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Abstract 

Background  Cervical cancer progresses through distinct precancerous stages, making early screening and inter-
vention crucial for prevention. However, conventional screening modalities, such as cytology and HPV testing, face 
challenges related to sensitivity, specificity, and resource dependency. Circular RNAs (circRNAs), owing to their high 
stability and tissue-specific expression, have emerged as promising biomarkers, though their role in cervical carcino-
genesis remains underexplored. In particular, the clinical utility of circRNAs for optimizing cervical cancer screening 
and early diagnosis has yet to be established. This study aimed to investigate the dynamic expression profiles of circR-
NAs across various stages of cervical cancer progression and identify potential biomarkers to enhance early detection.

Methods  CircRNA sequencing was performed on cervical tissues spanning normal cervical epithelium (NCE), high-
grade squamous intraepithelial lesions (HSIL), and cervical squamous cell carcinoma (CSCC). Functional assays, includ-
ing cell viability, colony formation, and apoptosis, were performed to assess the oncogenic potential of circPOLD1 
and its interaction with YBX1 in cervical cancer cells. BaseScope and immunohistochemistry (IHC) were applied 
to tissue microarrays for clincial validation and ROC curve analysis evaluated the diagnostic performance of circPOLD1 
in serum as a liquid biopsy marker.

Results  CircRNA profiling revealed a progressive increase in circPOLD1 expression from NCE to HSIL and CSCC. 
Mechanistically, circPOLD1 functioned as an oncogene by binding to and phosphorylating YBX1, activating the AKT/
mTOR/HIF-1α pathway to enhance glycolysis-driven tumorigenesis. BaseScope and IHC confirmed the stage-specific 
elevation of circPOLD1 and YBX1 in cervical lesions. The circPOLD1/YBX1 multi-marker panel demonstrated superior 
diagnostic performance, achieving an AUC of 0.951 for LSIL+ and 0.817 for HSIL+ detection. Furthermore, serum 
circPOLD1 levels exhibited a progressive increase across disease stages, underscoring its potential as a non-invasive 
biomarker.

Conclusion  circPOLD1 and YBX1 synergistically drive cervical carcinogenesis and exhibit stage-specific expression 
patterns. Their combined detection significantly enhanced the accuracy for cervical cancer screening and dynamic 
monitoring. The successful application of BaseScope and IHC highlights the immediate translational potential of these 
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Introduction
Cervical cancer remains the fourth most common malig-
nancy in women globally, with an estimated 661,000 new 
cases and 348,000 deaths annually [1]. Its pathogenesis is 
characterized by a multistep progression, where persis-
tent HPV infection leads to precancerous lesions, which 
may progress to invasive carcinoma [2]. Early interven-
tion through the screening and treatment of precancer-
ous lesions is key to preventing cervical cancer, making 
early detection methods critically important. However, 
current screening approaches such as the ThinPrep Cyto-
logic Test (TCT) and HPV testing face significant chal-
lenges, including issues of sensitivity, specificity, and 
resource dependency. The accuracy of TCT is affected 
by sampling quality and cytopathologist expertise, with 
a sensitivity of around 65% [3, 4]. Although HPV test-
ing offers high sensitivity, its limited specificity makes 
it difficult to distinguish between transient and per-
sistent infections, with 90% of HPV16/18 infections 
resolving spontaneously within 2  years [5, 6], leading 
to unnecessary colposcopy referrals and biopsies [7]. In 
resource-limited settings, accessibility, cost, and patient 
compliance further hinder effective screening. Therefore, 
there is an urgent need to explore molecular biomarkers 
for optimizing early screening and diagnosis of cervical 
cancer and its precursors.

Recent advances in molecular techniques, includ-
ing methylation test [8], HPV integration detection [9], 
and microRNA profiling [10], have shown promise for 
improving cervical cancer diagnostics. However, DNA 
methylation and HPV integration detection face tech-
nical challenges and high costs, and DNA methylation 
assays have shown suboptimal sensitivity (63% for CIN2 
and 71% for CIN3 detection) [11]. Additionally, the insta-
bility and low abundance of miRNA limit their clinical 
application. These limitations underscore the need for 
more reliable, cost-effective biomarkers with improved 
detection precision.

Circular RNA (circRNA) represent a novel class of 
non-coding RNA characterized by their covalently closed 
loop structure. This unique feature confers exceptional 
stability, making circRNAs highly resistant to degrada-
tion by ribonucleases, which is an advantageous trait for 
biomarker development [12, 13]. CircRNAs are evolu-
tionarily conserved and exhibit tissue-specific expression 
patterns, making them promising candidates for can-
cer biomarkers [14–19]. Recent studies have identified 

circRNAs as key regulators in various cancers, with 
circRNAs functioning through diverse mechanisms, 
including acting as microRNA sponges, binding to RNA-
binding proteins, modulating transcription factors, and 
even participating in protein translation [20, 21]. For 
instance, circ_0001589 has been shown to promote cervi-
cal cancer progression by enhancing HMGB1 expression 
[22], while circSTX6 regulates cervical carcinogenesis 
by stabilizing SP1 [23]. Despite these insights, the role 
of circRNAs in the progressive stages of cervical car-
cinogenesis has not been fully explored. Specifically, the 
stage-specific expression and diagnostic potential of cir-
cRNAs in cervical cancer remain to be clarified.

In this study, we aim to profile the dynamic expression 
of circRNAs across different stages of cervical cancer 
progression, including normal cervical epithelium (NCE), 
high-grade squamous intraepithelial lesions (HSIL), and 
cervical squamous cell carcinoma (CSCC). We focus on 
identifying a stage-specific circRNA and investigating its 
mechanistic role in cervical carcinogenesis. Addition-
ally, we explore the potential of circRNAs as diagnostic 
biomarkers for early cervical cancer detection through 
serum analysis and tissue-based assays. By utilizing Base-
Scope in situ hybridization assay and immunohistochem-
istry (IHC) to validate these findings in tissue samples, 
we provide crucial insights into circRNA-mediated onco-
genic pathways. This study highlights the translational 
potential of circRNAs for enhancing early detection, 
guiding therapeutic interventions, and improving clinical 
outcomes in cervical cancer.

