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Abstract
Cervical squamous cell carcinoma (CSCC) is one of the leading causes of cancer death 
in women worldwide. Patients with advanced cervical carcinoma always have a poor 
prognosis once resistant to cisplatin due to the lack of effective treatment. It is ur-
gent to investigate the molecular mechanisms of cisplatin resistance. Circular RNAs 
(circRNAs) are known to exert their regulatory functions in a series of malignancies. 
However, their effects on CSCC remain to be elucidated. Here, we found that cyto-
plasmic circARHGAP5, derived from second and third exons of the ARHGAP5 gene, 
was downregulated in cisplatin-resistant tissues compared with normal cervix tissues 
and untreated cervical cancer tissues. In addition, experiments from overexpression/
knockdown cell lines revealed that circARHGAP5 could inhibit cisplatin-mediated cell 
apoptosis in CSCC cells both in vitro and in vivo. Mechanistically, circARHGAP5 in-
teracted with AU-rich element RNA-binding protein (AUF1) directly. Overexpression 
of AUF1 could also inhibit cell apoptosis mediated by cisplatin. Furthermore, we de-
tected the potential targets of AUF1 related to the apoptotic pathway and found that 
bcl-2-like protein 11 (BIM) was not only negatively regulated by AUF1 but positively 
regulated by circARHGAP5, which indicated that BIM mRNA might be degraded by 
AUF1 and thereby inhibited tumor cell apoptosis. Collectively, our data indicated that 
circARHGAP5 directly bound to AUF1 and prevented AUF1 from interacting with 
BIM mRNA, thereby playing a pivotal role in cisplatin resistance in CSCC. Our study 
provides insights into overcoming cancer resistance to cisplatin treatment.
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1  |  INTRODUC TION

Cervical cancer is the fourth most commonly malignant tumor and 
the fourth leading cause of cancer death in women worldwide.1 
Approximately 75% of cervical cancers are CSCC.2 With the clin-
ical advances in the past decades, cervical cancer is becoming a 
preventable disease because of the HPV vaccine and cytological 
screening.3–5 However, it is still not eradicated because the cover-
age of HPV vaccination is still very low and unbalanced around the 
world.6–8 Patients with advanced, recurrent, or metastatic cervical 
cancer have no choice but to accept CP-based chemoradiother-
apy.9,10 But as for tumor heterogeneity and individual differences 
of patients in CP response, resistance to CP can be associated with 
poor prognosis.9 Therefore, it is necessary to explore the molecular 
mechanisms of tumorigenesis and CP resistance for CSCC.

Tumor protein P63 functions as a key regulatory element involved 
in survival.11,12 ∆Np63α is the predominant isoform expressed in 
cervical tissues, and is essential for regulation of epidermal morpho-
genesis and epithelial tissue homeostasis.13,14 We have previously 
unveiled that ΔNp63α exerted antitumor functions including CP 
resistance in CSCC through regulating a series of its downstream 
direct protein and long noncoding RNA targets, but the functions 
and functional mechanisms of its direct circRNA in CSCC remain to 
be investigated.14,15

Circular RNAs comprise a class of noncoding RNAs with a circular 
conformation produced from pre-mRNAs through back-splicing.16–19 
In contrast to linear RNAs, circRNAs are more stable and are resistant 
to RNase R digestion.20,21 Some of the circRNAs are more abundant 
than their linear transcripts.17 Furthermore, circRNAs are present in 
various animal genomes with tissue, cell type, and developmental 
specificity.22,23 Recent studies have reported that circRNAs play in-
creasingly vital pathological roles in multiple diseases including can-
cers, and dysregulation of circRNAs is found to be closely associated 
with biogenesis and progression of cancers.19,22 For example, circE7 
generated from HPV can lead to the suppression of cervical cancer 
progression.24 Despite numerous functions of circRNAs in human 
cancers, much remains to be known about the functions and mech-
anisms of circRNAs involved in CSCC, especially their roles in drug 
resistance. The biological roles of circRNAs in CSCC require further 
investigation.

In this study, we identified that circARHGAP5 served as a reg-
ulatory target of ΔNp63α by RNA-seq. Circular RNA ARHGAP5 
was significantly downregulated in CSCC and positively correlated 
with ΔNp63α. Functionally, circARHGAP5 inhibited CSCC cell CP 
resistance by inducing cell apoptosis and preventing cell prolifer-
ation. Mechanistically, we provided evidence that circARHGAP5 
interacted with AUF1 and showed the potential mechanism that 

circARHGAP5 could prevent AUF1 from degrading BIM mRNA, 
which thereby led to increased cell apoptosis and sensitivity to CP. 
Our data showed that circARHGAP5 might exert a potential tumor 
suppressor function in CSCC CP resistance.

