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Circular RNAs (circRNAs) function as efficient microRNA
(miRNA) sponges that regulate gene expression in the patho-
genesis of many human malignancies. However, their roles in
cervical adenocarcinoma remain largely unknown. In this
study, we aimed to seek novel circRNAs that regulate cervical
adenocarcinoma carcinogenesis and to explore their regulatory
mechanisms as well as clinical significance. We identified that
24 circRNAs were differentially expressed in cervical adenocar-
cinoma tissues by RNA sequencing. Among them, circEYA1
was the most significantly downregulated circRNA in cervical
adenocarcinoma. In cervical adenocarcinoma cells, circEYA1
overexpression led to suppression of cell viability and colony
formation, promotion of apoptosis, and a decrease of the xeno-
graft tumor growth. The mechanism underlying these observa-
tions is that circEYA1 functioned as a sponge of miR-582-3p
and abrogated its suppression of CXCL14 expression. Consis-
tently, miR-582-3p inhibition phenocopied the biological ef-
fects of circEYA1 overexpression in cervical adenocarcinoma
cells. Moreover, miR-582-3p overexpression reversed the sup-
pressive behaviors of circEYA1 in vitro and in vivo. In addition,
the expression, correlation, and clinical diagnostic value of cir-
cEYA1/miR-582-3p/CXCL14 were confirmed in 198 clinical
cervical tissue samples. In summary, our findings highlight a
novel tumor suppressive role of circEYA1 in cervical adenocar-
cinoma tumorigenesis and may provide a potential diagnostic
marker and therapeutic target for patients with cervical adeno-
carcinoma.
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INTRODUCTION
The wide implementation of human papillomavirus (HPV) vaccines
and tumor screening programs has dramatically reduced morbidity
and mortality of cervical cancer in many developed countries over
the past decades.1 However, this effect is mainly attributable to a
decrease in the incidence of squamous cell carcinoma. In contrast, a
relative and absolute increase in the incidence of adenocarcinoma
of the uterine cervix, especially among young women, has arisen
over the same period.2–11 Changes in these rates may indicate alter-
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ations in underlying screening procedures. Since the pathogenesis
of cervical adenocarcinoma is not well studied, there is in an urgent
need to elucidate molecular mechanisms for adenocarcinoma and
to identify new reliable biomarkers that allow for better diagnostic
stratification and therapies.

Besides of linear RNA molecules, a newly appreciated class of non-
coding RNA, circular RNAs (circRNAs) have recently caused people’s
attention that they are presumably stable due to their resistance to
exonuclease-dependent degradations and that they can be involved
in cancer development and progression.12–14 Studies have shown
that circRNAs could act as miRNA sponges and even as protein
sponges or scaffolds.15–17 The best-characterized role of circRNAs
thus far is “miRNA sponge” in many cancers.18–20 For example, it
was reported that circAGFG1 could act as a sponge of miR-195-5p
to promote CCNE1 expression, which further result in triple-negative
breast cancer (TNBC) progression.18 Zhang et al.21 also showed that
circNRIP1 promoted gastric cancer progression by regulating the
AKT1/mTOR pathway as a sponge of tumor-suppressive miR-149-
5p. However, circRNAs associated with cervical adenocarcinoma
have not been reported to date.

In this study, we explored the expression profile of circRNAs in
cervical adenocarcinoma using RNA sequencing and identified a
novel circRNA, circEYA1, derived from the EYA1 gene (circBase:
hsa_circ_0137084). The screen results verified that circEYA1 was
the most significantly downregulated circRNA in cervical adenocarci-
noma tissues. We further found that circEYA1 could suppress cell
viability and colony formation and promote cell apoptosis by acting
as a sponge for miR-582-3p to relieve the repression of target gene
CXCL14. In addition, investigations in a large cohort of cervical
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adenocarcinoma tissues revealed that circEYA1 was accordingly
either negatively or positively corrected with miR-582-3p and
CXCL14. Taken together, our studies show that circEYA1 serves as
a tumor-suppressive gene in cervical adenocarcinoma, which suggests
a possibility of circEYA1 as a valuable target of diagnosis and treat-
ment for cervical adenocarcinoma.

RESULTS
circRNA Expression Profiles in Cervical Adenocarcinoma and

circEYA1 Characterization

To explore which circRNAs are important in cervical adenocarci-
noma, we conducted RNA sequencing (RNA-seq) analysis using 8
human cervical tissue samples (4 normal and 4 adenocarcinoma tis-
sues). For this analysis, 2-fold change and false discovery rate (FDR)
<0.05 were set as cut-off criteria. From the results, 24 circRNAs were
differentially expressed in cervical adenocarcinoma comparing with
normal samples, among which 10 were upregulated, while the other
14 were downregulated (Figure 1A; Table S1). This differential
expression was further illustrated by the heatmap shown in Figure 1B.
Among these 24 circRNAs, we aligned on 11 circRNAs with
known circBase IDs (hsa_circ_0000118, hsa_circ_0000119,
hsa_circ_0016599, hsa_circ_0094647, hsa_circ_0105346, hsa_circ_
0058806, hsa_circ_0007054, hsa_circ_0004390, hsa_circ_6472,
hsa_circ_0002538, hsa_circ_0137084). To confirm their identities,
the cDNA of these circRNAs was determined by Sanger DNA
sequencing. Except for hsa_circ_0016599 (data not shown), most of
the results were in line with the circBase database (Figure S1).
Furthermore, the expression of these 10 circRNAs was tested by
qRT-PCR at the tissue levels (20 normal versus 20 adenocarcinoma
tissues). We found that 7 out of 10 were consistent with the prediction
by RNA-seq. Among them, 5 circRNAs (hsa_circ_0000118,
hsa_circ_0094647, hsa_circ_0105346, hsa_circ_0058806, and
hsa_circ_0000119) were significantly increased, whereas 2 circRNAs
(hsa_circ_0137084 and hsa_circ_0004390) were significantly
decreased in the cervical adenocarcinoma tissue group over the
normal cervical tissue group (Figure 1C). hsa_circ_0000118 and
hsa_circ_0137084 were the most up- and downregulated circRNAs,
respectively. However, we experienced extremely difficult challenges
to knockdown hsa_circ_0000118 by small interfering RNA (siRNAs).
Thus, we only continued with hsa_circ_0137084 for further study.

