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hsa_circ_0005358 suppresses cervical
cancer metastasis by interacting with PTBP1
protein to destabilize CDCP1 mRNA
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Metastasis is the main cause of cervical cancer lethality, but to
date, no effective treatment has been developed to block metas-
tasis. Circular RNAs (circRNAs) were recently found to be
involved in cancer metastasis. In this study, we identified a
downregulated circRNA derived from the host gene Glil (hsa_
circ_0005358) in cervical cancer tissues, which was expressed at
lower levels in tissues with extracervical metastasis than in
those without extracervical metastasis. Upregulation of hsa_
circ_0005358 significantly suppressed the migration and inva-
sion of cervical cancer cells in vitro, and downregulation of
hsa_circ_0005358 had the opposite effect. A mouse model
revealed that cervical cancer cells overexpressing hsa_
circ_0005358 possessed weaker metastatic potential in vivo.
RNA-pull-down assay, mass spectrometry, and RNA immuno-
precipitation validated the findings that hsa_circ_0005358
functions via its 215-224 sequence, which interacts with poly-
pyrimidine tract-binding protein 1 (PTBP1). RNA-sequencing
profiling revealed that CUB-domain-containing protein 1
(CDCP1) is a common target for hsa_circ_0005358 and
PTBP1. We further confirmed that hsa_circ_0005358 seques-
tered PTBP1, preventing it from stabilizing CDCP1 mRNA,
reducing CDCP1 protein translation and ultimately suppress-
ing cancer metastasis. Our findings reveal the function of hsa_
circ_0005358 in tumor metastasis, which may be applied to a
potential therapeutic approach for patients with metastatic
cervical cancer.

INTRODUCTION

Cervical cancer ranks as the fourth most common malignant tumor in
females, and squamous cell carcinoma (SCC) accounts for 80% of all
cases." Approximately 90% of deaths caused by cervical cancer occur
in developing countries,” where women lack access to cancer
screening and human papillomavirus vaccination, and many patients
are first diagnosed at an advanced stage with pelvic and/or lymph
node metastasis.>* Unfortunately, current treatments, namely, radio-
therapy and chemoradiotherapy, yield unsatisfactory results for
advanced cervical cancer.” The 5-year survival rate of cervical cancer

patients at an advanced stage was reported to be only 17.8%
(SEER:2011-2017, All Races). Exploring the mechanism of tumor
metastasis will advance the development of new strategies to block
the metastasis of cervical cancer.

Metastasis is one of the main causes of cancer-related deaths,’
including cervical cancer deaths. Various mechanisms associated
with tumor metastasis have been demonstrated, such as the epithe-
lial-to-mesenchymal transition (EMT),° the cancer stem cell the-
0ry,7’8 a remodeled tumor microenvironment,” and others.'®!
Recently, the involvement of circular RNAs (circRNAs) in tumor
metastasis has attracted considerable attention.'” circRNAs are
non-coding RNAs characterized by a covalently closed loop without
a 5" end cap or 3’ poly(A) tail."* The distribution of circRNAs reveals
their functional specificity in diverse tissues and different diseases.'*
Recent studies have shown that the same circRNA affects metastasis
differently in different tumors. For example, the classic circRNA
CDR1as promotes metastasis of lung squamous carcinoma and can
be inhibited by miR-671-5p."” In contrast, the deletion of CDR1as fa-
cilitates the invasion of melanoma in an IGF2BP3-mediated
manner.'® These studies suggest a complicated role for circRNAs in
cancer metastasis. Moreover, the competitive endogenous RNA
(ceRNA) network has been recognized as a major mechanism by
which circRNAs function,'” yet the capacity of circRNAs to affect
molecules in addition to microRNAs is likely underestimated. There-
fore, it is necessary to investigate circRNA involvement in cervical
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Figure 1. Identification and characteristics of hsa_circ_0005358

(A) The heatmap of the differentially downregulated circRNAs in six human squamous cervical cancer tissues compared with six normal cervical tissues. The line indicates
hsa_circ_0005005358. (B) Schematic illustration of the generation of hsa_circ_0005358. hsa_circ_0005358 is back-spliced from the Gli1 gene. The existence of hsa_
circ_0005358 was validated by Sanger sequencing. The black arrow indicates the splicing site of hsa_circ_0005358. (C) Linear and back-splicing products were amplified
using convergent and divergent primers of gDNA and cDNA to validate the existence of hsa_circ_0005358 in SiHa and CaSki cells. (D) Full-length hsa_circ_0005358 was

(legend continued on next page)
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cancer metastasis to discover a potential therapeutic approach for
cervical cancer.

In this study, we identified a circRNA derived from the Glil gene
(circBase: hsa_circ_0005358) that is significantly downregulated in
squamous cervical cancer tissues compared with normal cervical tis-
sues. Gene function experiments showed that hsa_circ_0005358
functioned as a suppressor of the migration and invasion of cervical
cancer in vitro and in vivo. Mechanistically, hsa_circ_0005358 bound
directly to an RNA-binding protein (RBP), polypyrimidine tract-
binding protein 1 (PTBP1), at sequence 215-224 and served as a
decoy to intervene in the regulation by PTBP1 of CUB-domain-con-
taining protein 1 (CDCP1), specifically blocking the metastasis-pro-
moting ability of CDCP1. Our findings provide new evidence
that circRNAs modulate tumor metastasis and suggest that hsa_
circ_0005358 might be a potential agent that blocks the metastasis
of cervical cancer.