2  |  MATERIAL S AND METHODS

2.1  |  Tissues

Tissues were obtained from the First Affiliated Hospital of USTC, 
including 14 normal cervical tissues, 14 cervical cancer tissues, and 
8 recurrent cervical cancer tissues resistant to CP. The normal cer-
vical tissues were taken from patients with hysteromyoma under-
going hysterectomy. Cervical cancer tissues were acquired from 
cervical cancer patients with IB2-IB3 (FIGO 2021) who accepted 
primary surgery. Tissues resistant to CP were acquired from cervix 
biopsy in patients who did not respond to CP therapy. This study 
was reviewed and approved by the Ethics Review Board of The First 
Affiliated Hospital of USTC. Written informed consent was obtained 
from each patient for this study (2022-ky094).

2.2  |  Cell culture

Human cervical cancer SiHa, HeLa, and ME-180 cells (ATCC) were 
cultured in DMEM (Hyclone) or McCoy's 5A medium (Gibco) with 
10% (v/v) FBS (Gibco, Thermo Fisher Scientific), containing 100 units/
ml penicillin and 100 mg/ml streptomycin (Hyclone).

2.3  |  RNA sequencing analysis

The total RNA samples (2  μg) were iron-fragmented at 95°C and 
then subjected to end repair and 5′-adaptor ligation. Differentially 
expressed circRNAs were identified using a t-test (p < 0.05) com-
bined with fold change. RNA sequencing was carried out as previ-
ously described.15

2.4  |  RNA isolation and qRT-PCR

Total RNA was isolated from cells or tissues by TRIzol reagent 
(Invitrogen). Reverse transcription was carried out using a PrimeScript 
RT Reagent Kit (Invitrogen) following the protocol, then qRT-PCR was 
carried out (Roche) using a real-time PCR instrument (Thermo Fisher 
Scientific). All the primers for detection are shown in Table S1.

K E Y W O R D S
AUF1, BIM, cervical cancer, circARHGAP5, CSCC
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2.5  |  RNase R resistance assay

Total RNA (5 μg) was treated with 8 U RNase R (Epicenter) in 50 μl 
total volume for 40 min, then analyzed by qRT-PCR.

2.6  |  Vector construction, cell 
transfection, and plasmids

The circARHGAP5 target shRNAs were cloned into pLKO.1 puro 
vector construct stable cell lines. Overexpression plasmid of cir-
cARHGAP5 and linear mutations of circARHGAP5 were cloned into 
pcDNA3.0 vector. The transfection of siRNAs and plasmids was un-
dertaken using the Lipofectamine 2000 kit (Invitrogen). The shRNA 
and siRNA sequences are listed in Table S2.

2.7  |  Cell viability assay

Cells (1 × 103) were seeded in 100 μl complete culture media in 96-
well plates. After 24 h, the CP gradient concentration diluted with 
complete medium was treated and then detected by CCK-8 assay 
(Dojindo Laboratories).

2.8  |  Apoptosis assay

A total of 3 × 105 cells were plated each well of 6-well plates. The 
cells were grown up to 70% confluency and treated with IC50 drug 
concentrations of CP for 48 h; the IC50 values for SiHa cells is 8 μg/ml 
and 9 μg/ml for ME-180 cells, diluted with complete medium. Total 
cells were collected, washed twice in binding buffer, and stained 
with allophycocyanin labeled with annexin V (BioLegend) and pro-
pidium iodide as per the manufacturer's guidelines.

2.9  |  Colony formation assay

The number of all cells per well was counted and cells were kept 
in uniform distribution. For SiHa and ME-180 cells, 1000 cells were 
split into 6-well plates separately and in triplicates, and then treated 
with IC50 drug concentrations of CP. Cells were allowed to grow for 
10 days in 5% CO2 incubators before being stained with 0.5% Crystal 
Violet Staining Solution (Solarbio).

2.10  |  Xenograft and orthotopic models of cancer 
in mice

Animal experiments were carried out as described previously.14,15 
Five-week-old female nude mice (Experiment Animal Center of 
Shanghai) (each group, n  =  5) were subcutaneously injected with 
6 × 106 ME-180/NC, ME-180/sh1-circARHGAP5, or ME-180/sh2-
circARHGAP5 cells in 0.1  ml PBS containing 20% Matrigel. When 

the tumor volumes reached 50–100 mm3, tumor-bearing mice then 
received a tail vein injection of CP (3  mg/kg body weight, every 
3 days). Fifteen days after treatment, the mice were killed to deter-
mine tumor volumes and were photographed.

2.11  |  RNA pull-down assay

Cells (1 × 107) were incubated with 5′-biotinylated antisense oligo 
probes against circARHGAP5 backsplice junction region or scramble 
probes at 4°C overnight. A total of 100 μl washed Dynabeads M-280 
Streptavidin (11206D; Thermo Fisher Scientific) were added to each 
binding reaction. Finally, the retrieved proteins were used for mass 
spectrometry or western blot analysis. Probe sequences are shown 
in Table S3.