To confirm the predicted downregulated of hsa_circ_0137084 in
cervical adenocarcinoma tissues, we examined the expression of
hsa_circ_0137084 by qRT-PCR in another panel of 20 primary cervi-
cal squamous cell carcinoma (CSCC) tissues versus 20 normal cervi-
cal tissues. The result showed that the level of hsa_circ_0137084 was
not significantly decreased in CSCC (Figure S2). These data suggest
that hsa_circ_0137084 is a cervical adenocarcinoma-specific
circRNA. hsa_circ_0137084 arises from the EYA1 gene, which is
located at chromosome 8 and consists of the head-to-tail splicing of
exon 4 and exon 11 (72181974-72246409). It was designated as cir-
cEYA1 (Figure 1D). We designed the specific divergent primers to
characterize circEYA1 and used convergent primers to control linear
forms. The combination of the divergent primers and cDNA from
cervical carcinoma HeLa cells yielded the detection of circEYA1.
The convergent primers can only amplify the linear transcripts
from no matter of whether cDNA or genomic DNA (gDNA). Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was shown as a
linear transcript control (Figure 1E). The circular structure of cir-
cEYA1 was further confirmed by treatment of RNase R exoribonucle-
ase, which degrades linear RNA but not circRNA. Figure 1F showed
that circEYA1 were resistant to RNase R treatment, and RNase R
treatment suppressed the linear transcripts of EYA1 amplified from
HeLa cells. Taken together, these data demonstrated the existence
of circEYA1 in cervical adenocarcinoma.

circEYA1 Inhibits Cell Viability and Colony-Formation Abilities

and Promotes Apoptosis of Cervical Adenocarcinoma Cells

To study the biological function of circEYA1, circEYA1 was overex-
pressed in HeLa cells to test its effect on cell viability and cell
apoptosis. Figure 2A showed circEYA1 expression levels in the over-
expressing cells. Cell Counting Kit-8 (CCK-8) assays demonstrated
that upregulation of circEYA1 significantly inhibited cell viability
(Figure 2B). Similarly, the formed colonies of HeLa cells were mark-
edly reduced by the presence of circEYA1 (Figure 2C). Annexin-V/
propidium iodide (PI) staining with flow cytometry analysis showed
that HeLa transfected with circEYA1 vector had a higher apoptotic
rate than cells transfected with empty vector (Figure 2D).

To further explore the effects of circEYA1 on tumor growth in vivo,
mouse xenograft models were established. circEYA1 overexpression
significantly decreased tumor growth (Figure 2E). The tumors
derived from cells overexpressing circEYA1 were much smaller (Fig-
ure 2E), which suggests circEYA1 significantly inhibits tumor growth.
Consistent with this, immunohistochemistryil (IHC) staining of the
xenograft tumor tissues further demonstrated a decreased expression
level of Ki-67 protein and an increased TUNEL-positive staining in
circEYA1-overexpressing cells (Figure 2F). These results further
confirmed the tumor-suppressive role of circEYA1 in cervical adeno-
carcinoma cells.

circEYA1 Acts as a Sponge for miR-582-3p

To elucidate the molecular mechanisms of circEYA1-suppressing cer-
vical adenocarcinoma tumorigenesis, we first predicted the potential
circEYA1/miRNA interaction using the Circular RNA Interactome
database (http://circinteractome.nia.nih.gov/index.html). We have
also conducted miRNA sequencing from the same cervical tissue
samples and identified the differentially expressed miRNAs (DEmi-
RNAs) in cervical adenocarcinoma tissues. We have uploaded the de-
scriptions of the miRNA sequencing data to GEO datasets (GEO:
GSE145372). The putative miRNA candidates generated from the In-
teractome database were mapped to these DEmiRNA candidates, and
we found that miR-582-3p was the only miRNA that was also signif-
icantly increased in cervical adenocarcinoma tissues. We first de-
tected the expression of miR-582-3p in the same 20 cervical normal
and adenocarcinoma tissues as well as HeLa cells by qRT-PCR. The
results showed that miR-582-3p was markedly upregulated in cervical
adenocarcinoma tissues and HeLa cells (Figure 3A). On the contrary,
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Figure 1. circRNA Expression Profile in Cervical Adenocarcinoma and Characterization of circEYA1