Results
The profiles and identification of differentially 
expressed circRNAs in cervical squamous‑cell carcinoma 
and precursor tissues
To explore the circRNA expression profiles in cervical 
cancer and precursor, we performed RNA sequencing 
analysis with ribosomal RNA-depleted in HPV-NCE, 
HPV16 + NCE, HPV16 + HSIL, and HPV16+ CSCC tis-
sues (n = 6/each group). The box plot of the FPKM of 24 
sequencing samples showed good reproducibility among 
the biological repetitions (Fig. 1A). Totally 66,868 circR-
NAs were identified (Back-spliced junctions reads ≥ 1), 
the detailed data of which were available in GEO data-
base (GSE147009), of those, 17,732 circRNAs were avail-
able in CircBase database. The numbers of identified 
circRNAs and the source of reads sequences containing 

biomarkers, paving the way for refined risk stratification, improved therapeutic targeting, and reduced cervical cancer 
burden through early intervention.
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circRNA back-spliced site were similar among HPV16− 
NCE, HPV16+ NCE, HSIL and CSCC tissue samples.

To identify oncogenic circRNAs in the initiation pro-
cess of cervical cancer, the differentially expressed cir-
cRNAs were analyzed. The numbers of differentially 
expressed circRNAs among HPV-NCE, HPV16+ NCE, 
HSIL, and CSCC tissues were showed in the histogram 
(Fig.  1B). Differentially expressed circRNAs between 
HSIL and HPV-NCE, CSCC and HPV-NCE, HSIL and 
HPV16+ NCE, CSCC and HPV16+ NCE, HPV16+ 
NCE and HPV-NCE, as well as CSCC and HSIL, were 
shown in volcano plot figures (Fig. 1C–H). In this study, 
we focused on the up-regulated circRNAs in HSIL and 
CSCC compared with HPV− or HPV16+ NCE to seek 
potential circRNA biomarkers for cervical cancer screen-
ing. Compared with HPV-NCE tissues, totally 70 and 246 
circRNAs were up-regulated in HSIL and CSCC, respec-
tively, among them, nine circRNAs were up-regulated in 
both HSIL and CSCC tissues (Fig.  1I). While compared 
with HPV16+ NCE tissues, only one circRNA was up-
regulated in both HSIL and CSCC tissues (Fig. 1J), which 
was just included in above nine circRNAs up-regulated in 
both HSIL and CSCC compared with HPV-NCE. Thus, 
we designed junction-specific divergent primers of nine 
circRNAs, respectively, but only three primers (circRP13-
279N23.2, circSTAG1, and circPOLD1) could produce 
stable and specific products for further study.

Validation of differentially expressed circRNAs in cervical 
squamous‑cell carcinoma and precursor tissues
The expression of circRP13-279N23.2, circSTAG1, and 
circPOLD1 was validated by qRT-PCR in HPV-NCE 
(n = 32), HPV 16 + HSIL (n = 19) and HPV 16 + CSCC 
(n = 22) tissues. It was found that the expressions of all 
three circRNAs were significantly up-regulated in CSCC 
compared with those in NCE and HSIL (all P < 0.05), 
except for circRP13-279N23.2 between HSIL and CSCC 
with HPV16+ (Fig.  1K–M). Then, we expanded HSIL 
(n = 46) and CSCC (n = 48) samples with all positive 
HPV types for further validation, and found that the 
results were similar as in samples with HPV16+ alone 

(Fig.  1N–P). Notably, circPOLD1 expression was sig-
nificantly up-regulated from NCE throughout HSIL to 
CSCC tissues (all P < 0.05, Fig.  1P). Thus, we selected 
circPOLD1 for further study.

Identification of circPOLD1 as a circular RNA
CircPOLD1 has been included in CircBase as has_
circ_0052012, but its function remains unknown up to 
date, to our knowledge. To verify that exon 2 and 3 of the 
POLD1 gene form a circular RNA, we designed divergent 
primers to specifically amplify the back-spliced junction 
of circPOLD1, which was validated by sanger sequenc-
ing (Fig. 2A). CircPOLD1 from cervical cancer cells, SiHa 
and CaSki, was treated with RNase R, which digests lin-
ear RNAs, but not circular RNAs, and turned out to be 
stable to RNase R digestion (Fig. 2B). Then we designed 
convergent primers that amplified the linear POLD1 
mRNA, which is the canonical form of POLD1. The 
convergent primers amplified products both in genomic 
DNA and complementary DNA, while the divergent 
primers only amplified the products in complementary 
DNA (Fig. 2C). Two pairs of full-length divergent primers 
were designed in two different sites of circPOLD1. The 
whole sequence of circPOLD1 were amplified by reverse 
transcription-PCR and verified with sanger sequencing 
(Fig.  2D). Northern blot assay using junction-specific 
probe further confirmed that circPOLD1 existed in SiHa 
cells and resisted to RNase  R digestion (Fig.  2E). Fluo-
rescent in situ hybridization assay with junction-specific 
probe was conducted to demonstrate the subcellular 
localization of circPOLD1, and showed that circPOLD1 
was densely in cytoplasm and faintly in nucleus of SiHa 
and CaSki cells (Fig. 2F).