2.12  |  RNA immunoprecipitation

Cells (1 × 107) were incubated with 2 μg FLAG (F1804; Sigma), 
AGO2 (SAB4200085; Sigma), anti-AUF1 (P45-99469; Thermo), or 
IgG primary Abs for 4 h at room temperature. Protein G was then 
added to each sample, then analyzed by qRT-PCR and western 
blot.

2.13  |  RNA FISH-immunofluorescence microscopy

To detect colocalization of circARHGAP5 with indicated proteins, 
cells were incubated with primary Ab (1:200 dilution, P45-99469; 
Thermo Fisher Scientific) for 4 h at room temperature, which was 
followed by a reaction with Alexa Fluor 488-conjugated secondary 
Abs (1:100 dilution; Life Technologies). Subsequently, hybridization 
using Cy-3-conjugated circARHGAP5 probes was carried out at 
37°C in the dark overnight and the nuclei were stained with DAPI 
(Dojindo Laboratories). Visualization of the staining was carried out 
with a Zeiss LSM 880 confocal laser scanning microscope. Probe se-
quence is shown in Table S3.

2.14  |  Western blot analysis

For western blots, samples were separated on SDS-PAGE gels. 
Membranes were incubated with Ab anti-FLAG (1:1000 dilution, 
20,543-1-AP; Proteintech), AUF1 (1:2000 dilution, P45-99469; 
Thermo Fisher Scientific), AGO2 (1:1000, SAB4200085; Sigma), BIM 
(1:600 dilution, Proteintech, 22,037-1-AP), or anti-β-actin (1:1000 
dilution, HC201; TransGen).

2.15  |  Statistical analysis

All of the experiments were repeated three times. Prism soft-
ware (GraphPad Software 8) was used for all statistical analyses. 
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Quantitative data of all the experiments were expressed as mean ± SD 
from three biological replicates. Student's two-tailed t-test or 
ANOVA was used to assess the statistical significance of the differ-
ence. *p < 0.05, **p < 0.01, ***p < 0.001.

2.16  |  Data

The accession number for the RNA-seq data reported in this paper 
is GEO: GSE135257.

3  |  RESULTS

3.1  |  Identification of circARHGAP5 in CSCC cells

To identify and characterize direct circRNA targets of ΔNp63α in 
CSCC, we performed RNA-seq in two CSCC cell lines, ME-180/
shΔNp63α and SiHa/ΔNp63α, with respective controls.14 A total 
of 193 differentially expressed circRNAs were identified in two 
stable cell line groups (cut-off of two-fold changes and p < 0.05) 
(Figure 1A). Integrative analysis showed that three circRNAs were 
differentially expressed in two cell groups (Figure  1B). Then we 
undertook qRT-PCR to further validate these three circRNAs in 
SiHa/ΔNp63α and ME-180/shΔNp63α cells, and found that only 
two circRNA candidates, circARHGAP5 and circHERC4, were con-
sistent with the result of circRNA deep sequencing (Figures  1C 
and S1A). We finally focused on circARHGAP5, also annotated 
as hsa_circ_0031584 in circBase, as it had a higher abundance of 
reads and expression levels than circHERC4 and was positively 
associated with ΔNp63α. In addition, qRT-PCR showed that un-
derexpression or overexpression of ΔNp63α did not affect the 
mRNA level of the ARHGAP5 gene, which showed that regulation 
of ΔNp63α on circARHGAP5 expression was independent on the 
host ARHGAP5 gene (Figure  S1B). Our results indicated that cir-
cARHGAP5 was an abundant circRNA in CSCC and was positively 
correlated with ΔNp63α in CSCC.

3.2  |  Characteristics of circARHGAP5 in CSCC 
cells and tissues

Circular RNA ARHGAP5 is generated from the second and third 
exons of the human ARHGAP5 gene, consisting of 4033 nt, and the 
backsplice junction site of circARHGAP5 was validated by Sanger 
sequencing (Figure 1D). Additionally, PCR results showed that cir-
cARHGAP5 was amplified in cDNA by divergent primers and no prod-
uct could be detected from genomic DNA as template (Figure 1E). To 
further evaluate the stability of circARHGAP5, RNase R digestion 
assay was used to confirm that circARHGAP5 harbored a closed 
stable loop structure and was RNase R resistant (Figure  1F). We 
suspected that circARHGAP5 played a role in CSCC CP resistance 
and then detected the expression of circARHGAP5 in normal cervix 

tissues and untreated and CP-resistant cervical cancer tissues. The 
qRT-PCR results showed that circARHGAP5 was downregulated in 
CP-resistant cervical cancer tissues compared with others, suggest-
ing circARHGAP5 might serve as a tumor suppressor and could be 
associated with CP resistance very closely (Figure 1G). In addition, 
circARHGAP5 was predominately localized in the cytoplasm in ME-
180 and SiHa cells by nuclear-cytoplasmic fractionation and FISH 
(Figure 1H,I). These results indicated that circARHGAP5 was a bona 
fide circRNA localized in cytoplasm and it was downregulated in CP-
resistance CSCC tissues.