RESULTS

Identification and characteristics of hsa_circ_0005358

In our previous study,'® circRNA sequencing profiling (GEO:
GSE147009) was performed with a set of 12 cervical samples,
including 6 normal cervical tissues and 6 cervical SCC tissues. The re-
sults of the sequencing yielded a total of 257 circRNAs that were
significantly downregulated in cervical cancer tissues (the threshold
values were |log,FC (fold change)| > 2 and p < 0.05) (Figure 1A).
We focused on the 15 most differentially downregulated circRNAs
in SCC (Table S1). Of these circRNAs, we excluded circRNAs ex-
pressed at insufficiently low levels and those of intron origin, and
amplified putative back-splice junctions of the remaining 9 candi-
dates using divergent primers and polymerase chain reaction (PCR)
(Figure S1A). Considering that hsa_circ_0005358 was one of the
most significantly downregulated circRNAs in cervical cancer tissues
and showed the greatest specificity among the divergent primers, we
chose hsa_circ_0005358 for further investigation.

The genomic structure indicates that hsa_circ_0005358 is generated
from the human Glil gene (chrl2:57,861,115-57,862,007) (Fig-
ure 1B). Divergent primers were designed to detect the specific junc-
tion of hsa_circ_0005358, distinguishing it from its linear mRNA
counterpart. We performed PCR using complementary DNA
(cDNA) and genomic DNA (gDNA) of two cervical cancer cell lines,
SiHa and CaSki. Without a specific circular junction, gDNA cannot
amplify PCR products when divergent primers are used (Figure 1C).
We also designed two pairs of primers to amplify the full-length hsa_
circ_0005358 and validated the amplified product by DNA gel elec-
trophoresis (Figure 1D). The Sanger sequencing results (Table S2)
confirmed the full-length sequence of hsa_circ_0005358 with the

intron region of the host gene spliced out. Endogenous expression
of hsa_circ_0005358 was also detected in SiHa and CaSki cells using
a probe targeting specific junctions in a northern blot assay (Fig-
ure 1E). Moreover, after RNase R exonuclease treatment, the
mRNA expression of its host gene, Glil, was significantly decreased,
and hsa_circ_0005358 was resistant to RNase R digestion due to
the lack of a 5" end cap and 3’ poly(A) tail (Figure 1F), suggesting
that hsa_circ_0005358 is a stable RNA with a circular structure.
RNA fluorescence in situ hybridization (FISH) (Figure 1G) and
subcellular fractionation assays (Figure 1H) revealed that hsa_
circ_0005358 was mainly located in the nucleus, but also in the cyto-
plasm, of SiHa and CaSki cells. RNA in situ hybridization assays
showed that cancer cells, but not stromal cells, expressed hsa_
circ_0005358 in cervical cancer tissues (Figure S1B). Taken together,
the findings indicate that hsa_circ_0005358 is a stable circRNA in
cervical cancer cells.

hsa_circ_0005358 acts as a suppressor of metastatic behaviors
of cervical cancer in vitro and in vivo

To explore the biological function of hsa_circ_0005358, we con-
structed a plasmid to overexpress hsa_circ_0005358. Northern blot
analysis confirmed that this overexpression vector did not produce
linear products (Figure S2A). qRT-PCR confirmed the overexpres-
sion efficiency in SiHa and CaSki cells (Figure S2B). Transwell assays
were performed to detect the migration and invasion ability of cells.
After hsa_circ_0005358 was overexpressed, the migration and inva-
sion rates of both SiHa and CaSki cells were significantly decreased
compared with the rate of the control cells (Figures 2A and 2B).
Wound healing assays showed that the overexpression of hsa_
circ_0005358 resulted in slower gap closure (Figure 2C). In addition,
CCK-8 assays showed no significant differences in proliferation be-
tween cells with and without hsa_circ_0005358 overexpression (Fig-
ure 2D), suggesting that decreased migration and invasion of cells
overexpressing hsa_circ_0005358 does not result from a lower rate
of cellular proliferation.

In addition, we designed two small interfering RN As (siRNAs) target-
ing the junction sites of hsa_circ_0005358 to knock down hsa_-
circ_0005358 expression in the C-4I cervical cell line, which expresses
a higher level of hsa_circ_0005358 than both SiHa and CaSki cells
(Figure S2C). The expression of hsa_circ_0005358, but not its linear
counterpart, was significantly downregulated by both siRNAs (Fig-
ure S2D). In contrast to hsa_circ_0005358 overexpression, hsa_
circ_0005358 knockdown significantly promoted cell migration and
invasion rates (Figure S2E) and accelerated wound healing speed
(Figure S2F) without affecting the proliferation (Figure S2G) of
C-4I cells.

amplified using two pairs of different primers and PCR. (E) Northern blot analysis using a probe targeting the specific junction of hsa_circ_0005358 verified the endogenous
existence of hsa_circ_0005358 in SiHa and CaSki cells. (F) The expression of hsa_circ_0005358 and Gli1 mRNA in SiHa and CaSki cells was detected by gRT-PCR analysis
after RNase R treatment (Student’s t test). (G) A fluorescence in situ hybridization (FISH) assay was conducted to determine the subcellular localization of hsa_circ_0005358.
Scale bar, 10 um. (H) The distribution of hsa_circ_0005358, GAPDH, and U1 in the cytoplasmic and nuclear fractions of SiHa (top) and CaSki (bottom) cells (Student’s t test).

