing factor ESRP1 may improve the bio-
genesis of circ-TNPO3 via targeting the flanking intron
(Figure 9G).

4 DISCUSSION

Recently, several circRNAs have been implicated in
tumourigenesis and the development of cancer.9,28 In
ccRCC, various circRNAs regulate different pathological
processes, such as cell proliferation, apoptosis, migration
and invasion. For example, Xue et al. showed that circ-
AKT3 competitively binds to miR-296-3p, resulting in the
upregulation of E-cadherin, thereby suppressing ccRCC
metastasis.29 Cen et al. confirmed that circSDHC, as an
oncogenic factor, can enhance the growth and metastasis
of ccRCC by the miR-127-3p/CDKN3/E2F1 axis.30 In our
study, we proved that circ-TNPO3, a novel tumour sup-
pressor, was downregulated in ccRCC and suppressed the
migration and proliferation of ccRCC cells. Circ-TNPO3
showed a good correlation with some clinicopathological
features. The expression of circ-TNPO3 in patients with

distant metastasis and advanced stages (WHO/ISUP grade
III and IV, or T2a–T4) was obviously lower relative to those
at early stages (WHO/ISUP grade I and II, or T1a–T1b)
of ccRCC. The data demonstrated that circ-TNPO3 is a
potential biomarker for diagnosis and prognosis of ccRCC.
Interestingly, we previously reported that circ-TNPO3 sup-
pressed migration by serving as a protein decoy in gastric
cancer.31 However, another study reports that circ-TNPO3
plays the oncogenic effects, thus contributing to PTX toler-
ance through the miR-1299-NEK2 axis in ovarian cancer.32
Thus, the above evidence suggests that the function of
circ-TNPO3 shows diversity and complexity and may exert
versatile roles in various tumours.
To date, the precise mechanism through which circR-

NAs modulate the expression of target genes is uncertain.
Herein, we tried to uncover the interaction between
tumour-associated RBPs and circ-TNPO3. circRNAs can
bind to various proteins and act as protein decoys, sponges,
scaffolds or recruiters.19,33 Here, we validated that circ-
TNPO3 could bind directly to IGF2BP2, belonging to
the IGF2BPs family, which is associated with tumour
development. Dysregulation of IGF2BP2 is commonly
associated with several human diseases such as cancer,
diabetes or insulin resistance.21 However, the function
and expression of IGF2BP2 are not consistent in different
tumours. Many studies report that IGF2BP2 is upregu-
lated and can promote the growth andmetastasis of several
forms of tumours, such as thyroid carcinoma,34 hep-
atic carcinoma,35 pancreatic carcinoma36 and colorectal
carcinoma.37 However, a recent study through a systematic
screen for homozygous deletions of 12 human tumours,
including RCC, suggests that IGF2BP2 may be a poten-
tial tumour suppressor gene.38 IGF2BP2 is downregulated
in several tumours, including breast-invasive carcinoma,
adrenocortical carcinoma, pheochromocytoma and ccRCC
according to TCGA database. In our research, we reported
for the first time that IGF2BP2 was downregulated in
ccRCC tissues. Functional assays confirmed that IGF2BP2
inhibited the migration of ccRCC cells in vitro. These
results indicated IGF2BP2 as a potential tumour suppres-
sor of ccRCC, thus warranting further investigation.
In mammals, the three proteins of the IGF2BPs fam-