3.3  |  Circular RNA ARHGAP5 inhibited CSCC CP 
resistance in vivo and in vitro

One of the hotspots in CSCC treatment is CP resistance. We have 
previously reported that ΔNp63α exerted antitumor functions, in-
cluding CP resistance, by modulating its protein and noncoding 
RNA targets in CSCC.14,25 To investigate whether circARHGAP5 as 
a ΔNp63α circRNA target also played functional roles in CP resist-
ance in CSCC, we constructed SiHa and ME-180 stable cells with 
circARHGAP5 knockdown by shRNAs targeting the circRNA junc-
tion sites. The qRT-PCR results showed that the level of circARH-
GAP5 was significantly decreased in stable shcircARHGAP5 CSCC 
cells (Figure 2A), while neither of the shRNAs had an effect on the 
linear ARHGAP5 mRNA (Figure 2B). We then used the CCK-8 assay 
with gradient concentration of CP and colony formation with the 
IC50 concentration of the drug in two CSCC cell lines to detect cell 
viability following circARHGAP5 knockdown. Results showed that 
knockdown of circARHGAP5 led to an increase in cell viability of 
CSCC cells in the context of CP (Figure 2C,D). As apoptosis is one 
of the indicators of CP sensitivity, we also assessed the effect of 
circARHGAP5 knockdown on apoptosis of CSCC cells with IC50 
concentration of CP. Flow cytometry analysis showed that the ap-
optotic rates of CSCC cells in sh-circARHGAP5 groups were signifi-
cantly lower than the control group cells in both ME-180 and SiHa 
cells (Figure 2E). These phenomena are also consistent in HeLa cells 
(Figure S2A–D). Subsequently, in vitro studies showed that inhibi-
tion of circARHGAP5 significantly promoted proliferation and sup-
pressed apoptosis in CSCC cells, which indicated that knockdown of 
circARHGAP5 increased CP resistance.

Moreover, in vivo experiments showed that decreased levels 
of circARHGAP5 could markedly promote CP resistance of CSCC. 
Cisplatin was injected into subcutaneous tumor tissues of nude mice 
with stable ME-180/shNC and ME-180/shcircARHGAP5 cells. The 
tumor tissues in the knockdown group had heavier weight and larger 
volume than the control group (Figure 2F–H). These data suggested 
that knockdown of circARHGAP5 increased the CP resistance with 
the progression of CSCC.

In addition, we also verified the conclusion that circARHGAP5 
could inhibit CP resistance with the progression of CSCC by con-
structing overexpression plasmid of circARHGAP5 among SiHa 
and ME-180 cells. The qRT-PCR results showed the overexpression 

info:refseq/GSE135257
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efficiency of circARHGAP5 in overexpressed circARHGAP5 CSCC 
cells (Figure  3A), but no effect on the linear ARHGAP5 mRNA 
(Figure 3B). The CCK-8 assay with gradient concentration of CP was 
also used in two CSCC cell lines to detect cell viability following cir-
cARHGAP5 overexpression. Results showed that overexpression 
of circARHGAP5 led to a decrease in cell viability of CSCC cells in 
the context of CP (Figure 3C). Flow cytometry analysis showed that 
the apoptotic rates of CSCC cells in overexpressed-circARHGAP5 

groups were significantly higher than the control group cells in both 
ME-180 and SiHa cells with CP (Figure 3D). To sum up, results showed 
that overexpression of circARHGAP5 significantly suppressed pro-
liferation and promoted apoptosis in CSCC cells, which indicated 
that overexpression of circARHGAP5 inhibited CP resistance. These 
phenomena were also consistent in HeLa cells (Figure  S2E–H). In 
conclusion, we proved that circARHGAP5 could inhibit CP resis-
tance in CSCC cells. We also detected that circARHGAP5 affected 