CircPOLD1 knockdown suppresses the survival 
and proliferation in cervical cancer cells
To explore the function of circPOLD1 in cervical cancer 
cells, two siRNAs targeting the back-spliced junction of 
circPOLD1 were established to knockdown circPOLD1 
in SiHa and CaSki cells (Fig. 3A). After the siRNAs were 
transfected, circPOLD1 expression was significantly 

(See figure on next page.)
Fig. 1  The profiles and identification of differentially expressed circRNAs in cervical squamous-cell carcinoma and precursor tissues. A The box plot 
of the FPKM of 24 sequencing samples. B The numbers of differentially expressed circRNAs between two groups. C–H Volcano plots represented 
differentially expressed circRNAs between two groups. The red and blue dots represent up- and down- regulated circRNAs, respectively, by at least 
onefold significantly (P-values < 0.05). I Overlap of upregulated circRNAs in HSIL and CSCC group compared with HPV-NCE group. J Overlap 
of upregulated circRNAs in HSIL and CSCC group compared with HPV16+ NCE group. K–M Relative expression levels of circRP13-279N23.2, 
circSTAG1 and circPOLD1 measured by qRT-PCR in HPV-NCE (n = 32), HPV16+ HSIL (n = 19) and HPV16+ CSCC (n = 22) group. In each assay, 
the scatter plot represents median with interquartile range (*P < 0.05, **P < 0.01, ***P < 0.001, Kruskal–Wallis test). N–P Relative expression levels 
of circRP13-279N23.2, circSTAG1, and circPOLD1 measured by qRT-PCR in HPV-NCE (n = 32), HSIL with all-type HPV positive (n = 46), and CSCC 
with all-type HPV positive (n = 48) group. In each assay, the scatter plot represents median with interquartile range (*P < 0.05, **P < 0.01, ***P < 0.001, 
Kruskal–Wallis test)
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Fig. 1  (See legend on previous page.)



Page 5 of 17Zhao et al. Journal of Translational Medicine          (2025) 23:506 	

chr19:50398851-50399484

ATGTGGGATGGA  BACK-SPLICING

(hsa_circ_0052012)

>CircPOLD1 (hsa_circ_0052012)
GATGGATGGCAAGCGGCGGCCAGGC
CCAGGGCCCGGGGTGCCCCCAAAGC
GGGCCCGTGGGGGCCTCTGGGATGA
TGATGATGCACCTCGGCCATCCCAAT
TCGAGGAGGACCTGGCACTGATGGAG
GAGATGGAGGCAGAACACAGGCTGCA
GGAGCAGGAGGAGGAGGAGCTGCAGT
CAGTCCTGGAGGGGGTTGCAGACGGG
CAGGTCCCACCATCAGCCATAGATCCT
CGCTGGCTTCGGCCCACACCACCAGCG
CTGGACCCCCAGACAGAGCCCCTCATC
TTCCAACAGTTGGAGATTGACCATTAT
GTGGJunction site

exon2 exon3

exon2

exon3

CircPOLD1

A

B

C

D

E F

0.0

0.5

1.0

1.5

re
la

tiv
e 

ex
pr

es
si

on
 le

ve
l SiHa

SiHa RNaseR
CaSki
CaSki RNaseR

*** ***
actin circPOLD1

cDNA gDNA

line
POLD

1

cir
cP

OLD
1

500bp
400bp
300bp
250bp
200bp
150bp
100bp

50bp

18S    cir
cP

OLD
1-

pr
im

er
1

cir
cP

OLD
1-

pr
im

er
2

317nt

β-actin

circPOLD1

SiHa

RNase RRNA

SiHa

CaSki

circPOLD1 DAPI Merge

Fig. 2  Identification of circPOLD1 as a circular RNA. A The genomic loci of POLD1 gene and circPOLD1. Sanger sequencing of qRT-PCR product 
of circPOLD1 showed the back-spliced junction. B The qRT-PCR analysis of circPOLD1 after treated with RNase R in SiHa and CaSki cells (***P < 0.001, 
Student’s t-test). C CircPOLD1 was validated by RT-PCR using divergent and convergent primers in complementary DNA (cDNA) and genomic 
DNA (gDNA) in SiHa cells. D The sequence of circPOLD1 was obtained from sanger sequencing (left). PCR products of circPOLD1 with two pairs 
of divergent primers that amplified the whole sequence of circPOLD1 in SiHa cells (right). E The circPOLD1 expression measured by Northern blot 
in RNA of SiHa cells treated with or without RNase R digestion, respectively. Probe of β-actin was incubated in the same membrane as control. F The 
circPOLD1 subcellular localization in SiHa and CaSki cells measured by fluorescent in situ hybridization assay. CircPOLD1 was labeled with a specific 
probe (red) for the back-splice junction, and the nucleus was labeled with DAPI (blue)
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decreased (all P < 0.01), while POLD1 mRNA expression 
remained unchanged (Fig.  3B), suggest that the siRNAs 
are specific to circPOLD1. CCK8 assays demonstrated 
that circPOLD1 knockdown remarkably inhibited the 
proliferation in SiHa and CaSki cells (Fig.  3C). Colony 
formation assays showed that circPOLD1 knockdown 
significantly reduced the colony forming efficiency of 
SiHa and CaSki cells (Fig. 3D). In addition, flow cytom-
etry showed that circPOLD1 knockdown induced apop-
tosis in SiHa and CaSki cells (Fig. 3E).

To further explore the effects of circPOLD1 on tumor 
growth in vivo, we established stable circPOLD1 knock-
down SiHa cell lines (Fig. 3F). Stable circPOLD1 knock-
down and control SiHa cells were subcutaneously 
injected into the nape of 12 BALB/c female nude mice, 
respectively, to establish the xenograft models. Com-
pared with the control group, the volume and growth rate 
of xenografts were significantly declined in circPOLD1 
stably knockdown group (all P < 0.05) (Fig. 3G).

CircPOLD1 promotes the proliferation through directly 
binding to YBX1 in cervical cancer cells
It has been demonstrated that circRNA is able to bind 
to RNA-associated proteins to form RNA–protein com-
plex that regulates gene transcription [13]. We utilized 
the online web server RBPmap, and found multiple pro-
teins that might be bound to circPOLD1, including YBX1 

(Fig.  3H), which has been identified to bind to various 
non-coding RNAs [24, 25]. RNA pull-down assays using 
biotinylated junction-specific probe of circPOLD1 were 
performed. The qRT-PCR showed that the circPOLD1 
probe specifically pulled down circPOLD1 (Fig. 3I), and 
Western blot confirmed that YBX1 was precipitated by 
circPOLD1 (Fig. 3J). Further, we conducted RNA immu-
noprecipitation in SiHa cells to pull down circPOLD1 
using the anti-YBX1 antibody, followed by qRT-PCR. 
As we expected, circPOLD1 expression was significantly 
higher in the anti-YBX1 group than that in control IgG 
group (Fig.  3K). Our results suggest that circPOLD1 
binds directly to YBX1 in cervical cancer cells.