The data were represented as means + SEM, n = 3. ***p < 0.0001.
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Figure 2. hsa_circ_0005358 acts as a suppressor of the metastatic behavior of cervical cancer in vitro and in vivo

(A and B) The migration (A) and invasion (B) abilities of SiHa and CaSki cells overexpressing hsa_circ_0005358 or vector as determined by transwell assay (Student’s t test).
Scale bar, 100 um. (C) The migration capability of SiHa and CaSki cells overexpressing hsa_circ_0005358 or vector as determined by wound healing assay (Student’s t test).
Scale bar, 100 um. (D) The proliferation of SiHa and CaSki cells overexpressing hsa_circ_0005358 or vector as determined by CCK-8 assay (Student’s t test). (E and F)
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To confirm the suppressive effect of hsa_circ_0005358 on cancer
metastasis in vivo, we injected SiHa cells stably overexpressing hsa_
circ_0005358 or the control vector into female SCID mice via the
caudal vein (n = 5/group, 2 X 10° cells injected per mouse), and moni-
tored tumor metastasis once a week by luminescence using an in vivo
imaging technique. We found that hsa_circ_0005358 overexpression
significantly suppressed the metastasis of SiHa cells compared with
the control group cells 4 weeks after injection (Figures 2E and 2F).
Then, the mice were all sacrificed under anesthesia 4 weeks after in-
jection, and the lungs were removed for further examination. Histol-
ogy with H&E staining showed classic morphology of lung metastases
(Figure 2G). The calculation of metastatic nodular numbers observed
at 10x magnification revealed that the number of metastatic nodules
in the hsa_circ_0005358 overexpression group was significantly less
than that in the control group (Figure 2H). Moreover, we detected
the expression level of hsa_circ_0005358 in 55 pathologically
confirmed normal cervical tissue and 60 cervical SCC tissue samples
(Table S3). Significant loss of hsa_circ_0005358 was observed in cer-
vical cancer tissues compared with normal cervical tissues, and tumor
samples with extracervical invasion or node metastasis (FIGO stage II
or more) showed a significantly greater reduction in hsa_
circ_0005358 expression than samples of tumors limited to the cervix
(FIGO stage I) (Figure 2I). Together, these results suggest that hsa_
circ_0005358 is a suppressor of cervical cancer metastasis.

hsa_circ_0005358 directly interacts with PTBP1

A bioinformatic analysis (online tool: RBP map) of hsa_circ_0005358
sequences predicted several specific sequences that can bind to the
corresponding RNA recognition motif (RRM) of different RBPs
(Table S4), suggesting that hsa_circ_0005358 may potentially interact
with RBPs. To explore the protein partners of hsa_circ_0005358, we
performed RNA-pull-down assays. A synthesized biotin-labeled
probe targeting the specific junction of hsa_circ_0005358 was used
to capture hsa_circ_0005358, and the result was displayed as an
obvious band at approximately 55-70 kDa in the hsa_circ_0005358
probe lane (Figure 3A). Mass spectrometry (MS) results confirmed
that the major component of the differential band was PTBPI (Table
S5), an upregulated gene in cervical cancer.'® Pull-down assays with
western blot analysis (Figures 3B and S3A) and RNA-immunoprecip-
itation (RIP) assays (Figures 3C and S3B) revealed an interaction be-
tween hsa_circ_0005358 and PTBP1. RNA-pull-down assays (Fig-
ure 3D) and RIP assays (Figure 3E) showed a stronger interaction
between hsa_circ_0005358 and PTBP1 when hsa_circ_0005358 was
overexpressed. When hsa_circ_0005358 was knocked down in C-41
cells, the interaction got weaker (Figures S3C and S3D). In addition,
the upregulation or downregulation of hsa_circ_0005358 expression
did not affect PTBP1 expression (Figure S3E), and PTBP1 expression
did not affect hsa_circ_0005358 expression (Figures S3F-S3G).

Moreover, we found that PTBP1 facilitated the metastatic behavior
of cervical cancer cells in vitro (Figures S3H-S3L), which was consis-
tent with the results in other studies.”*® Therefore, we speculated
that hsa_circ_0005358 acts as a decoy for PTBP1 and compromises
the metastasis-promoting property of PTBP1.

Using bioinformatic analysis, we also predicted five potential binding
sites between hsa_circ_0005358 and PTBP1, and then constructed
five mutant circRNA plasmids (Mutl-Mut5) specific to each binding
site and another plasmid with all the potential mutant binding sites
(Mut6) (Figure 3F). None of the mutations affected the circular struc-
ture of hsa_circ_0005358. As shown in Figures 3G and 3H, the
overexpression of Mutl, Mut2, and Mut3 plasmids significantly sup-
pressed the migration and invasion of SiHa and CaSki cells as the over-
expression of wild-type hsa_circ_0005358 did, but Mut4, Mut5, or
Mut6 lost such function, suggesting that the sequence where Mut4
and Mut5 were located, i.e., sequence 215-224, is necessary for hsa_-
circ_0005358 function. We named the hsa_circ_0005358 plasmid
with the sequence 215-224 mutation Mut-hsa_circ_0005358 (Fig-
ure 3I). RNA-pull-down assays showed that PTBP1 was less enriched
in SiHa and CaSki cells overexpressing Mut-hsa_circ_0005358 than
in cells overexpressing wild-type hsa_circ_0005358 (Figure 3]). RIP as-
says followed by qQRT-PCR revealed that Mut-hsa_circ_0005358 could
not be captured by PTBP1 (Figure 3K). The cells overexpressing Mut-
hsa_circ_0005358 presented migration and invasion abilities similar to
those of control cells (Figures 3L and 3M). Together, our results suggest
that hsa_circ_0005358 functions via sequence 215-224 directly binding
to PTBPI.