F I G U R E  1  Identification and characterization of circular RNA ARHGAP5 (circARHGAP5) in cervical squamous cell carcinoma (CSCC) cells 
and tissues. (A) Heatmap of circRNA expression profile in SiHa/Con with SiHa/ΔNp63α and ME-180/NC with ME-180/shΔNp63α stable cell 
lines. (B) Overlap of 193 differentially expressed circRNAs in these two groups of cells. (C) Verification of circARHGAP5 expression levels 
in the above two groups of cells. (D) Sanger sequencing of backsplice junction site for circARHGAP5. (E) PCR analysis for circARHGAP5 in 
cDNA and genomic DNA (gDNA) with divergent and convergent primers. (F) Relative RNA levels of circARHGAP5 and ARHGAP5 with or 
without RNase R digestion. (G) Expression level of circARHGAP5 in normal cervical tissues and untreated and cisplatin (CP)-resistant CSCC 
tissues. (H) Nuclear (nuc) and cytoplasmic (cyto) levels of circARHGAP5 in ME-180 and SiHa cells. GADPH served as cytoplasmic control, 
while U1 served as nuclear control. (I) FISH assay of circARHGAP5 (red) in ME-180 and SiHa cells. The location of circARHGAP5 (red) in SiHa 
and ME-180 cells was determined by FISH assay. DAPI-stained nuclei are blue. Scale bar = 5 μm. **p < 0.01, ***p < 0.001. Con, control; NC, 
negative control; ns, not significant; OE, overexpression.
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F I G U R E  2  Knockdown of circular RNA ARHGAP5 (circARHGAP5) promoted cervical squamous cell carcinoma drug resistance in vivo 
and in vitro. (A) Knockdown efficiency of circARHGAP5 shRNAs in SiHa/NC with SiHa/shcircARHGAP5s and ME-180/NC with ME-180/
shcircARHGAP5s stable cells. (B) Relative change levels of ARHGAP5 in the above two groups of cells. (C) CCK-8 assays with gradient 
concentration of cisplatin (CP) in the above two groups of cells. (D, E) Colony formation and apoptosis assays with IC50 concentration of drug 
cisplatin in the two groups of cells. IC50 for SiHa is 8 μg/ml, and 9 μg/ml for ME-180. (F) Representative pictures of tumors. (G, H) Weight 
and volume of the xenograft tumors in the ME-180/Con and ME180/shcircARHGAP5s cells after 15 days of injection of cisplatin. *p < 0.05, 
**p < 0.01, ***p < 0.001. Con, control; NC, negative control; ns, not significant; PI, propidium iodide.
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cell viability of CSCC without CP; results showed that circARHGAP5 
itself might also function as a tumor suppressor of cervical cancer 
cell proliferation (Figure S3).

3.4  |  Circular RNA ARHGAP5 interacted with 
AUF1 in CSCC

Circular RNAs exert their functions primarily through four mecha-
nisms: miRNA sponges, protein decoys/scaffolds, transcriptional 
regulators, and translation templates.19 To investigate the underlying 
functional mechanism of circARHGAP5, we first explored whether 
circARHGAP5 could act as a miRNA sponge at first due to its cytoplas-
mic localization. It has been demonstrated that circRNAs serving as 
miRNA sponges can form a circRNA-AGO2-miRNA complex, hence we 
undertook the AGO2 RIP,26–28 which showed that circARHGAP5 was 
not significantly enriched by AGO2 compared with control, suggesting 

that circARHGAP5 might not serve as a miRNA sponge (Figure 4A). 
To explore whether circARHGAP5 exerted functions through interac-
tions with RBP, we used the RNA pull-down assay with circARHGAP5-
specific probes to identify circARHGAP5-associated proteins 
(Figure 4B). The qRT-PCR analysis confirmed that the antisense probe 
for circARHGAP5 could enrich circARHGAP5, and then we detected 
a specific band through silver staining of western blot gels, followed 
by mass spectrometry for the specific band (Figure 4C,D). Among the 
top predicted protein candidates, AUF1 was the only protein that was 
validated to interact with circARHGAP5 (Figure 4E; Table S4). We then 
confirmed this result using AUF1 RIP and further validated that AUF1 
could interact with circARHGAP5 (Figure 4F). Notably, circARHGAP5 
could interact with AUF1 in SiHa cells as well (Figure 4G,H). In addi-
tion, FISH-immunofluorescence analysis in ME-180 and SiHa cell lines 
showed that circARHGAP5 colocalized with AUF1 in the cytoplasm 
(Figure 4I). These data revealed that circARHGAP5 could physically 
interact with AUF1 in cytoplasm.

F I G U R E  3  Overexpression (OE) of 
circular RNA ARHGAP5 (circARHGAP5) 
inhibited cervical squamous cell carcinoma 
drug resistance. (A) Overexpression 
efficiency of circARHGAP5 in ME-180/
NC and ME-180/OE-circARHGAP5 cells, 
and SiHa/NC and SiHa/OE-circARHGAP5 
cells. (B) Relative change in ARHGAP5 
levels in NC/circ-OE ME-180 and SiHa 
cells. (C) CCK-8 assay with gradient 
concentration of cisplatin (CP) in NC/
circ-OE ME-180 cells and SiHa cells. (D) 
Apoptosis assays with IC50 concentration 
of drug cisplatin in NC/circ-OE ME-180 
cells and SiHa cells. IC50 for SiHa is 8 μg/
ml, and 9 μg/ml for ME-180. *p < 0.05, 
**p < 0.01, ***p < 0.001. NC, negative 
control; ns, not significant; PI, propidium 
iodide.
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As an RBP, AUF1 comprises a family of proteins consisting of 
four related isoforms including p37, p40, p42, and p45, containing 
two tandem RRMs.29,30 Additionally, AUF1 could recognize ARE 
sequences within different transcripts and control their stability.31 
To investigate which of the motifs is responsible for the circRNA–
protein interaction, we designed different truncations of AUF1 
(Figure 5A,B). RNA pull-down results showed that the binding sites 
of circARHGAP5 to AUF1 were RRM1 and RRM2 of isoforms of p37 
(Figure 5C). In summary, circARHGAP5 bound with the p37 isoform 
of AUF1 through the binding sites RRM1 and RRM2.