We further knockdown YBX1 in SiHa and CaSki cells 
(Fig.  3L), and found by CCK8 and colony formation 
assays that YBX1 knockdown inhibited the prolifera-
tion of SiHa and CaSki cells significantly (Fig.  3M, N), 
just as circPOLD1 did. The rescue experiments were 
performed by establishing a co-transfection system of 
down-regulating circPOLD1 expression by siRNA and 
up-regulating YBX1 expression by plasmid in CaSki cells 
simultaneously (Fig.  3O). The qRT-PCR assays showed 
that circPOLD1 knockdown significantly downregulated 
the expression of CDC25A, CIAPIN1 and XIAP, which 
are the target genes of YBX1 and act as proliferation pro-
moters in cancer [26], but the overexpression of YBX1 
abolished this effect induced by circPOLD1 knockdown 

(See figure on next page.)
Fig. 3  CircPOLD1 promotes the proliferation through directly binding to YBX1 in cervical cancer cells. A Schematic representation of the sites 
of the siRNAs specific to the back-splice junction of circPOLD1. B The circPOLD1 and POLD1 mRNA expression measured by qRT-PCR analysis 
in SiHa and CaSki cells after transfected with two siRNAs. Data were the means ± SEM of three independent experiments (*P < 0.05, **P < 0.01, 
***P < 0.001, Student’s t-test). C The proliferation measured by CCK-8 assay in SiHa and CaSki cells transfected with circPOLD1 siRNAs, oligo control 
(oligo) and without treated (wildtype). Data were the means ± SEM of three experiments (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). 
D Representative image (left) and quantification (right panel) of colony formation assays in SiHa and CaSki cells transfected with circPOLD1 
siRNAs or oligo control. Data were the means ± SEM of three experiments (*P < 0.05, **P < 0.01, Student’s t-test). E Apoptotic rates measured 
by flow cytometry in SiHa and CaSki cells transfected with circPOLD1 siRNAs or oligo control. Data were the means ± SEM of five experiments 
(*P < 0.05, **P < 0.01, Student’s t-test). F The circPOLD1 expression measured by qRT-PCR in SiHa cells after stably transfected with circPOLD1 
shRNA(sh-circPOLD1) or oligo shRNA(oligo). G SiHa cells with stably transfected sh-circPOLD1 or oligo were subcutaneously injected into 6 
BALB/c nude mice (4–6 weeks old, female), respectively, to establish the xenograft models. Top panel: The growths of xenografts were compared 
between sh-circPOLD1 and oligo group (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). Tumor volumes were measured per week. Bottom 
panel: The photo showed the sizes of tumors when mice were sacrificed at week 8. H YBX1, the circPOLD1 binding protein predicted by online 
web server RBPmap. I, J Probes targeting back-splice junction of circPOLD1 and control oligo were transcribed in vitro, biotinylated, captured 
by streptavidin magnetic beads, and incubated with CaSki whole-cell lysates for RNA pull-down assays. The expression level of RNA measured 
by qRT-PCR in the eluate (left). CircPLD1 specific bands were assessed by Western blotting (right). Data were the means ± SEM of three experiments 
(*P < 0.05, Student’s t-test). K RIP assays were performed using antibodies against YBX1 in CaSki cells. The quantity of circPOLD1 was evaluated 
by qRT-PCR. Data were the means ± SEM of three experiments (*P < 0.05, Student’s t-test). L The expression level of YBX1 protein in SiHa cells 
after treated with two YBX1 siRNAs. M The proliferation by CCK-8 assay in SiHa and CaSki cells transfected with oligo control or YBX1 siRNAs. Data 
were the means ± SEM of three experiments (*P < 0.05, **P < 0.01, One-way ANOVA). N Representative images (left) and quantification (right) 
of colony formation assays in SiHa and CaSki cells transfected with YBX1 siRNAs or control. Data were the means ± SEM of three experiments 
(*P < 0.05, **P < 0.01, One-way ANOVA). O Co-transfection with circPOLD1 siRNA (si-circPOLD1) and YBX1 plasmid in CaSki cells was established. 
Down-regulated circPOLD1 expression and up-regulated YBX1 expression were evaluated by qRT-PCR. P Relative mRNA expressions of three 
downstream target genes of YBX1 (CDC25A, CIAPIN1 and XIAP) were measured by qRT-PCR in CaSki cells treated with control vector, si-circPOLD1, 
and si-circPOLD1 plus YBX1, respectively. Q The proliferation measured by CCK8 assay in CaSki cells treated with control vector, si-circPOLD1, 
and si-circPOLD1 plus YBX1, respectively. R Representative images of colony formation assays in CaSki cells treated with control vector, si-circPOLD1 
and si-circPOLD1 plus YBX1, respectively. Data were the means ± SEM of three experiments (*P < 0.05, **P < 0.01, One-way ANOVA)
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in CaSki cells (Fig. 3P). Moreover, CCK8 and colony for-
mation assays also showed that overexpression of YBX1 
partially resumed proliferation inhibited by circPOLD1 
knockdown in CaSki cells (Fig. 3Q, R). Our results sug-
gest that circPOLD1 promotes the proliferation through 
directly binding to YBX1 in cervical cancer cells.