(A) Volcano plots illustrated the expression of circRNAs between 4 cervical adenocarcinoma tissues and 4 cervical normal tissues. The red dots and blue dots represent

significantly statistically upregulated and downregulated circRNAs, respectively. (B) Heatmap of the 24 differentially expressed circRNAs in cervical adenocarcinoma tissues

versus normal tissues. Red, upregulated circRNAs in cervical adenocarcinoma or normal tissues; blue, downregulated circRNAs in cervical adenocarcinoma or normal

tissues. (C) Relative expression of circRNAs in cervical adenocarcinoma tissues (Tumor, n = 20) and 20 cervical normal tissues (Norm, n = 20) was detected by qRT-PCR. (D)

circEYA1 is located at chromosome 8 and back-spliced by exons 4 and 11 of EYA1. The PCR products of circEYA1 were verified by Sanger sequencing. (E) The existence of

circEYA1 was validated in cervical adenocarcinoma HeLa cells by RT-PCR. Divergent primers detected circEYA1 from cDNA, but not from genomic DNA (gDNA). GAPDH

was used as a negative control for a linear RNA transcript. (F) qRT-PCRwas used to determine the abundance of circEYA1 and linear EYA1mRNA after treatment with RNase

R in HeLa cells. circEYA1 was resistant to RNase R treatment. NS, not significant; *p < 0.05; **p < 0.01.
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Figure 2. circEYA1 Produces Suppressive Effects on Cervical Adenocarcinoma Cells In Vitro and In Vivo

(A) qRT-PCR analysis of circEYA1 expression after transfection with circEYA1 expression vectors. (B and C) circEYA1 suppressed cell viability shown by CCK-8 (B) and

colony formation (C) assays. (D) circEYA1 promoted cell by Annexin-V and PI assay. (E) HeLa cells with overexpression of circEYA1 or the vector control were inoculated in

BALB/c nude mice (5 � 106 cells per mouse, n = 6 for each group) to establish subcutaneous xenograft tumors. The growth curves and representative images of xenograft

tumors are shown. The tumor volumes were measured once a week. (F) IHC staining revealed that the circEYA1 overexpression led to decreased Ki-67 expression and

increase TUNEL-positive staining in the tumors. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3. circEYA1 Serves as a Sponge of miR-582-3p

(A) The relative expression of miR-582-3p in cervical adenocarcinoma tissues (Tumor, n = 20), normal tissues (Norm, n = 20), and HeLa cells was examined by qRT-PCR. (B)

Relative expression of miR-582-3p was evaluated in HeLa cells after transfection with circEYA1 or empty vector. (C) The cellular location of circEYA1 (red) and miR-582-3p

(green) in HeLa cells was detected by FISH. (D) Anti-AGO2 RIP was executed in HeLa cells after transfection with circEYA1 or empty vector, and qRT-PCR was detected for

the enrichment of circEYA1 and miR-582-3p. (E) The schematic of circEYA1-wt and circEYA1-mut luciferase reporter vector is shown. The relative luciferase activities were

determined in 293T cells co-transfected with miR-582-3pmimics or miR-NC and the wild-type or mutant luciferase reporter, respectively. (F and G) Cell viability was detected

after transfection with miR-582-3p inhibitors (miR-582-3p i) or miR-Ni by CCK-8 and colony-formation assay, respectively. (H) Cell apoptosis was determined by Annexin-V

and PI assay after transfection. *p < 0.05; **p < 0.01; ***p < 0.001.
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overexpression of circEYA1 significantly decreased miR-582-3p
expression levels in HeLa cells (Figure 3B). To check whether cir-
cEYA1 and miR-582-3p are colocalized, the fluorescence in situ hy-
bridization (FISH) assay was applied to HeLa cells, and we observed
1180 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
that most of circEYA1 and miR-582-3p were co-located in both the
cytoplasm and the nucleus (Figure 3C). This observation does not
exclude the possibility that circEYA1 and miR-582-3p keep close
proximity through a third player. The Argonaute protein AGO2 is
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known as a binding substrate of miRNAs, and here we tested this op-
portunity by performing an anti-AGO2 RNA immunoprecipitation
(RIP) assay in HeLa cells overexpressing circEYA1. The results
showed that both miR-582-3p and circEYA1 could bind to AGO2
and also revealed that miR-582-3p was predominantly enriched in
the circEYA1-overexpressed group compared with the control (Fig-
ure 3D). In addition, to test the interaction between circEYA1 and
miR-582-3p, a dual-luciferase reporter assay showed that miR-582-
3p mimics could significantly decrease the luciferase activity of the
cirEYA1-wild-type (wt) group but not the circEYA1-mut group (Fig-
ure 3E), suggesting a direct interaction between circEYA1 and miR-
582-3p. Since circEYA1 counteracts miR-582-3p activities, it is naive
to propose that miR-582-3p has opposite effects in cervical adenocar-
cinoma compared with circEYA1. To test this, we applied miR-582-
3p inhibitors to HeLa cells and confirmed that inhibition of miR-
582-3p markedly reduced cell viability (Figure 3F) and colony forma-
tion (Figure 3G) and promoted cell apoptosis (Figure 3H).

To further validate that circEYA1 functions as a miR-582-3p sponge,
a series of rescue experiments were performed using the same ap-
proaches as mentioned above. The CCK-8 and colony-formation as-
says showed that circEYA1-dependent inhibition of cell growth was
reversed by miR-582-3p overexpression in HeLa cells (Figures 4A
and 4B). miR-582-3p could also reversed the apoptosis-promoting ef-
fects induced by circEYA1 overexpression (Figure 4C). In addition,
experiments using the xenograft mouse model showed that decreased
tumor growth after overexpression of circEYA1 was at least partially
reversed by treatment with miR-582-3p mimics (Figure 4D). In sum-
mary, all these data demonstrated that circEYA1 functions through
sponging miR-582-3p in cervical adenocarcinoma.