hsa_circ_0005358 regulates CDCP1 expression by binding to
PTBP1

Since hsa_circ_0005358 served as a decoy and acted against PTBP1,
we conducted two RNA-sequencing (RNA-seq) analyses with SiHa
cells with and without overexpressed hsa_circ_0005358 (RNA-seq-
1, N_SiHa versus O_SiHa) and SiHa cells with and without silenced
PTBP1 (RNA-seq-2, siRNA_oligo versus siRNA_PTBP1). By
applying filtered thresholds of |log, FC| > 1.2 and p < 0.05, RNA-
seq analyses yielded 99 differentially expressed transcripts for RNA-
seq-1 and 6,027 differentially expressed transcripts for RNA-seq-2.
The overlap of RNA-seq-1 and RNA-seq-2 was analyzed and dis-
played in clustered heatmaps (Figures 4A and 4B). Of the overlapping
genes, 38 showed a similar expression trend in cells with hsa_
circ_0005358 overexpression and PTBP1 silencing. We further
reduced the number of candidates according to the reported function
of these genes and selected 15 genes for further verification in SiHa
and CaSKki cells by qRT-PCR (Figures 4C and 4D). The expression
of three mRNAs, laminin subunit y2 (LAMC2), CDCP1, and synap-
totagmin-like 2 (SYTL2), showed consistent change trends in both

Representative images (E) and luminescence quantification (F) of lung metastases of transplanted tumors at the endpoints (Student’s t test). (G) H&E staining of lung
metastases. The arrows indicate classic morphology of lung metastases. Scale bars, 100 and 200 um. (H) The number of metastatic lesions in five randomly scanned regions
of each image was calculated to evaluate the metastasis of both groups (Student’s t test). (I) Relative levels of hsa_circ_0005358 expression in SCC and normal cervical
tissues as determined by gRT-PCR analysis, 18s was used as internal control (ANOVA). The data are represented as means + SEM, n = 3. *p < 0.05, **p < 0.01, **p < 0.001,

***p < 0.0001.
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SiHa and CaSki cells with hsa_circ_0005358 overexpression or
PTBP1 silencing (Figure 4E). Next, we detected the expression of
three proteins and found that the expression of the CDCP1 protein
was more dramatically decreased in both SiHa and CaSki cells with
hsa_circ_0005358 overexpression or PTBP1 silencing (Figure 4F)
than that of the other two proteins (Figures S4A and S4B). The results
suggested that hsa_circ_0005358 and PTBP1 commonly regulate
CDCP1 expression.

We then investigated CDCP1 function in cervical cells and found that
forced CDCP1 overexpression significantly promoted the migration
and invasion of SiHa and CaSki cells (Figures S4C-S4E), and down-
regulation of CDCPI1 had the opposite effect (Figures S4F-S4H).
Moreover, normalized hsa_circ_0005358 expression was negatively
correlated with normalized CDCP1 mRNA expression in cervical
cancer tissues (Pearson r = —0.7342, p < 0.0001, Figure S4I).

We simultaneously upregulated hsa_circ_0005358 and CDCPI in
SiHa and CaSki cells and found that hsa_circ_0005358 overexpres-
sion alone led to reduced migration and invasion rates in both cell
lines, and these effects were neutralized by CDCP1 upregulation (Fig-
ures 4G-4I). In contrast, we found that hsa_circ_0005358 knock-
down significantly increased the expression of CDCP1 (Figure S5A)
and promoted the migration and invasion rates of C-4I cells, and
these effects were reversed by CDCP1 knockdown (Figures S5B and
S5C). We also simultaneously downregulated PTBP1 and upregulated
CDCP1I in SiHa and CaSki cells and found that downregulated PTBP1
inhibited the migration and invasion rates of both cell lines, and these
effects were neutralized by upregulated CDCP1 (Figures S5D-S5F).
These results suggest that overexpression of CDCP1 reverses cellular
migration and invasion abilities induced by hsa_circ_0005358 upre-
gulation or PTBP1 downregulation.

Furthermore, we wondered whether hsa_circ_0005358 regulated
CDCP1 expression in a PTBP1-dependent manner. The overexpres-
sion of Mut-hsa_circ_0005358, which has been shown not to interact
with PTBP1, was associated with CDCP1 expression level similar to
that of the vector group (Figure 4]J). Combined with the phenotype
of Mut-hsa_circ_0005358, as shown in Figures 3L and 3M, these re-
sults suggest that upregulated hsa_circ_0005358 inhibits CDCP1
expression by binding to PTBPI, thus leading to the attenuation of
the aggressive metastatic behavior of cervical cancer cells.

hsa_circ_0005358 blocks PTBP1 from binding to and stabilizing
CDCP1 mRNA

Considering that PTBP1 knockdown inhibited CDCP1 mRNA
expression in our RNA-seq analysis and that a Clip-seq database
(POSTAR2: PTBP1) implied that PTBP1 bound to CDCP1 mRNA
directly, we deduced that the binding of PTBP1 to CDCP1 mRNA
probably enhanced CDCP1 mRNA stability. Pull-down assays and
RIP assays validated that PTBP1 bound to CDCP1 mRNA in SiHa
and CaSKki cells (Figures 5A and 5B).