CircPOLD1 regulates AKT/mTOR/HIF‑1α and glycolysis 
signaling pathway through phosphorylating YBX1 
in cervical cancer cells
To further investigate the mechanism of circPOLD1 
in cervical cancer carcinogenesis via directly binding 
to YBX1, we firstly detected the expression of YBX1 in 
circPOLD1 knockdown cells. As shown in Fig.  4A and 
B, the YBX1 protein levels did not change significantly 
with circPOLD1 regulation. Previous study indicated that 
YBX1 could be phosphorylate at serine 102 to activate 
downstream oncogenic target molecules in tumor pro-
gression [27]. As expected, the expression level of p-YBX1 
(s102) reduced with circPOLD1 knockdown in CaSki and 
SiHa cells (Fig.  4A and B). In addition, transcriptomics 
analysis was conducted on circPOLD1 and YBX1 knock-
down cells constructed by two siRNAs sequences as well 
as the control cells. The RNA sequencing analysis yielded 
34 differentially expressed genes showed a consistent 
expression trend in si-YBX1 and si-circPOLD1 cells com-
pared with the si-NC cells (Fig. 4C). Of the overlap genes, 
cluster heatmap displayed that 14 protein coding genes 
were downregulated and 16 protein coding genes were 
upregulated following YBX1 and circPOLD1 knockdown 
(Fig.  4D). Moreover, the pathway enrichment analysis 
of overlapping differential genes were identified the gly-
colysis/gluconeogenesis as the most significant associ-
ated pathway both in circPOLD1 knockdown and YBX1 
knockdown cells, which might act a downstream signal-
ing regulated by circPOLD1 binding to YBX1 (Fig.  4E). 
Thus, the overlap downregulated differential gene LDHA 
expression was evaluated after knockdown circPOLD1 
and YBX1, besides, other critical factors of glycoly-
sis HK2 and HIF-1α expression were also detected. The 
western blot assay showed the expression of LDHA, 

HK2, and HIF-1α were significantly downregulation 
both by circPOLD1 knockdown and YBX1 knockdown 
in CaSki and SiHa cells (Fig. 4F and G). The AKT/mTOR 
signaling is confirmed to be regulated HIF-1α dependent 
glycolysis pathway [28]. Indeed, the level of phosphoryl-
ated AKT and mTOR were also restrained in CaSki and 
SiHa cells with circPOLD1 and YBX1 inhibition (Fig. 4H 
and I). These results suggested that circPOLD1 activated 
AKT/mTOR/HIF-1α and glycolysis signaling pathway via 
YBX1 phosphorylation.

The biomarker potential of circPOLD1 and YBX1 in cervical 
carcinogenesis
To explore the clinical significance of circPOLD1 detec-
tion, we further made TMAs by collecting FFPE tissues 
of NCE (n = 81), LSIL (n = 169), HSIL (n = 187), and 
CSCC (n = 253). Basescope and immunohistochemis-
try were performed using the TMAs to determine the 
expression of circPOLD1 and YBX1, respectively. Fig-
ure  5A showed representative BaseScope images of 
circPOLD1 and immunohistochemistry images of YBX1 
in the TMAs. CircPOLD1 signals were recognized as 
relatively small red dots located in cells. Remarkably, 
the BaseScope signal of circPOLD1 was almost negative 
in NCE tissues, significantly higher in LSIL than that in 
NCE tissues (P = 0.004), significantly higher in HSIL than 
that in LSIL tissues (P < 0.001), and also higher, but not 
significantly, in CSCC than that in HSIL tissues (Fig. 5B). 
Similarly, the levels of YBX1 expression were significantly 
higher in CSCC than that in HSIL tissues (P < 0.001), 
significantly higher in HSIL than that in LSIL tissues 
(P < 0.001), and also significantly higher in LSIL than that 
in NCE tissues (P < 0.001, Fig.  5B). Further, there was 
a statistically positive correlation between circPOLD1 
and YBX1 expressions (Fig.  5C R = 0.497, P < 0.001). We 
then utilized principal component analysis to make a 
circPOLD1/YBX1 multi-marker panel for LSIL+ and 
HSIL+ identification, respectively. The ROC curve of 
circPOLD1/YBX1 panel achieved larger area under 
curve (AUC) than that of single circPOLD1 detection 
to identify LSIL+ (LSIL or worse) and HSIL+ (HSIL and 

Fig. 4  CircPOLD1 regulates AKT/mTOR/HIF-1α and glycolysis signaling pathway through phosphorylating YBX1 in cervical cancer cells. A, B Left 
panel: The YBX1 and p-YBX1 protein expression in CaSki and SiHa cells transfected with circPOLD1 siRNAs or control through western blot. Right 
panel: The quantitative analysis of YBX1 and p-YBX1 protein expression by ImageJ (**P < 0.01, ***P < 0.001, One-way ANOVA). C Venn diagram 
showing the overlap differentially genes between si-YBX1 vs si-NC and si-circPOLD1 vs si-NC via RNA sequencing. D The cluster heatmap of overlap 
differentially expressed mRNAs in YBX1 and circPOLD1 knockdown or control cells. E The pathway enrichment analysis of overlapping differential 
genes between si-YBX1 vs si-NC and si-circPOLD1 vs si-NC via RNA sequencing. F Protein levels of YBX1, p-YBX1, LDHA, HK2, HIF-1α, mTOR, 
p-mTOR, AKT and p-AKT, were determined following transfection with two YBX1 siRNAs and si-NC in CaSki and SiHa cells. G The quantitative 
analysis of F by ImageJ (*P < 0.05, **P < 0.01, ***P < 0.001, One-way ANOVA). H Protein levels of LDHA, HK2, HIF-1α, mTOR, p-mTOR, AKT and p-AKT 
were determined following transfection with two circPOLD1 siRNAs and si-NC in CaSki and SiHa cells. I The quantitative analysis of H by ImageJ 
(**P < 0.01, ***P < 0.001, One-way ANOVA)