CXCL14 Is Identified as a Direct Target of miR-582-3p

To verify how circEYA1 sponges miR-582-3p and liberates the
expression of its downstream targets, we identified the potential target
genes of miR-582-3p by using the TargetScan prediction program.
According to the ceRNA (competing endogenous RNA) theory, we
also filtered genes that were positively associated with circEYA1 in
our RNA sequencing data. As a result, 24 candidate target genes
were found (Figure 5A). 7 of these potential target genes were further
determined. Moreover, miR-582-3p inhibitors could strongly in-
crease calneuron 1 (CALN1) and C-X-C motif chemokine ligand 14
(CACL14) expression, while miR-582-3p mimics markedly sup-
pressed CALN1 and CXCL14 expression (Figure 5B). Also, the pro-
tein levels of CALN1 and CXCL14 were accordingly decreased after
miR-582-3p mimics (Figure 5C). To further determine the protein
levels of the CXCL14 secreted extracellularly, we conducted an
enzyme-linked immunosorbent assay (ELISA, 4A Biotech, China) us-
ing the culture supernatant fromHeLa cells with or without miR-582-
3p overexpression or inhibition. HeLa cells treated with miR-582-3p
inhibitors secreted more CXCL14 protein, while the CXCL14 level
was significantly decreased in HeLa cells transfected with miR-582-
3p mimics (Figure S3). To verify whether CALN1 and CXCL14
were the direct targets of miR-582-3p, we performed dual-luciferase
reporter assay. We found that the activity of luciferase reporter vector
carrying the CALN1 30-UTR-wt or CXCL14 30-UTR-wt sequence
could be significantly impaired by miR-582-3p mimics compared
with each negative control group (Figures 5D and S4A). The lucif-
erase activity was not changed when co-transfected with CALN1 30-
UTR mutant or CXCL14 30-UTR mutant vector (Figures 5D and
S4A). However, the anti-proliferative effects induced by miR-582-
3p inhibitors could not be significantly inversed by specific si-
CALN1#1 or si-CALN1#2 in HeLa cells (Figure S4B), indicating
that CALN1 might not participate in miR-582-3p-dependent cell
growth, though it is a target protein regulated by miR-582-3p.

Thus, we focused on CXCL14 for its roles in circEYA1/miR-582-3p
signaling. The expression levels of CXCL14 were first validated by
qRT-PCR and western blot analysis in HeLa cells transfected with
the p-CXCL14 expression vector in HeLa cells by qRT-PCR and west-
ern blot analysis (Figure S5). Cell viability and colony formation abil-
ity were significantly suppressed by ectopic expression of CXCL14 in
HeLa cells (Figures 5E and 5F). In addition, the anti-proliferative ef-
fects caused by miR-582-3p inhibitors was counteracted by inhibition
of CXCL14 using specific si-CXCL14#1 or si-CXCL14#2 in HeLa cells
(Figure 5G). Also, knockdown of CXCL14 could abrogate the effects
of miR-582-3p inhibitors on promoting cell apoptosis (Figures 5H
and S6A). These data indicate that CXCL14 is the direct functional
target gene of miR-582-3p.

circEYA1 Increases CXCL14 Expression by Partly Sponging

miR-582-3p

To confirm that circEYA1 can act as a ceRNA to regulate CXCL14
expression, we measured the expression levels of CXCL14 in HeLa
cells with circEYA1 overexpression. The results showed that ectopic
expression of circEYA1 significantly increased CXCL14 mRNA and
protein levels (Figures 6A and 6B). The RIP assay on AGO2 showed
that circEYA1, miR-582-3p, and CXCL14 were mainly enriched to
AGO2 (Figures 3E and 6C). Moreover, the increased expression of
CXCL14 mRNA and protein induced by circEYA1 overexpression
could be partially reversed by miR-582-3p mimics (Figures 6D and
6E). In addition, specific si-CXCL14#1 and si-CXCL14#2 could
rescue circEYA1-mediated suppression for cell viability and colony
formation ability of HeLa cells, respectively (Figures 6F and 6G).
Moreover, knockdown of CXCL14 could partially rescue the pro-
apoptotic effects of HeLa cells with ectopic expression of circEYA1
(Figures 6H and S6B). These results revealed that circEYA1 sponges
miR-582-3p to regulate the expression of CXCL14 and suppresses cell
viability via a ceRNA mechanism in HeLa cells.