To continue to ascertain AUF1 binding sites of circARHGAP5, we 
then predicted the binding sites of circARHGAP5 and AUF1 (rbpmap.
techn​ion.ac.il). We input convergent and divergent sequences of cir-
cARHGAP5 into the website and there were 15 potential binding 
sites of circARHGAP5 and AUF1 all located at exon 2 (z-score > 2.5) 
(Table S5). As the sequence of circARHGAP5 is too long and most 
of the potential binding sites were focused on exon 2, we designed 
circARHGAP5 into three linear truncations as 1–1000 nt (wt1 and 
mt1), 1000–2000 nt (wt2 and mt2), and 1500–2500 nt (wt3 and mt3) 
of exon 2 (Figure 5D,E). The RNA-immunoprecipitation showed that 

F I G U R E  4  Circular RNA ARHGAP5 (circARHGAP5) interacted with AUF1 in cervical squamous cell carcinoma. (A) Ago2 RIP for detection 
of circARHGAP5 in ME-180 cells. PDP2 acted as a positive control, while U1 was a negative control. (B) Model of RNA pull-down assay. 
(C) Enrichment of circARHGAP5 of RNA pull-down in ME-180 cells. (D) Silver staining of proteins binding with circARHGAP5. (E) Western 
blot of RNA pull-down for detecting the binding protein of top enrichment proteins of mass spectrometry. (F–H) RNA pull-down and RIP 
efficiency of AUF1 protein and enrichment of circARHGAP5 in ME-180 and SiHa cells. Protein efficiency was validated through western 
blot, RNA enrichment was validated by quantitative RT-PCR. (I) FISH of circARHGAP5 (red) along with immunofluorescence staining (IF) of 
AUF1 (green) in ME-180 and SiHa cells. IF/FISH assay showed that circARHGAP5 was colocated with AUF1 in ME-180 and SiHa cells. Scale 
bar, 5 μm. **p < 0.01, ***p < 0.001. IB, immunoblot; M, marker; ns, not significant; scr, scramble.
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AUF1 binding sites of circARHGAP5 might be located in the 1500–
2500 nt sequence of exon 2 (Figure 5E).

3.5  |  AUF1 inhibited CSCC drug resistance in vitro

To further investigate the functions of AUF1 in CSCC, we con-
structed overexpression vector of AUF1 in ME-180 and SiHa cells. 
The qRT-PCR and western blot results showed that the expression 

of AUF1 was significantly increased when transfected with overex-
pression vector (Figure 6A,B). The CCK-8 assay with gradient con-
centration of CP revealed that overexpression of AUF1 significantly 
increased cell viability in ME-180 and SiHa cells (Figure 6C,D). Flow 
cytometry analysis of apoptosis with IC50 concentration of CP also 
showed that overexpression of AUF1 led to decrease of apoptosis 
in CSCC cells (Figure 6E). Taken together, these results suggested 
that overexpression of AUF1 might promote proliferation and inhibit 
apoptosis of CSCC cells in the context of CP treatment.

F I G U R E  5  Circular RNA ARHGAP5 
(circARHGAP5) bound to RNA recognition 
motif 1 (RRM1) and RRM2 of AUF1 in 
cervical squamous cell carcinoma. (A) 
Structure of AUF1 with four isoforms. 
(B) Model of truncations of AUF1. (C) 
Western blot of RNA pull-down assay 
for detecting the truncations of AUF1 
binding to circARHGAP5 in ME-180 cells. 
(D) Model of circARHGAP5 truncations. 
(E) RIP efficiency of AUF1 protein and 
enrichment of circARHGAP5 (WTs and 
mutants [MTs]) in ME-180 cells. Protein 
efficiency was validated through western 
blot, RNA enrichment was validated 
by quantitative RT-PCR. *p < 0.05, 
***p < 0.001. ns, not significant
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3.6  |  Circular RNA ARHGAP5 compromised AUF1 
degradation of BIM mRNA to promote cell apoptosis

In order to further explore the regulatory functions between cir-
cARHGAP5 and AUF1, we first tested whether changing circARH-
GAP5 levels might alter AUF1 levels. Results showed that knockdown 
of circARHGAP5 or overexpression of AUF1 did not significantly af-
fect mRNA levels of AUF1 or the level of circARHGAP5 in CSCC cells 
(Figure 7A,B). As AUF1 is predominantly known to promote mRNA 
decay of genes,32 we suspected that interaction of circARHGAP5–
AUF1 could influence AUF1-mediated downstream mRNA decay. 