Actinomycin-D (Act-D), a classical transcription inhibitor, has been
used in previous studies’*” to determine the endogenous mRNA
decay rate. By inhibiting RNA polymerase II, Act-D can globally
rapidly stop the transcription of cellular RNA. In this study, Act-D
was used to examine the decay rate of CDCP1 mRNA levels in
SiHa and CaSKki cells. The qRT-PCR assay showed that PTBP1 knock-
down accelerated endogenous CDCP1 mRNA degradation and
reduced CDCP1 protein levels in SiHa and CaSki cells compared
with control cells, and PTBP1 upregulation had the opposite effect
(Figures 5C and 5D). The results suggest that PTBP1 binds to and sta-
bilizes CDCP1 mRNA and consequently elevates CDCP1 protein
expression.

Pull-down assays and RIP assays showed that the overexpression of
hsa_circ_0005358, but not that of Mut-hsa_circ_005358, reduced
PTBP1 recruitment by CDCP1 mRNA (Figure 5E) and decreased
CDCP1 mRNA levels enriched by PTBP1 antibody (Figure 5F),
indicating that hsa_circ_0005358 blocks PTBP1 from binding to
CDCP1 mRNA. Next we examined CDCP1 mRNA expression un-
der different conditions after Act-D treatment. As shown in Figures
5G and 5H, the overexpression of hsa_circ_0005358, but not that of
Mut-hsa_circ_0005358, accelerated CDCP1 mRNA decay and
decelerated protein synthesis, which was also reversed by co-trans-
fection of hsa_circ_0005358 and PTBPI1. Taken together, these re-
sults suggest that hsa_circ_0005358 prevents PTBP1 from binding
to and stabilizing CDCP1 mRNA and thus decreases CDCP1 pro-
tein levels.

DISCUSSION

Pelvic and lymph node metastasis is the main biological behavior and
cause of lethality of cervical cancer.” Accumulating evidence has re-
vealed that circRNAs play roles in tumor metastasis in different

Figure 3. hsa_circ_0005358 directly interacts with PTBP1

(A) A probe targeting the junction of hsa_circ_0005358 was used to capture the hsa_circ_0005358-protein complex. The pull-down products were verified by silver staining
and mass spectrum identification. PTBP1 was identified as the most likely candidate protein interacting with hsa_circ_0005358. (B) Pull-down western blot (WB) assay
confirmed that hsa_circ_0005358 interacted with PTBP1 in SiHa and CaSki cell lines. (C) RIP assays using anti-PTBP1 antibodies confirmed that PTBP1 precipitated
hsa_circ_0005358 in SiHa and CaSki cell lysates (Student’s t test). (D and E) The interaction between hsa_circ_0005358 and PTBP1 in SiHa and CaSki cells overexpressing
hsa_circ_0005358 as determined by pull-down WB (D) and RIP (E) assays (Student’s t test). (F) Schematic illustration of different binding sites of hsa_circ_0005358 on
PTBP1. Mut1 to Mut5 represent different mutant binding sites. Mut6 represents hsa_circ_0005358 with all potential binding sites mutated. (G and H) The migration (G) and
invasion (H) abilities of SiHa and CaSki cells transfected plasmids with different mutants as determined by transwell assays (ANOVA). Scale bar, 100 um. (l) Schematic
illustrating mutated hsa_circ_0005358 at sequence 215-224, named Mut-hsa_circ_0005358. (J and K) The interaction between hsa_circ_0005358 and PTBP1 in SiHa and
CaSki cells overexpressing Mut-hsa_circ_0005358 shown by pull-down assays (J) and RIP assays (K) (ANOVA). (L and M) The migration (L) and invasion (M) abilities of SiHa
and CaSki cells overexpressing hsa_circ_0005358 or Mut-hsa_circ_0005358 as determined by transwell assays (ANOVA). Scale bar, 100 um. The data are represented as
means + SEM, n = 3. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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ways.z‘%’27 In our previous RNA-seq data, we found hsa_circ_0005358

to be significantly downregulated in squamous cervical cancer
compared with normal cervical tissues. In this study, we further inves-
tigated the function of hsa_circ_0005358 and found that hsa_
circ_0005358 served as a tumor suppressor for cervical cancer metas-
tasis in vitro and in vivo. Moreover, the analysis of the data of 60 cer-
vical cancer samples showed significantly more decreased hsa_
circ_0005358 expression in tumor tissues with extracervical invasion
or node metastasis than in those without extracervical involvement.
Mechanistically, hsa_circ_0005358 bound to the PTBPI protein
and blocked the interaction between the PTBP1 protein and the
CDCP1 mRNA, leading to the decay of CDCP1 mRNA and subse-
quent metastasis suppression. Taken together, our results suggest
that the restoration of hsa_circ_0005358 expression may be a poten-
tial approach to blocking cervical cancer metastasis.

Initially, research on circRNA biological functions focused on their
role in sponging microRNAs.**** However, recent studies demon-
strated that some circRNAs may also bind to regulatory RBPs via
specific binding sites, acting as protein sponges, decoys, or scaffolds
to regulate downstream targets.”>**>! Our bioinformatic analysis re-
vealed the sequence of hsa_circ_0005358 containing RBP motifs.
Accordingly, we conducted an RNA-pull-down assay combined
with MS analysis and found that hsa_circ_0005358 bound directly
to the PTBP1 protein. In our previous study based on RNA-seq,
we found that PTBP1 was overexpressed in cervical cancer,"
implying that PTBP1 serves as an oncogene in cervical cancer.
Here, our gene function experiments confirmed the role of PTBP1
in facilitating the metastatic behavior of cervical cancer cells
in vitro. A recent study showed that specifically designed oligonucle-
otides can bind to PTBP1 like a decoy,”> compromising the original
function of PTBP1 without changing PTBP1 protein expression. In
the current study, we did not find that hsa_circ_0005358 regulated
the expression of PTBP1 in cervical cancer cells, suggesting that in-
hibition of the oncogenic properties of PTBP1 is due to hsa_
circ_0005358 binding to PTBP1.