The Correlation and Diagnostic Value of the circEYA1/miR-582-

3p/ CXCL14 Axis in Clinical Human Cervical Tissue Samples

To confirm the association among circEYA1, miR-582-3p, and
CXCL14 in clinical cervical tissues, the expression of these molecules
was verified in another independent cohort of 198 human cervical tis-
sue samples, including 57 normal and 141 adenocarcinoma tissues, by
qRT-PCR. As expected, circEYA1 was markedly downregulated in
cervical adenocarcinoma tissues compared with the normal group,
whereas miR-582-3p was strongly upregulated (Figure 7A). We also
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Figure 4. circEYA1 Exerts Tumor-Suppressive Effects through Sponging miR-582-3p

(A and B) miR-582-3p mimics partially reversed the effects of circEYA1 on cell viability by CCK-8 assay (A) and colony-formation assay (B), respectively. (C) miR-582-3p

mimics partially abolished the effects of circEYA1 on cell apoptosis by Annexin-V and PI assay. (D) Xenograft models were established. The growth curves and representative

images of xenograft tumors showed that miR-582-3p overexpression reversed the tumor-suppressive roles of circEYA1 on tumor growth. NS, not significant; *p < 0.05;

***p < 0.001.
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found CXCL14 significantly downregulated in cervical adenocarci-
noma tissues (Figure 7A). Then, we verified whether any correlation
existed among these candidates, Pearson’s correlation analysis ex-
hibited a significantly inverse correlation between circEYA1 and
1182 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
miR-582-3p, a positive correlation between circEYA1 and CXCL14,
and negative correlation between miR-582-3p and CXCL14 (Fig-
ure 7B). Therefore, we suppose that the circEYA1/miR-582-3p/
CXCL14 axis exists in cervical adenocarcinoma tissue samples.



(legend on next page)
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To explore the diagnostic potential of these molecules, we conducted
receiver operating characteristic (ROC) curve analysis. As shown in
Figure 7C, the area under the curve (AUC) to discriminate cervical
adenocarcinoma from normal tissues was 0.814 (95% confidence in-
terval [CI], 0.754–0.874) for circEYA1, 0.919 (95% CI, 0.882–0.956)
for miR-582-3p, and 0.729 (95% CI, 0.654–0.805) for CXCL14 (Fig-
ure 7C). Our results suggest the high diagnostic potential of these
three candidates in patients with cervical adenocarcinoma.

DISCUSSION
Recent next-generation sequencing approaches have led to the dis-
covery of numerous circRNAs in multiple cell lines and tissues.22

Due to stable molecular structure and cell/tissue-specific expression
pattern, circRNAs could function as oncogenic stimuli or tumor sup-
pressors in many types of cancers, such as gastric cancer, hepatocel-
lular carcinoma, breast cancer, and bladder cancer.18,23–25 However,
only a few circRNAs have been functionally well-explored. The
expression profile of circRNAs as well as their biological function
remain unknown in cervical adenocarcinoma.

In our study, we applied RNA sequencing to detect differentially
expressed circRNAs within 4 cervical adenocarcinoma tissues
relative to 4 cervical normal tissues. We subsequently verified 11
circRNAs in another 40 clinical cervical tissue samples and identified
hsa_circ_0137084, termed circEYA1, as the most obviously downre-
gulated circRNA in cervical adenocarcinoma. We have demonstrated
that circEYA1 overexpression significantly suppressed cell viability
and promoted apoptosis of cervical adenocarcinoma cells. We also
confirmed that circEYA1 overexpression inhibited tumorigenesis in
xenograft mouse models. Our findings indicate that circEYA1 acts
as a tumor suppressor in the development of cervical adenocarci-
noma, and it might be a novel diagnostic marker or therapy target
for cervical adenocarcinoma patients.

Although the mechanisms of how circRNA acts as a regulator in can-
cers have not been fully explored, growing evidence has shown that
circRNAs can function as ceRNAs to regulate the expression of
miRNA targets in tumor biology.25–27 For example, circRNA cRAP-
GEF5 functions as a sponge of miR-27a-3p and abates its repression
on the target gene TXNIP to suppress proliferation and migration of
renal cell carcinoma cells.28 It was reported that circNFIX acted as a
ceRNA of miR-378e to relieve the suppressive effect of miR-378e on
its target gene RPN2 and promoted progression of glioma.29 Here,
Figure 5. CXCL14 Is a Direct Functional Target Gene of miR-582-3p

(A) Expression relation of miR-582-3p-target mRNA network. Putative miR-582-3p targe

involved in themain pathways were shown. (B) qRT-PCR validated the relative expression

MAOB, NRXN3, and SOX17 in HeLa cells after transfection with miR-582-3p i or miR-58

CXCL14 protein was assessed in cells transfected with miR-582-3p mimics by western

were shown. The relative luciferase activities were analyzed in 293T cells co-transfected

reporter vectors. (E) CCK-8 assay of cell viability after transfection with CXCL14 exp

determined after transfection with CXCL14 expression plasmid or empty plasmid in HeL

582-3p inhibitors or co-transfected miR-582-3p inhibitors and specific si-CXCL14#1 or

joint knockdown of CXCL14 was determined by Annexin-V and PI assay after transfec
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our studies provided more evidence to support this idea. Of note,
the binding efficiency between circEYA1 and miR-582-3p from
FISH assay and RIP analysis might be different. For AGO2-RIP, the
transfection with circEYA1 vector may impact the binding rate of cir-
cEYA1 on AGO2 in the treated HeLa cells, whereas in the FISH assay
we detected the basal expression level of circEYA1 andmiR-582-3p in
HeLa cells. The different expression levels of circEYA1 might deter-
mine the difference in these two experiments. In addition, the obser-
vation from the FISH assay could not exclude the possibility that cir-
cEYA1 and miR-582-3p keep close proximity through a third player.
Further studies are needed to address this question. As the binding
miRNA of circEYA1, miR-582-3p inhibition phenocopied the biolog-
ical effects of circEYA1 overexpression in cervical adenocarcinoma
cells. Consistently, overexpression of miR-582-3p reversed the sup-
pressive behaviors of circEYA1 in vitro and in vivo. Our results sug-
gest that circEYA1 serves as a tumor suppressor by sponging miR-
582-3p in cervical adenocarcinoma cells.