Due to the functions of both circARHGAP5 and AUF1 in cell apop-
tosis in CSCC stated above, we wondered whether the downstream 
gene of AUF1 was related to apoptotic. We selected nine of the most 
common apoptotic regulators.33,34 We thus detected the level of 
several genes related to cell apoptosis upon AUF1 overexpression in 
ME-180 and SiHa cells. The qRT-PCR results showed that BIM was 
the only target that was negatively related with AUF1 in both ME-
180 and SiHa cells with the consistent trend, which suggested that 
BIM might be a downstream target of AUF1 (Figure 7C,D).

As AUF1 can regulate mRNA decay of target gene, public cross-
linking and immunoprecipitation high throughput sequencing 

F I G U R E  6  AUF1 inhibited cervical squamous cell carcinoma drug resistance in vitro. (A, B) Overexpression (OE) efficiency of AUF1 upon 
mRNA and protein levels in ME-180 and SiHa cells. (C, D) CCK-8 assay with gradient concentration of cisplatin (CP) in AUF1/EV and AUF1/
OE upon ME-180 and SiHa cells. (E) Apoptosis assay with IC50 concentration of drug cisplatin in the two groups of cells. IC50 for SiHa is 8 μg/
ml, and 9 μg/ml for ME-180. *p < 0.05, **p < 0.01, ***p < 0.001. EV, empty vector; ns, not significant; PI, propidium iodide.
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(CLIP-seq)data that revealed the bindings of BIM mRNA to AUF1 
proteins (Table S6).35 We suspected that circARHGAP5 might af-
fect AUF1 binding to BIM mRNA. First, we found that high ex-
pression levels of BIM mRNA predicted better prognosis in CSCC 
(Figure  7E). In addition, we examined the correlation between 
circARHGAP5 and BIM mRNA. Results showed that knockdown 
of circARHGAP5 suppressed the mRNA level of BIM in both ME-
180 and SiHa cells, whereas overexpression of circARHGAP5 pro-
moted the BIM mRNA level (Figure 7F,G). Additionally, qRT-PCR 
showed that the BIM mRNA level was lower when 1500–2500 nt 
of exon 2 (AUF1 binding sites) of circARHGAP5 was deleted, 
which might suggest that circARHGAP5 did not bind to AUF1 
at that time and that “free” AUF1 increased, which may bind to 
BIM, finally led to decrease of BIM (Figure  7H). Taken together, 

these data suggested that BIM was positively related with circAR-
HGAP5 and negatively with AUF1 in the progression of CSCC, 
which suggested that BIM might act as the downstream target for 
interaction of circARHGAP5–AUF1. To sum up the above results, 
we made a potential working model that showed that interaction 
between circARHGAP5 and AUF1 would reduce the degradation 
of BIM and release BIM to increase CP-mediated cell apoptosis in 
CSCC cells (Figure 7I).

4  |  DISCUSSION

Patients with recurrent, progressive, and metastatic cervical can-
cer have an obviously poor overall prognosis once resistant to CP.36 

F I G U R E  7  Circular RNA ARHGAP5 
(circARHGAP5) compromised AUF1 
degradation of BIM mRNA to promote 
cell apoptosis. (A) Relative AUF1 mRNA 
in NC and shcircARHGAP5 stable cells 
upon ME-180 and SiHa cervical squamous 
cell carcinoma (CSCC) cells. (B) Relative 
circARHGAP5 levels in AUF1/EV and 
AUF1/overexpressed (OE) upon ME-180 
and SiHa cells.(C, D) Relative mRNA levels 
of several apoptosis-related genes in 
AUF1/EV and AUF1/OE upon ME-180 
and SiHa cells. (E) Survival analysis of 
BIM in CSCC from Kaplan–Meier Plotter. 
(F) Relative BIM mRNA in the above NC 
and shcircARHGAP5 stable cells upon 
ME-180 and SiHa cells. (G) Quantitative 
RT-PCR showed relative BIM mRNA 
after circARHGAP5 overexpression in 
ME-180 and SiHa cells. (H) Relative BIM 
mRNA in circARHGAP5-mutated (MT) 
ME-180 cells. (H) Proposed mechanism 
of circARHGAP5-regulated cisplatin (CP) 
resistance. CircARHGAP5 derived from 
exons 2–3 of ARHGAP5, mainly located 
in cytoplasm, and then work as a sponge 
for AUF1 protein, which resulted in the 
decreased number of “free” AUF1 proteins 
that bind to BIM mRNAs to promote cell 
apoptosis in cisplatin resistance. *p < 0.05, 
**p < 0.01, ***p < 0.001. EV, empty vector; 
NC, negative control; ns, not significant.
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Research on circRNA in CP resistance has attracted increasing at-
tention in recent years.37 In this study, we found that circARHGAP5, 
a direct RNA target positively regulated by ΔNp63α, contributed to 
inducing platinum-mediated apoptosis. We have also identified that 
circARHGAP5 could interact with AUF1, and overexpression of AUF1 
could also inhibit the CP-mediated cell apoptosis. Furthermore, BIM 
was one of the AUF1 potential targets, and BIM mRNA might serve 
as a downstream target of AUF1. Therefore, we first revealed that 
circARHGAP5 regulated by ΔNp63α could inhibit CP resistance in 
CSCC through AUF1-dependent degradation of pro-apoptotic BIM 
mRNA.