It has been revealed that the RRM of PTBP1 has a preference for CU-
rich sequences,“’34 which are abundantly scattered across the hsa_
circ_0005358 sequence. Thus, we mutated five sites in the hsa_
circ_0005358 sequence, each of which were predicted to bind possibly
to PTBP1. We found that hsa_circ_0005358 with mutated sequence
215-224 no longer had the capacity to capture PTBP1 or inhibit

the migration and invasion of cervical cancer cells, suggesting that
sequence 215-224 is critical for the interaction between hsa_
circ_0005358 and PTBP1.

PTBP1 has been demonstrated to be a crucial regulator of mRNA
metabolism and is involved in splicing regulation, internal ribosomal
entry site (IRES)-mediated translation initiation, mRNA stability, and
other functions.”> " To verify that hsa_circ_0005358 works as a
decoy of PTBP1, we investigated the activity of hsa_circ_0005358
in modulating the target gene of PTBP1. The Venn graph of the
two RNA-seq datasets revealed that CDCP1 was a candidate
commonly controlled by both hsa_circ_0005358 and PTBP1. Previ-
ous studies revealed the association of CDCP1 upregulation with
metastasis in various cancers,”>* including cervical cancer.*’ Consis-
tently, in this study, we confirmed that CDCP1 functions as an onco-
gene to promote the metastatic behavior of cervical cancer cells. The
cell phenotypes acquired through hsa_circ_0005358 overexpression
or knockdown can be reversed by enforced overexpression or inhibi-
tion of CDCPI, respectively, suggesting that CDCP1 functions via
hsa_circ_0005358. Importantly, overexpressed mutant hsa_
circ_0005358 did not bind to PTBPI, alter CDCP1 expression, or
affect cell phenotypes. Furthermore, we verified that hsa_
circ_0005358 blocked the interaction between PTPB1 and CDCP1
mRNA, thus accelerating CDCP1 mRNA decay and leading to
decreased expression of the CDCP1 protein. These findings demon-
strated that hsa_circ_0005358 modulates the expression of CDCP1
mRNA and protein by binding to PTBP1.

To evaluate the function of hsa_circ_0005358 in promoting cervical
cancer metastasis in vivo, we employed an animal model and injected
cervical cancer cells stably overexpressing hsa_circ_0005358 into
mice via the caudal vein, as described in previous reports.*"**
this model, cancer cells are directly injected into the blood circulation,
which does not truly reflect the characteristics of cancer cell metas-
tasis. To overcome this shortcoming of the animal model, we detected
the level of hsa_circ_0005358 expression in cancer tissues with metas-
tasis and without metastasis, and the results supported that cervical
cancer tissues with higher hsa_circ_0005358 expression levels exhibit
weakened metastatic potential.

In

In summary, we found that the restoration of circRNA hsa_-
circ_0005358 in cervical cancer, which normally interacts with
PTBP1 via sequence 215-224, impedes PTBP1 binding to and

Figure 4. hsa_circ_0005358 regulates CDCP1 expression by binding to PTBP1

(A and B) Venn diagram (A) and clustered heatmaps (B) showing the overlap of differentially expressed mRNAs in SiHa cells with hsa_circ_0005358 that either is or is not
overexpressed, and with PTBP1 that either is or is not knocked down. (C and D) Fifteen candidates in RNA-seq in SiHa and CaSki cells with hsa_circ_0005358 over-
expression (C) or PTBP1 knockdown (D) as validated by gRT-PCR (Student’s t test, ANOVA). (E) Venn diagram illustrating the overlap of RNA-seq results as verified by gRT-
PCRin SiHa and CaSki cells. (F) The protein levels of CDCP1 in SiHa and CaSki cells with hsa_circ_0005358 overexpression or PTBP1 knockdown as measured by western
blot analysis. (G) The protein levels of CDCP1 in SiHa and CaSki cells with hsa_circ_0005358 overexpressed or hsa_circ_0005358 overexpressed plus the CDCP1 plasmid
as validated by western blot analysis. (H and ) The migration (H) and invasion ()) abilities of SiHa and CaSki cells with hsa_circ_0005358 overexpression or hsa_circ_0005358
overexpression plus CDCP1 plasmids as assessed by transwell assay (ANOVA). Scale bar, 100 um. (J) The protein levels of CDCP1 in SiHa and CaSki cells overexpressing
wild-type hsa_circ_0005358 or Mut-hsa_circ_0005358 as evaluated by western blot analysis. The data are represented as means + SEM, n = 3. *p < 0.05, *p < 0.01, **p <

0.001, ***p < 0.0001.
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Figure 5. hsa_circ_0005358 blocks PTBP1 from binding to and stabilizing CDCP1 mRNA
(A) RNA-pull-down assay followed by western blot analysis was performed to determine the interaction between CDCP1 mRNA and PTBP1 protein in SiHa and CaSki cells.
(B) RIP assays were used to measure the recruitment of PTBP1 protein to CDCP1 mRNA (Student’s t test). (C) SiHa and CaSki cells with PTBP1 knockdown or over-
expression were treated with actinomycin-D (5 ng/mL). Total RNA was extracted at different time points and CDCP1 mRNA was analyzed by gRT-PCR and normalized to
GAPDH (Student’s t test, ANOVA). (D) Western blot analysis was used to detect CDCP1 protein levels when PTBP1 was knocked down or overexpressed in SiHa and CaSki
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stabilization of CDCP1 mRNA, resulting in CDCP1 downregulation
and cancer metastasis inhibition. Our findings reveal a new mecha-
nism of tumor metastasis that may indicate a potential therapeutic
approach for patients with metastatic cervical cancer.