In addition to revealing the novel role of circEYA1 in cervical adeno-
carcinoma, our studies pointed out the critical role of miR-582-3p in
the same disease. Our data clearly showed that miR-582-3p was
significantly increased in cervical adenocarcinoma compared with
normal cervical tissues and that miR-582-3p exerts tumor oncogenic
roles and targets multiple genes associated with cancer-related path-
ways. Similarly, the aberrant expression of miR-582-3p was found in
several tumors, such as colon cancer,30 non-small cell lung carcinoma
(NSCLC),31 and non-functioning pituitary adenomas.4 For instance,
miR-582-3p expression was markedly upregulated in NSCLC and
positively correlated with the recurrence-free and overall survival of
NSCLC patients.31 On the other hand, miR-582-3p was also found
decreased in Hodgkin’s lymphoma32 and bladder cancer.33 These
studies indicate that miR-582-3p acts as oncogenic or tumor-suppres-
sive miRNA in a tumor-type-dependent manner.

According to the ceRNA hypothesis, circEYA1 may act as a ceRNA to
regulate the expression of miR-582-3p target genes. We first reported
CXCL14 as a direct functional target gene of miR-582-3p and indirect
target of circEYA1. CXCL14 belongs to the CXC subfamily of cyto-
kines. It was reported that CXCL14 was significantly downregulated
in hepatitis B virus-related hepatocellular carcinoma tissues. Cicchini
et al.34 also reported that CXCL14 was dramatically downregulated in
HPV-positive head/neck and cervical cancers and suppressed by the
HPV oncogene E7. They further revealed that restoration of CXCL14
t genes were predicted by TargetScan and analyzed by KEGG pathway. The genes

levels of selected putative targets including CALN1, CXCL14, ESR1, FZD3, GSTA4,

2-3pmimics or indicated negative controls. (C) The relative expression of CALN1 and

blot. (D) The schematic of CXCL14-wt and CXCL14-mut luciferase reporter vectors

with miR-582-3p mimics or miR-NC and the CXCL14-wt or CXCL14-mut luciferase

ression plasmid or empty plasmid in HeLa cells. (F) Colony-formation assay was

a cells. (G) Cell viability assay was detected by CCK-8 assay after transfected miR-

si-CXCL14#2. (H) Cell apoptosis assay for HeLa cells with miR-582-3p inhibition and

tion. NS, not significant; *p < 0.05; **p < 0.01.
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expression in HPV-positive oropharyngeal carcinoma cells could
clear tumors in immunocompetent syngeneic mice. Here, we found
that CXCL14 was significantly downregulated in cervical adenocarci-
noma tissues, and overexpression of CXCL14 could inhibit cell
viability in HeLa cells. Its expression can be regulated by circEYA1
via sponging miR-582-3p’s activities.

To sponge miR-582-3p, circEYA1 has to locate together with and
act as a ceRNA to regulate the expression of miR-582-3p target
genes. Our studies by RIP assay validated the interaction among cir-
cEYA1, miR-582-3p, and CXCL14 (Figures 3E and 6C), which is
consistent with the observation of Figure 3B. CXCL14 has been
shown to be suppressed by HPV oncogene E7;34 thus, we deter-
mined whether HPV18 E7 regulates CXCL14 through the alteration
of expression of circEYA1 and miR-582-3p in cervical adenocarci-
noma cells. Surprisingly, the expression levels of circEYA1 and
miR-582-3p were not significantly changed upon HPV18 E7 knock-
down, indicating that CXCL14 expression is regulated in an HPV
E7-independent manner (Figure S7). Finally, correlation analysis
showed that circEYA1, miR-582-3p, and CXCL14 were tightly
correlated. To better represent our conclusions, Figure 7D schemat-
ically illustrates a mechanism cartoon showing that circEYA1
functions as a ceRNA of miR-582-3p to relieve the repressive effect
of miR-582-3p on its target gene, CXCL14. In addition, ROC anal-
ysis revealed that circEYA1, miR-582-3p, and CXCL14 held good
potential applicable value as diagnostic markers for cervical
adenocarcinoma.

The main limitation of our studies is the cell resource. The current
available cervical adenocarcinoma cell lines are only HeLa and
HeLa-derived cells, such as HeLa 229, GH345, and HeLa S3. Other
cervical cancer cell lines, including SiHa, CaSki, C33A, C4I-1/2,
MS751, and ME180, are all CSCC cells. To ensure the validity of
observation from the cell line, we had to validate our results in a large
cohort of cervical adenocarcinoma tissues and animal models. As cer-
vical adenocarcinoma attracts more attention, we believe new cervical
adenocarcinoma cell lines will be developed for research purposes in
the near future.