ily share similar structures. IGF2BP2 is composed of two
RRMs domains and four KH domains and play regula-
tory roles in post-transcriptional processes through the
IGF2BP2-RNA complex.21 A growing body of evidence
indicates IGF2BP2 can interact with several types of RNAs,
including circRNAs. For example, Li et al. showed that
circNDUFB2 inhibits NSCLC progression by binding to
and destabilizing IGF2BP2, thereby activating anti-tumour
immunity.39 Li et al. showed that circCD44 promotes
TNBC progression in part by interacting with IGF2BP2.40
Ji et al. suggested that circARHGAP12 can directly bind to
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F IGURE 9 Epithelial splicing regulatory protein 1 (ESRP1) is probably involved in the biogenesis of circ-transportin-3 (TNPO3) via
targeting the flanking intron. (A) Quantitative real-time (qRT)-PCR showed the circ-TNPO3 expression in Caki-1 cells transfected with
candidate RBPs silencing siRNA or controls. Data were shown as mean ± SD. Student’s t-test, n = 3. ns, not significant. **p < .01. (B) Analysis
of mRNA levels of ESRP1 in clear cell renal cell carcinoma (ccRCC) from TCGA datasets. (C) qRT-PCR analysed the mRNA levels of ESRP1 in
ccRCC tissues. Paired t-test, n = 110. ****p < .0001. (D) The correlation between the expression of ESRP1 and circ-TNPO3 in ccRCC tissues.
Pearson test, n = 110. r = .49, p < .0001. (E) Multiple ESRP1 binding sites were observed in the flanking of circ-TNPO3. (F) The binding of
ESRP1 to circ-TNPO3 flanks was verified by RNA immunoprecipitation (RIP) experiments. (G) schematic diagram showed ESRP1 promotes
the biogenesis of circ-TNPO3.

IGF2BP2, thus improving the stability of FOXM1mRNA.41
It was shown that the KH structural domain of IMP2
can confer sequence-specific recognition of RNA through
its variable loop region.42 In addition, the KH domain
of IGF2BP2 has been reported to also bind specifically
to circNSUN2 and is required for the recruitment of
circNSUN2.43 In the current research, circ-TNPO3 bound

to both the RRM and KH regions of IGF2BP2 but predom-
inantly bound with the complete KH domain (193–913 aa).
However, which region of circ-TNPO3 is responsible for
the binding to IGF2BP2 needs further investigation.
IGF2BP2 modulates tumour progression by serving

as a post-transcriptional regulatory factor for the tar-
get mRNAs of MYC,34 HMGA2,44 MIS12,45 SOX237 and
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F IGURE 10 The schematic diagram elucidates the function and mechanism of circ-transportin-3 (TNPO3) action in clear cell renal cell
carcinoma (ccRCC). Circ-TNPO3 is downregulated in ccRCC. Circ-TNPO3 can suppress ccRCC metastasis by directly binding to insulin-like
growth factor 2 mRNA-binding protein 2 (IGF2BP2) protein and destabilizing serpin family H member 1 (SERPINH1) mRNA, in turn,
regulating the SERPINH1-SNAIL/SLUG axis. Epithelial splicing regulatory protein 1 (ESRP1) can improve the biogenesis of circ-TNPO3 by
targeting the flanking intron.

FEN1.35 We confirmed that SERPINH1 acted as the target
of the circ-TNPO3-IGF2BP2 axis. IGF2BP2 and circ-TNPO3
could suppress ccRCC migration by inhibiting the expres-
sion of SERPINH1. SERPINH1 belongs to the serpin family
and plays the role of a molecular chaperone in col-
lagen biosynthesis.24 SERPINH1 is involved in tumour
progression, diagnosis and therapy. For instance, Xiong
et al. showed that SERPINH1 promotes frontal migration
and colonization of cancer cells by enhancing the inter-
action between cancer cells and platelets.46 Zhu et al.
demonstrated that SERPINH1 promotes tumour progres-
sion by regulating ECM deposition and is involved in poor
prognosis of breast cancer.47 Herein, we identified that
circ-TNPO3 inhibited the expression of SNAIL and SLUG
via SERPINH1. SNAIL and SLUG belong to the Snail fam-
ily of proteins which have been extensively studied and
reported as themaster regulator of EMT in breast,48 liver,49
colorectum50 and renal.51 In our study, circ-TNPO3directly
interacted with IGF2BP2 and regulated the downstream
SERPINH1-SNAIL/SLUG axis.
Notably, IGF2BP2 can promote target expression by