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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and circPOLD1/YBX1panel (AUC = 0.9514, P < 0.0001). E In identifying HSIL + (HSIL and worse), the ROC curves of circPOLD1 (AUC = 0.7282, P < 0.001) 
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diagnosis by circPOLD1 in the serum-based validation set via ROC analysis. (AUC = 0.731, P = 0.001). H The diagnostic performance of cervical cancer 
diagnosis by circPOLD1 in the serum-based validation set. (AUC = 0.858, P < 0.0001)
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worse). To identify LSIL+, the circPOLD1/YBX1 panel 
achieved AUC of 0.951 (P < 0.0001) with sensitivity of 
0.821 and specificity of 0.988 (Fig. 5D). Similarly, to iden-
tify HSIL+, the circPOLD1/YBX1 panel achieved AUC of 
0.817 (P < 0.0001) with sensitivity of 0.752 and specific-
ity of 0.720 (Fig. 5E), suggesting the biomarker potential 
of circPOLD1 and YBX1 to identify cervical cancer and 
precursor. Moreover, circPOLD1 was significantly asso-
ciated with lymph node metastasis (Table 1) by analysis 
of patients’ clinicopathological parameters, which has 
been established as an independent prognostic factor 
in cervical carcinoma, suggesting their value in clinical 
outcomes. Additionally, we collected a set of serum sam-
ples, including normal controls (n = 30), HISL (n = 40), 
and cervical cancer patients (n = 50) to detect the ability 
of circPOLD1 in liquid biopsy. The results showed that 
the expression of circPOLD1 was gradually increased in 
serum of HISL and cervical cancer patients compared 
with normal controls (Fig. 5F). Moreover, the ROC curve 
of circPOLD1 was analyzed to evaluate its ability for 
HISL and cervical cancer identification. The circPOLD1 
panel achieved AUC of 0.731 to identify HISL, with sensi-
tivity of 0.775 and specificity of 0.567 (Fig. 5G), and AUC 
of 0.858 for CSCC, with sensitivity of 0.840 and specific-
ity of 0.833 (Fig.  5H), suggesting the potential ability of 
circPOLD1 to identify HSIL and cervical cancer in liquid 
biopsy.

Discussion
Cervical cancer progresses through distinct stages, 
from NCE to HSIL and CSCC. Despite advancements 
in screening methods, such as cytology and HPV test-
ing, these methods continue to encounter significant 
limitations in sensitivity, specificity, and clinical appli-
cability. Consequently, there is an urgent need to iden-
tify novel biomarkers capable of addressing these gaps, 
particularly for early detection and risk stratification 
of cervical cancer. Our study identifies circPOLD1 as 
a novel, stage-specific circRNA whose expression pro-
gressively increases from NCE to CSCC, making it a 
promising candidate for early detection and diagnosis 
of cervical cancer.

In contrast to previous studies focusing on circRNAs 
in cervical cancer [29–34], our research provides a com-
prehensive evaluation of the dynamic expression profile 
of circPOLD1 across different stages of cervical carcini-
genesis. We demonstrate that circPOLD1 is significantly 
upregulated in HSIL and CSCC tissues compared to 
NCE, indicating its potential as an early biomarker of cer-
vical cancer progression. A key novel aspect of our study 
lies in the mechanistic insights we provide regarding 
how circPOLD1 facilitates cervical cancer progression. 
Through functional assays, we show that circPOLD1 acts 
as an oncogene by binding to the RNA-binding protein 
YBX1, which subsequently activates the AKT/mTOR/
HIF-1α signaling pathway, a key driver of glycolysis and 
tumor progression [35, 36]. Recent studies have demon-
strated that YBX1, as an RBP, can activate downstream 
oncogenic pathway by interacting with circRNAs. For 
instance, circRNA-SORE stabilizes YBX1 to induce the 
expression of AKT, ERK, and Raf1 by inhibiting PRP19 
in hepatocellular carcinoma [25]. Similarly, Huang et al. 
reported that circMAN1A2_009 binds to YBX1, promot-
ing its nuclear localization and activation of downstream 
transcription targets such as GLO1 mRNA in cervi-
cal carcinogenesis [27]. Our study adds to this growing 
body of evidence by showing that circPOLD1 promotes 
YBX1 phosphorylation at serine 102, further activating 
downstream oncogenic pathways. Specifically, we dem-
onstrated that the relative phosphorylation level of YBX1 
was significantly reduced following circPOLD1 knock-
down in CaSki and SiHa cells, indicating that circPOLD1 
plays a pivotal role in regulating YBX1 activity. Notably, 
YBX1 knockdown in cervical cancer cells induced simi-
lar phenotypic changes to circPOLD1 downregulation, 
suggesting that YBX1 serves as a critical mediator of 
circPOLD1’s oncogenic effects. Moreover, the inhibitory 
effects induced by circPOLD1 knockdown were partially 
reversed upon YBX1 overexpression, further support-
ing the functional interaction between circPOLD1 and 
YBX1.

Table 1  clinicopathological characteristics of patients with 
cervical cancer

Variable circPOLD1 expression P value

Low No./ratio High No./ratio

Figo staging (2009)

 I 59 121 0.820

 II 24 46

Lymph node metastases

 Absent 70 125 0.015*

 Present 5 29

Histological grade

 G1 3 2 0.435

 G2 60 117

 G3 16 35

Stroma invasion

 Absent 49 82 0.156

 Present 31 77

Parametrial invasion

 Absent 75 150 0.593

 Present 2 8

Tumor diameter (cm)

 < 4 cm 72 150 0.727

 ≥ 4 cm 10 18
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To validate these findings, we utilized BaseScope and 
IHC techniques. BaseScope’s high sensitivity enabled us 
to visualize circPOLD1 expression patterns and localize 
them within tissue microarrays, while IHC confirmed 
the elevated expression of both circPOLD1 and YBX1 
across different stages of cervical cancer. Importantly, 
the circPOLD1/YBX1 multi-marker panel demon-
strated high diagnostic performance, with an AUC of 
0.951 for detecting LSIL+ and 0.817 for HSIL+ lesions. 
These results highlight the potential of circPOLD1 as a 
non-invasive biomarker for early detection, as serum 
circPOLD1 levels increased progressively across dis-
ease stages, supporting its application as a liquid biopsy 
marker.