It is worth noting that multiple circRNAs can be generated from 
the same host gene as different isoforms, and in some cases, the 
biogenesis of each circRNA, even derived from the same locus, is in-
dependently regulated in different tissues with distinct functions.38 
Circular RNA ARHGAP5 was first reported to function in adipocyte 
metabolism.38 There were two circular isoforms of circARHGAP5, 
named circARHGAP5-1 and circARHGAP5-2, arising from differ-
ent exons, and the sequence of circARHGAP5-1 in a previous study 
concurs with circARHGAP5 identified in this context. However, the 
molecular roles of circARHGAP5s regulating adipogenesis are still 
poorly understood. In our analysis, we explored one circular isoform 
of circARHGAP5 in CSCC and found it is involved in CSCC CP resis-
tance by interacting with RNA-binding proteins as AUF1. Therefore, 
we have expanded the functions of circARHGAP5 in disease and re-
vealed the mechanism of circARHGAP5.

Recent evidence indicates that circRNAs were involved in tum-
origenesis, and abnormal expression of circRNAs could led to pro-
gression of disease.26,39–41 Platinum-based chemoradiotherapy has 
been used in patients with cervical cancer as an addition to surgery 
to improve their outcome.42,43 Cisplatin can induce cell apoptosis by 
multiple intertwined signaling pathways.44–46 In chemoresistance 
of cervical cancer, circRNAs could serve as future therapeutic bio-
markers.47 There is growing evidence that circRNAs can regulate the 
chemosensitivity of chemotherapy with CP in cervical cancer. For 
example, studies have shown that circMTO1 could promote cervi-
cal cancer cell tumor progression and CP resistance through spong-
ing miR-6893, and hsa_circ_0023404 inhibits autophagy-mediated 
cell death to confer chemoresistance of cervical cancer.48,49 In this 
context, we first determined that circARHGAP5 is regulated by 
ΔNp63α, which could exert CP resistance in CSCC, and decreased 
circARHGAP5 in CSCC cells was antiapoptotic in CP resistance, 
which could provide cells with time for DNA repair and homeostasis 
re-establishment.

AUF1 is among the first ARE RNA-binding proteins to be purified, 
cloned, and studied for its complex regulation of mRNA targets.50,51 
AUF1 can bind to many ARE mRNAs like cyclin D1 and p21 and as-
sembles some factors to recruit the mRNA degradation machinery.32 
AUF1 has also been shown to play a vital and complex role in can-
cer progression and chemoresistance.52–54 For example, AUF1 can 
enhance the chemotherapeutic drug resistance of hepatoma cells 
and among breast cancer patients.55,56 However, the functions and 
mechanisms of AUF1 in the development and progression of CSCC 

are still obscure. In this study, we proved that AUF1 could interact 
with circARHGAP5 and overexpression of AUF1 could suppress CP-
mediated apoptosis of CSCC.

In our study, results showed that circARHGAP5 and AUF1 did 
not have a direct effect on each other. Therefore, we hypothesized 
that circARHGAP5 might directly influence the binding of AUF1 and 
its mRNA targets. As the biological functions of circARHGAP5 in 
CSCC drug resistance led to cell apoptosis, we found that BIM was 
positively related with circARHGAP5, but negatively with AUF1. 
BIM is a protein that belongs to the Bcl-2 family, which is a well-
known pro-apoptotic molecule.57,58 BIM can initiate the intrinsic 
apoptotic pathway and its overexpression inhibited tumor growth 
and drug resistance.59 Previous studies have shown that BIM can 
sensitize some kinds of cancer to drugs, and also in CSCC, high BIM 
expression is a potential prognostic marker as well as a chemothera-
peutic target.60,61 In this study, we found that AUF1 might play a crit-
ical role in altering BIM mRNA stability in apoptosis. In addition, we 
suspected that circARHGAP5 directly bound AUF1 and prevented 
AUF1 from interacting with BIM mRNA, enabling decreases in BIM 
mRNA, and in turn inhibiting apoptosis in drug resistance.

However, there are some limitations in our study. We need more 
experiments to expand the knowledge of CP resistance and addi-
tional studies will be necessary to deepen our knowledge of the tar-
get gene of AUF1.

In conclusion, we identified and characterized circARHGAP5 as 
an essential circRNA target regulated by ΔNp63α that was downreg-
ulated in CP-resistant tissues. Circular RNA ARHGAP5 might work as 
a sponge for AUF1 protein, which could result in decreased numbers 
of AUF1 proteins that bind to BIM mRNAs to promote cell apopto-
sis in CP resistance, while the number of AUF1 proteins would not 
decrease. Thus, our findings provide an insight into understanding 
the progression of CSCC drug resistance, and circARHGAP5 can be 
used as a diagnostic biomarker and potential therapeutic approach 
in CSCC CP resistance.
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