enhancing mRNA stability. In our study, we found
that IGF2BP2 could inhibit the stability of SERPINH1
mRNA. This is the first report on IGF2BP2 destabi-
lizing its target mRNA, thus indicating the complexity
of the regulatory role of IGF2BP2. As another mem-
ber of the IGF2BP family, IGF2BP3 reportedly pro-

motes eIF4E-mediated translational activation by decreas-
ing the stability of EIF4E-BP2 mRNA, which in turn
enhances the proliferation of tumour cells.52 In addi-
tion, YTHDF2, a common RNA binding protein, has
been reported to inhibit the mRNA stability of several
target genes, including MYH7,53EGFR,54UBXN1,55LXRA
and HIVEP2.56 As a famous m6A reader, IGF2BP2 can
enhance mRNA stability through its recognition of RNA
N6-methyladenosine. Recent findings show that IGF2BP2
can regulate the mRNA stability of FEN1,35 MYC,34
HMGA157 and DANCR58 through the m6A modifica-
tions. Therefore, we tried to examine whether IGF2BP2
affected the expression of SERPINH1 through the m6A
modifications. We performed RIP experiments using m6A
antibodies in Caki-1 cells with IGF2BP2 interference or
siRNA control. The results showed that m6A modifica-
tions existed in SERPINH1, and m6A-modified SERPINH1
mRNA was significantly enhanced after IGF2BP2 inter-
ference (Figure S13). This suggested that IGF2BP2 may
inhibit the expression of SERPINH1 through m6A modifi-
cation. However, IGF2BP family proteins usually enhance
m6A mRNA stability.59 Therefore, further investigations
are required to elucidate how IGF2BP2 contributes to
destabilizing of m6A-modified SERPINH1 mRNA.
The regulation of circRNAs biogenesis is complex. First,

Pol II binds and transcribes pre-mRNAs that produce cir-
cRNAs, turning on the regulation of circRNA biogenesis.
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Second, cis- and trans-regulatory factors further regulate
the efficiency of circRNA back-splicing, and these factors
include regulatory RBPs, ICSs flanking circle formation
exons and core spliceosome components. In addition, cir-
cRNA turnover is also closely related to its expression.60
Among them, the RBP-dependent cyclization pattern is
an important mechanism of circRNA formation, and com-
mon regulatory RBPs include MBI,12 QKI,61 DHX962 and
ESRP1.63,64 In our study, we identified that the splicing
factor, ESRP1, accelerated the biogenesis of circ-TNPO3,
probably owing to the shared GGT-rich region of introns
1 and 4 of the circ-TNPO3 precursor mRNA. Existing stud-
ies demonstrate that ESRP1 is involved in the biogenesis
of other circRNAs except for circ-TNPO3. For instance,
ESRP1 increases the formation of circUHRF1 by target-
ing flanking introns in OSCC, thus promoting tumour
migration.63 In addition, ESRP1 also promotes the biogen-
esis of circANKS1B64 and circBIRC6.65 Notable, ESRP1was
significantly downregulated in ccRCC tissues compared
with matched normal tissues. Our study provides new
clues to elucidate the regulatory mechanism underlying
circ-TNPO3 expression.

5 CONCLUSION

In summary, we verified the downregulation of circ-
TNPO3 in ccRCC and its negative correlation with dis-
tant metastasis, WHO/ISUP grade and tumour T stage.
Functionally, circ-TNPO3 suppressed the proliferation and
migration of ccRCC cells in vivo and in vitro. Mechanis-
tically, circ-TNPO3 directly interacted with IGF2BP2 and
downregulated IGF2BP2-mediated SERPINH1 expression
by decreasing the stability of SERPINH1 mRNA. ESRP1 is
probably involved in the biogenesis of circ-TNPO3 by tar-
geting the flanking intron. In the future, circ-TNPO3 may
become a potential target for the diagnosis and treatment
of ccRCC (Figure 10).
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