MATERIALS AND METHODS

Clinical specimens

Pathologically confirmed cervical cancer and normal cervical
epithelium tissues were collected from September 2015 to December
2020 at Women’s Hospital, School of Medicine, Zhejiang Univer-
sity. All samples and clinical data were obtained with the approval
of the Hospital Ethical Committee. Normal cervical tissues were
collected from patients who underwent hysterectomy for benign
gynecological diseases. Squamous cervical cancer tissues were ob-
tained from patients who received radical hysterectomy treatment.
In total, 55 normal cervical tissues and 60 squamous cervical cancer
tissues were subjected to qRT-PCR analysis. All samples were stored
at —80°C until use.

RNA isolation and real-time quantitative reverse-transcription
PCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was applied to
extract total RNA according to the manufacturer’s instructions.
The cDNA was synthesized using the Prime Script RT Master Mix
kit (Takara, Japan). To quantify the amount of circRNAs and
mRNAs, qRT-PCR was performed using TB Green Premix Ex Taq
IT (Takara, Japan), and 18s and GAPDH were used as internal con-
trols. Relative expression levels of circRNAs and mRNAs were
calculated using the 27**“" method. The primers used in this study
are listed in Table S6.

PCR and agarose gel electrophoresis

The 2xTaq MasterMix (CWbiotech, China) was used to perform
PCR according to the manufacturer’s instructions. The PCR products
were subject to agarose gel electrophoresis.

RNase R treatment

Total RNA was treated with RNase R (Epicentre, Madison, W1, USA)
following the manufacturer’s instructions. The relative expression
levels of hsa_circ_0005358 and Glil mRNA were analyzed by qRT-
PCR.

Northern blot

The probe targeting the back-splice junction of hsa_circ_0005358 was
synthesized by Sangon Biotech (Shanghai, China). The northern blot
assay was conducted as previously described.'® The probe used in this
study is listed in Table Se.

Subcellular fractionation assay

The nuclear and cytoplasmic fractions of cells were separated using
the PARIS kit (Ambion, Austin, TX, USA) according to the manufac-
turer’s instructions.

RNA fluorescence in situ hybridization

The FISH kit was purchased from RiboBio (Guangzhou, China). The
specific probe targeting the back-splice junction of hsa_circ_0005358
was labeled by Cy3, and the probe sequences are listed in Table Sé.
Cells were seeded and infused to 70% beforehand. After fixation
and permeabilization, the cells were incubated with prehybridization
buffer at 37°C for 30 min and then hybridized overnight with probe
added. The cells were then washed and dyed with DAPI. Representa-
tive images of RNA FISH were captured by a confocal microscope.

RNA in situ hybridization assay

hsa_circ_0005358 was detected in cervical cancer tissues using the
BaseScope kit (Advanced Cell Diagnostics, Newark, CA, USA)
according to the manufacturer’s instructions.

Cell culture

Human cervical cancer cell lines SiHa and C-41I were purchased from
American Type Culture Collection (Manassas, MA, USA). Human
cervical CaSki was purchased from Cell Resource Center, Shanghai
Institute of Life Sciences, Chinese Academy of Sciences (China).
The cells were cultured as described."®

circRNA overexpression construction and stable transfection
The lentivirus-containing hsa_circ_0005358 overexpression plasmid
and mock vector (pcD-ciR) were designed and synthesized by Geneseed
Biotech (Guangdong, China). After 48 h of transfection, the cells were
selected using puromycin for 2 weeks to construct stable cell lines.

Plasmids and oligonucleotide construction and transfection
Expression plasmids for PTBP1 and CDCP1 were designed and syn-
thesized by GenePharma Biotech (Shanghai, China). siRNAs target-
ing hsa_circ_0005358 and PTBP1 were designed by GenePharma
Biotech (Shanghai, China), and siRNAs targeting CDCP1 were de-
signed by Guannan Biosciences, Inc. (Hangzhou, China). Sequences
of all oligonucleotides are listed in Table S6. Cells were transfected us-
ing X-treme GENE (Roche, Basel, Switzerland) according to the man-
ufacturer’s instructions.