Our study further emphasizes the clinical relevance 
of circPOLD1 as a novel biomarker for cervical can-
cer screening. Conventional screening methods, such 
as cytology and HPV testing, remain limited by factors 
such as sample quality, interobserver variability, and lack 
of specificity, which often lead to unnecessary follow-
up procedures, including colposcopy and biopsy [7]. 
In contrast, circRNAs inculding circPOLD1, offer sev-
eral advantages, including high stability, tissue-specific 
expression, and potential application in liquid biopsy, 
making them ideal candidates for dynamic monitor-
ing and prognostic assessment [12, 13, 16]. Our findings 
suggest that circPOLD1, in combination with YBX1, can 
optimize the sensitivity–specificity trade-off inherent to 
conventional cervical cancer screening methods, poten-
tially reducing overtreatment and improving clinical 
outcomes.

The molecular mechanism underlying the role of 
circPOLD1 in cervical carcinogenesis is also notewor-
thy. By interacting with YBX1, circPOLD1 not only 
enhances the stability and nuclear localization of YBX1 
but also promotes its phosphorylation, thereby activating 
downstream oncogenic pathways. Specifically, our study 
demonstrates that circPOLD1-mediated YBX1 phos-
phorylation results in the activation of the AKT/mTOR/
HIF-1α pathway, a critical driver of glycolysis and tumor 
progression [35, 36]. This finding highlights the complex 
and multifaceted nature of circRNAs and their capac-
ity to influence cancer metabolism, a key hallmark of 
tumorigenesis.

While our findings are promising, further research is 
warranted to validate the clinical utility of circPOLD1 
as a biomarker for cervical cancer risk stratification and 
early detection. Future directions will include expand-
ing the clinical validation of circPOLD1 across larger 
and more diverse cohorts, as well as evaluating its role in 
post-screening management. Additionally, mechanistic 
studies exploring the interaction between circPOLD1, 
YBX1, and other potential binding partners will provide 

a more comprehensive understanding of the molecular 
pathways driving cervical cancer progression.

Conclusion
Our study identifies circPOLD1 as a novel, stage-spe-
cific biomarker that plays a pivotal role in cervical can-
cer progression. We provide compelling evidence that 
circPOLD1 promotes tumorigenesis by interacting with 
YBX1 and activating the AKT/mTOR/HIF-1α signal-
ing pathway. The combination of circPOLD1 and YBX1 
detection in both tissue and serum samples significantly 
enhances the diagnostic accuracy for cervical cancer 
and its precursors, presenting a promising approach for 
improving early detection and reducing the burden of 
cervical cancer through targeted interventions. Moreo-
ver, the integration of novel RNA in  situ hybridization 
technologies and liquid biopsy approaches positions 
circPOLD1 as a valuable tool for clinical practice, pav-
ing the way for the future development of non-invasive, 
highly sensitive screening methods for cervical cancer.

Materials and methods
Human tissue samples
All the samples were collected from patients who under-
went treatment at Women’s hospital, Zhejiang University 
School of Medicine, China. Patients were informed con-
sent for obtaining samples and the study was approved by 
the Hospital Ethical Committee and conducted in accord-
ance with the 2008 Declaration of Helsinki. HPV negative 
normal cervical epithelium (HPV− NCE) and HPV16 
positive normal cervical epithelium (HPV16+ NCE) 
were collected from patients who underwent total hys-
terectomy for benign uterine conditions such as uterine 
fibroids at our hospital, HPV16+ high-grade squamous 
intraepithelial lesion (HSIL) were obtained from colpos-
copy-guided biopsies, loop electrosurgical excision pro-
cedures (LEEP), or cold knife conization, and HPV16+ 
cervical squamous-cell carcinoma samples (CSCC) 
tissues were obtained from patients following cervi-
cal cancer surgery. All tissues were diagnosed by clini-
cal histopathology. Additional criteria: Age 25–70  years 
and with complete clinicopathological records. Exclu-
sion Criteria: (1) History of other malignant tumors. (2) 
Concurrent viral infections other than hepatitis B virus 
(HBV) (e.g., syphilis, HIV). (3) Other patients who are 
not eligible (e.g., Comorbid autoimmune diseases or Cur-
rent pregnancy). On the basis of previous researches [37], 
six samples of each group were collected for circRNA 
high-throughput sequencing analysis to ensure the reli-
ability and accuracy of study. Moreover, 32 HPV− NCE, 
46 HSIL (HPV16+ or other types positive) and 48 CSCC 
(HPV16+ or other types positive) tissues were obtained 
for validation by qRT-PCR assays. In addition, totally 
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1058 formalin-fixed, paraffin embedded (FFPE) tissue 
blocks from 690 patients including 81 of NCE, 169 of 
low-grade squamous intraepithelial lesion (LSIL), 187 of 
HSIL, and 253 of CSCC, were collected to construct tis-
sue microarrays (TMAs). The peripheral blood samples 
include 40 HSIL patients, 50 cervical cancer patients 
and 30 non-disease controls were obtained from August 
2022 to December 2023 for evaluating biomarkers into a 
blood-based detection. The peripheral blood specimens 
were subjected to centrifugation at 3000 rpm for 10 min, 
after which the resulting supernatant was aliquoted and 
cryopreserved at − 80  °C in preparation for subsequent 
total RNA isolation procedures.

Identification of HPV genotype
Exfoliated cells of each tissue sample were collected 
by collection brushes and tubes for HPV genotyping 
test. And HPV types were tested by 21 HPV GenoAr-
ray Diagnostic innovation technologies (Hybribio Com-
pany, China). As there may be false negative results for 
the detection using above technologies, nested PCR was 
performed to amplify a part of the HPV L1 gene, which 
encodes the major capsid protein of several subtypes of 
HPV. DNA from each HPV negative exfoliated cell sam-
ple tested by above technologies was amplified with the 
consensus primers MY09/ MY11 followed by amplifi-
cation with general primers GP5+/GP6+ by two-step 
nested PCR to further verify if the specimens were truly 
HPV negative. Co-amplification with the human β‐globin 
primers GH20/PC04 was performed as an internal reac-
tion control.