In conclusion, our study revealed the expression profile of circRNAs
and identified circEYA1 as the most significantly downregulated
circRNA in human cervical adenocarcinoma tissues. We demon-
strated that circEYA1 functions as a sponge of miR-582-3p to abolish
the suppressive effect of miR-582-3p on CXCL14 and then inhibits
cell viability. We suggest that circEYA1 could be a promising thera-
peutic target and diagnostic marker for cervical adenocarcinoma in
the future.
Figure 6. circEYA1 Increases CXCL14 Expression by Partly Sponging miR-582

(A and B) The relative expression of CXCL14 mRNA and protein was evaluated in cells af

As part of the Figure 3E results, RIP assay showed the enrichment of CXCL14 and circEY

protein (E) in HeLa cells; this effect could be partially reversed by co-transfection with

overexpression and joint knockdown of CXCL14 siRNA #1 or #2. (G) Colony-formation

Cell apoptosis assay for HeLa cells with circEYA1 overexpression and CXCL14 knockd
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MATERIALS AND METHODS
Human Patient Samples and Ethical Approval

All human cervical adenocarcinoma and squamous cell carcinoma tis-
sues and normal cervical tissues were obtained from patients who had
undergone surgery at the Women’s Hospital, Zhejiang University
School of Medicine (Hangzhou, China). Cervical tumor tissues were
obtained from patients with primary cervical tumors who underwent
radical hysterectomy with pelvic lymph node dissection. Normal cervi-
cal tissues without HPV infection were obtained from women who un-
derwent hysterectomy for nonmalignant diseases. This study was
approved by the Ethics Committee of the Women’s Hospital of Zhe-
jiang University (IRB-2019062-R) and conducted in accordance with
the Declaration of Helsinki. Written informed consent was obtained
from all patients. All tissue samples were placed immediately in liquid
nitrogen after removal from the patients and stored at�80�C until use.
RNA Sequencing

RNA sequencing was performed by NovelBio Laboratory, Shanghai,
China. The RNA sequencing data have been uploaded to GEO data-
sets (GSE: 145372). Generally, RNA extracted by Trizol reagent (In-
vitrogen) was utilized to construct rRNA depletion library (NEBNext
Ultra Directional RNA Library Prep Kit) according to the manufac-
turer’s instructions. RNA sequencing data sequenced by Hiseq
Sequencer was filtered and mapped to the human genome (Bta
genome version 5.0.1 NCBI) utilizing HISAT2.35 circRNA was pre-
dicted based on the sequencing data with the ACFS2 circRNA predic-
tion pipeline.36 Differentially expressed gene analysis was applied uti-
lizing DESeq37 under the following criteria: fold change > 2, or fold
change < 0.5; FDR < 0.05.
RNA Extraction, Treatment with RNase R, gDNA Extraction, and

qRT-PCR Analysis

All RNAs were extracted from tissues and cells by using Trizol reagent
(Invitrogen). For RNase R treatment, 2 mg total RNA was incubated
for 15 min at 37�C with or without RNase R (Epicenter Technolo-
gies). cDNA synthesis was performed using the PrimeScript RT re-
agent kit with gDNA Eraser (TaKaRa). gDNA was isolated from
cultured cells by using the PureLink Genomic DNA Mini Kit
(Thermo Fisher Scientific).

Samples were performed on a StepOne Plus Real-Time PCR System
(Applied Biosystems) using TB Green Premix Ex Taq kit (TaKaRa).
We used GAPDH and U6 as internal controls. Relative RNA levels
were analyzed using the 2(�DDCt) method. miRNA primers were
bought from Biomics Biotech, Nantong, China. The primer sequences
are listed in Table S2.
-3p

ter transfection with circEYA1 by qRT-PCR (A) and western blot (B), respectively. (C)

A1 on AGO2. (D and E) circEYA1 increased the expression of CXCL14mRNA (D) and

miR-582-3p mimics (D and E). (F) Cell viability assay for HeLa cells with circEYA1

analysis for HeLa cells with circEYA1 overexpression and CXCL14 knockdown. (H)

own. NS, not significant; *p < 0.05; **p < 0.01.



(legend on next page)

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 22 December 2020 1187

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
Cell Culture and Transfection

Cervical adenocarcinoma HeLa cells were purchased from the
Shanghai Institute of Biochemistry and Cell Biology, Chinese Acad-
emy of Sciences (Shanghai, China). The cells were cultured in
MEM medium (Cellmax). All culture media contained 10% fetal
bovine serum (FBS) (Sijiqing, China), 100 U/mL penicillin, and
100 U/mL streptomycin (Invitrogen). The cells were determined to
be mycoplasma-free and incubated at 37�C with 5% CO2.

A human circEYA1 expression vector, pLC5-ciR-circEYA1, and a
control vector, pLC5-ciR, were bought from GENESEED, China.
The human CXCL14 expression plasmid pcDNA3.1+/CXCL14 and
empty plasmid pcDNA3.1+ were bought from TSINGKE, China.
miR-582-3p mimics, miR-582-3p inhibitors, CALN siRNAs,
CXCL14 siRNAs, HPV18 E7 siRNAs, and negative controls were all
purchased from GenePharma, China. Plasmids were transfected
into cervical adenocarcinoma cells using X-tremeGENE HP DNA
transfection reagent (Roche, USA). The miRNA mimics and miRNA
inhibitors were transfected using DharmaFECT1 transfection reagent
(Dharmacon) as per manufacturer’s protocol. Co-transfection of
plasmids and miRNA mimics were performed using Lipofectamine
3000 (Invitrogen).

FISH

Cy3-labeled circEYA1 and FITC-labeled miR-582-3p probes were de-
signed and synthesized by GENESEED, China. Probe sequences were
for hsa_circEYA1-CY3: 50-GCTCTGTTTTAACCTCCCATATCT-30

and for hsa-miR-582-3p-FITC: 50-TTCAGTTGTTCAACCAGTTA-30.
The probe signals were determined by a FISH kit (Ribobio, China) ac-
cording to the manufacturer’s instructions. The HeLa cells were treated
with 40,6-diamidino-2-phenylindole (DAPI) (Life Technologies) as the
control. Confocal images were acquired on a laser confocal microscope
(TCS SP2 AOBS). Each experiment was repeated three times
independently.