Cell migration and invasion assay

Cell invasion abilities were assessed using transwell chambers coated
with diluted Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). The
lower chambers were filled with 500 puL medium with 18% FBS.

cells. (E and F) The interaction between PTBP1 protein and CDCP1 mRNA was measured using pull-down assays (E) and RIP assays (F) in which SiHa and CaSki cells were
transfected with mock vector, hsa_circ_0005358 or Mut-hsa_circ_0005358 (ANOVA). (G) SiHa and CaSki cells overexpressing hsa_circ_0005358, Mut-hsa_circ_0005358,
or hsa_circ_0005358 plus PTBP1 were treated with actinomycin-D (5 ng/mL). Total RNA was extracted at different time points and CDCP1 mRNA was analyzed by gRT-PCR
and normalized to GAPDH (ANOVA). (H) Western blot analysis was used to determine the CDCP1 protein levels in SiHa and CaSki cells overexpressing hsa_circ_0005358,
Mut-hsa_circ_0005358, or hsa_circ_0005358 plus PTBP1. The data are represented as means + SEM, n = 3. *p < 0.05, **p < 0.01, **p < 0.001, “**p < 0.0001.
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Treated cells were suspended in Opti-Mem (Thermo Scientific, Wal-
tham, MA, USA) and seeded into the upper chamber. After being
cultured at 37°C for 8 h (SiHa) or 24 h (CaSki and C-4I), the cells
were fixed and stained using crystal violet for 20 min at room temper-
ature. The images of invaded cells were taken with a light microscope.
Cell migration abilities were measured using the same methods
without Matrigel added to the upper chambers.

Cell viability assay
Cell viability was detected with a Cell Counting Kit-8 (Dojindo,
Japan).

Wound healing assay

Culture-Insert Wells (ibidi, Germany) were used for wound healing
assay. The Culture-Inserts were first placed in a 24 well plate. Treated
cells were seeded into the separated chambers of the ibidi Culture-In-
serts. After cells had grown for approximately 24 h, the Culture-In-
serts were removed to create a gap. The process of cell migration
was monitored using a microscope at different time points. The dis-
tance between the gap was measured. The migration rate of the cells
was expressed as relative gap closure.

RBP prediction
RBP target prediction was performed using the online database RBP
Map (http://rbpmap.technion.ac.il/).

RNA-pull-down assay and protein MS analysis
Streptavidin-coupled magnetic beads (Thermo Scientific, Waltham,
MA, USA) were incubated with biotin-labeled hsa_circ_0005358-spe-
cific probes for 30 min at room temperature, and the hsa_circ_0005358
antisense probe was used as the negative control. Approximately 1 x
10° cells were harvested and lysed on ice. Cell lysates were incubated
with probe-bound beads at 4°C overnight. Bead-bound RNA complex
was washed with washing buffer twice and extracted for further anal-
ysis. The sequences of all probes used in the pull-down assay are listed
in Table S6. Technical support for protein MS analysis was supplied by
OE Biotech Co. Ltd. (Shanghai, China).

RNA immunoprecipitation assay

The Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Merck Millipore, Germany) was used for RIP assay. In brief,
2 x 107 cells were harvested and lysed, and protease inhibitor and
RNase inhibitor were added on ice. Five micrograms of PTBP1 or
IgG antibodies was incubated with protein A/G magnetic beads for
30 min. Then the cell lysates were incubated with the antibody-
bead complex at 4°C overnight. The beads were washed by wash
buffer six times before the RNA was extracted and precipitated.
The quality and abundance of hsa_circ_0005358 or CDCP1 mRNA
were detected by qRT-PCR.

RNA-sequencing analysis

SiHa cells transfected with mock vector or hsa_circ_0005358 (n = 3)
and siRNA-oligo or siRNA-PTBP1 (n = 3) were used for transcrip-
tome sequencing analysis. The RNA-seq and further analysis were
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conducted by LC.Bio.Tech (Hangzhou, China) and OE Biotech Co.
Ltd. (Shanghai, China). The RNA-seq raw data have been uploaded
to Gene Expression Omnibus (GSE: 168549 and GSE: 168907).

Protein extraction and western blot

Cellular protein was extracted with RIPA buffer (Thermo Scientific,
Waltham, MA, USA). Protein samples were subjected to 10% SDS-
PAGE and then trans-blotted to polyvinylidene fluoride (PVDF)
membranes (Bio-Rad, Hercules, CA, USA). The membranes were
probed with primary antibodies overnight at 4°C and then incubated
with secondary antibodies for 1 h at room temperature. Antibodies
against PTBP1, CDCP1, LAMC2, SYTL2, and GAPDH are listed in
Table Sé6.

Actinomycin-D assay

Prepared SiHa and CaSki cells were treated with 5 pg/mL actino-
mycin-D (Sigma-Aldrich, St. Louis, MO, USA). RNA was extracted
at the indicated time points (0,1, 2, 3, and 4 h), and qRT-PCR was per-
formed to measure the stability of the mRNA.

Animal models

All in vivo experiments were performed at the animal research center
of Zhejiang Chinese Medical University with the approval of the Insti-
tutional Animal Care and Use Committee (IACUC) of Zhejiang
Chinese Medical University (ethic protocol IACUC-20181029-05).
Ten 4-week-old female SCID mice were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. (China) and randomly divided
into two groups. SiHa cells (2 x 10°) stably transfected with hsa_
circ_0005358 plasmid or mock vector were injected into the caudal
vein of each mouse. The cells were labeled with luciferase, and lumi-
nescence could be excited by intraperitoneal injection with substrate.
In vivo bioluminescence imaging was utilized for luminescence mea-
surement every week. At week 4 after injection, all mice were sacri-
ficed under anesthesia after in vivo imaging, and the lungs were
removed for further investigation.

Statistical analysis

All the experiments were performed in triplicate and repeated inde-
pendently at least three times. The sample sizes and statistical
methods are indicated in the corresponding figure legends. The
data are represented as the mean + SEM. All data plotting and statis-
tical analyses were performed by GraphPad Prism 8 software.
Differences were statistically significant at *p < 0.05, **p < 0.01,
**p < 0.001, and ***p < 0.0001.
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