RIP

The EZ-Magna RIP Kit (Millipore) was used according to the manu-
facturer’s instructions. HeLa cells were lysed in RIP lysis buffer, and
the cell extract was then incubated with magnetic beads conjugated
with anti-Argonaute 2 (AGO2) or control anti-IgG antibody (Ab-
cam). The beads were washed and incubated with Proteinase K,
and the purified RNA was finally subjected to qRT-PCR analysis.
Each experiment was repeated three times independently.

Luciferase Reporter Assays

Potential binding sites of miR-582-3p on circEYA1, CALN1,
and CXCL14 were predicted by Circular RNA Interactome and
Figure 7. Characterization of circEYA1, miR-582-3p, and CXCL14 in Clinical Ce

(A) Distribution of expression levels of circEYA1, miR-582-3p, and CXCL14 in 57 norm

these expression levels are shown as fold change levels of adenocarcinoma versus a

negatively correlated with miR-582-3p, whereas it positively correlated with CXCL14 in

CXCL14. (C) Receiver operating characteristic (ROC) curve analysis of circEYA1, miR-5

function and mechanism of circEYA1 in cervical adenocarcinoma.
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TargetScan database. The different fragment sequences were
synthesized, inserted into the pmiRGLO vector (Promega), and
then verified by sequencing. Luciferase activities were measured by
the Dual-Luciferase Reporter Assay Kit (Promega) according to the
manufacturer’s protocols. Each assay was performed in triplicate
and repeated three times independently.

CCK-8 Assays

HeLa cells were seeded into 96-well plates at 3,000 cells/well and
transfected with indicated circRNA expression vectors, miRNA in-
hibitors, or miRNA mimics. CCK-8 solution (Dojindo) was added
to each well and incubated for 1 h at 24, 48, 72, and 96 h post-trans-
fection. The optical density (OD) values were determined on a spec-
trophotometer reader (Thermo Fisher) at 450 nm. Each assay was
performed in triplicate and repeated three times independently.

Colony-Formation Assays

Colony-formation assays were performed to monitor cervical adeno-
carcinoma cell cloning capability. Treated HeLa cells (5,000 cells/
well) were seeded into 6-well plates and incubated for 10 days for col-
ony-formation assays. The colonies were fixed in 70% ethanol for
10 min and stained with 2% crystal violet solution for 5 min at
room temperature. Images were acquired with a camera (Canon).
All assays were performed three independent times.

Cell Apoptosis Assays

Treated cells were resuspended in binding buffer containing annexin
V-fluorescein isothiocyanate (FITC) and PI for 15 min in the dark
(MultiSciences, China). The apoptosis rate was measured with a
FACSCalibur or FACSVerse flow cytometer (BD Biosciences). The
experiments were repeated three times independently.

Western Blotting

Treated cells were lysed and equivalent amounts of total protein were
separated by 10% SDS-PAGE gel and transferred onto polyvinylidene
fluoride (PVDF) membranes (Merck). The membranes were incu-
bated with primary antibodies, followed by a secondary antibody.
Anti-CALN1 and anti-CXCL14 were purchased from Proteintech
and Abcam, respectively. Anti-GAPDH antibody (Santa Cruz) was
used as an internal control. Proteins were detected by using a
SuperSignal West Pico Chemiluminescent Substrate (Pierce) and
Quantity One software. All experiments were repeated three times
independently.

Mouse Xenograft Model

The animal experiments were performed in accordance with the
Institute for Laboratory Animal Research Guide for the Care and
rvical Adenocarcinoma Tissues

al cervical and 141 cervical adenocarcinoma tissue samples by qRT-PCR. Data of

verage normal controls. (B) Pearson’s correlation analysis showed that circEYA1

these 198 clinical cervical tissue samples. miR-582-3p negatively correlated with

82-3p, and CXCL1 detection for cervical adenocarcinoma diagnosis. (D) Proposed
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Use of Laboratory Animals and approved by the Institutional Animal
Care andUse Committee (IACUC) of Zhejiang ChineseMedical Uni-
versity (approval no. IACUC-20190909-02). Female BALB/c nude
mice, age 4 weeks, were purchased from the Shanghai National Lab-
oratory Animal Center and then housed and cared for under standard
recommended conditions in the animal research center of Zhejiang
Chinese Medical University. HeLa cells with overexpressed circEYA1
or control vector or co-transfected with miR-582-3p mimics or miR-
NC were harvested. For the tumor growth assay, 5 � 106 cells were
subcutaneously injected into the right single flank of each mouse. Tu-
mor growth was measured every week, and tumor volume was calcu-
lated with the following formula: volume (mm3) = (length� width2)/
2. Six weeks after injection, the mice were euthanized by the cervical
dislocation method. The tumors were removed and fixed for H&E
and Ki-67 staining and TUNEL assay.

Statistical Analysis

Data analyses were carried out with GraphPad Prism 6.0 (GraphPad
Software) and SPSS 24.0 (SPSS). Data are expressed as the mean ± SD
and calculated difference by either Student’s t test or Mann-Whitney
U test. Statistical significance was defined as p <0.05. *p < 0.05, **p <
0.01, ***p < 0.001, and NS stands for not significant.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
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