Establishment of sequencing libraries for detecting 
circRNAs
Total RNA was isolated and purified using Trizol rea-
gent (Invitrogen, Carlsbad, CA, USA) following the 
manufacturer’s procedure. The RNA amount and 
purity of each sample was quantified using NanoDrop 
ND-1000 (NanoDrop, Wilmington, DE, USA). The 
RNA integrity was assessed by Agilent 2100 with RNA 
number > 7.0. Approximately 5 ug of total RNA were 
used to deplete ribosomal RNA according to the manu-
script of the Ribo-Zero™ rRNA Removal Kit (Illumina, 
San Diego, USA). After removing ribosomal RNAs, 
the left RNAs were fragmented into small pieces using 
divalent cations under high temperature. Then the 
cleaved RNA fragments were reverse-transcribed to 
create the cDNA, which were next used to synthesize 
U-labeled second-stranded DNAs with E. coli DNA 
polymerase I, RNase H and dUTP. An A-base was then 
added to the blunt ends of each strand, preparing them 
for ligation to the indexed adapters. Each adapter con-
tained a T-base overhang for ligating the adapter to the 

A-tailed fragmented DNA. Single-or dual-index adapt-
ers were ligated to the fragments, and size selection 
was performed with AMPureXP beads. After the heat-
labile UDG enzyme treatment of the U-labeled second-
stranded DNAs, the ligated products were amplified 
with PCR by the following conditions: initial dena-
turation at 95 °C for 3 min, 8 cycles of denaturation at 
98 °C for 15 s, annealing at 60 °C for 15 s, and extension 
at 72  °C for 30 s, and then final extension at 72  °C for 
5 min. The average insert size for the final cDNA library 
was 300 bp (± 50 bp). At last, the paired-end sequencing 
was performed on an Illumina Hiseq 4000 (LC Science 
Co., LTD., China) following the vendor’s recommended 
protocol.

Bioinformatic methods for identifying circRNAs
Firstly, Cutadapt (1.10) was used to remove the reads that 
contained adaptor contamination, low quality bases and 
undetermined bases. Then sequence quality was veri-
fied using FastQC (0.10.1) (http://​www.​bioin​forma​tics.​
babra​ham.​ac.​uk/​proje​cts/​fastqc/). Bowtie2 (2.2.0) [38] 
and tophat2 (2.0.10) [39] was used to map reads to the 
genome (GRCh38) of species (Homo sapiens). Remain-
ing reads (unmapped reads) were still mapped to genome 
using tophat-fusion (2.1.0) [40]. CIRCExplorer (1.0) [41, 
42] was used to de novo assemble the mapped reads to 
circular RNAs at first; Then, back splicing reads were 
identified in unmapped reads by tophat-fusion. All sam-
ples were generated unique circular RNAs. The unit of 
measurement for circRNAs is Fragment Per Kilobase of 
exon per Million fragments mapped (FPKM). The differ-
entially expressed circRNAs were selected with log2 (fold 
change) ≥ 1 or log2 (fold change) ≤ − 1 and with statistical 
significance (p value < 0.05) by t test, p value is corrected 
using BH [43] method.

RNA extraction and real‑time quantitative RT‑PCR
Total RNA was extracted and purified with Trizol rea-
gent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. The RNA amount and purity 
of each sample was quantified with NanoDrop ND-1000 
(NanoDrop, Wilmington, DE, USA). For the RNA of tis-
sue samples used for qRT-PCR assay, the RNA integrity 
was assessed by Agilent 2100 to exclude RNA samples 
with weak RNA integrity and ensure the accuracy of 
using 18S as internal reference. And 1 ug total RNA was 
reverse transcribed into cDNA in a reaction volume of 
20  μl utilizing PrimeScript RT reagent Kit with gDNA 
Eraser (Takara Otsu, Shiga, Japan). QRT-PCR analyses 
were performed with SYBR Premix Ex Taq (Takara). All 
the primers used were presented in Table S1.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Cell line culture
Human cervical cancer SiHa cell line was obtained from 
the American Type Culture Collection (ATCC, USA). 
Human cervical cancer CaSki cell line was obtained 
from Cell resource center, Shanghai Institute of Life 
Sciences, Chinese Academy of Sciences (China). SiHa 
cells were cultured in DMEM (BI, Israel) supplemented 
with 10% FBS and CaSki cells were cultured in RPMI-
1640 (BI, Israel) supplemented with 10% FBS, which 
both maintained at 37 °C in 5% CO2.

RNA fluorescence in‑situ hybridization (FISH)
CY3 labeled probe (Table S1) specifically targeting the 
back-spliced junction of circPOLD1 was synthesized by 
GeneSeed Biotech., Ltd (Guangzhou, China). SiHa and 
CaSki cells were seeded on the slides at the bottom of 
the Petri dishes and incubated. After permeabilization 
with 0.5% tritonx-100 and fixation with 4% paraform-
aldehyde, cells were incubated at 37  °C overnight in 
the hybridization buffer containing diluted denatured 
probe. Subsequently, the slides were washed and dyed 
with DAPI-Antifade, and finally sealed with rubber 
cement. Representative images for the RNA FISH were 
taken by Laser confocal microscope (TCS SP2 AOBS).

RNaseR resistance assay
Total RNA was incubated with or without 2U/ug Ribo-
nuclease R (RNase R) (Epicentre, Madison, WI, USA) at 
37 °C for 15 min, and then purified and recovered with 
RNeasy MinElute Cleanup kit (Qiagen, German) fol-
lowing the manufacturer’s instruction.

Northern blot
The DNA probes targeting the back-spliced junction of 
circPOLD1 was synthesized and labeled with digoxi-
genin (DIG, Table S1). About 15 µg of total RNAs was 
denatured in formaldehyde and then separated on 1% 
agarose–formaldehyde gel by electrophoresis at 25  V 
overnight. The RNAs were then transferred to Hybond-
N+ membrane (Amersham, UK, RPN303B) and hybrid-
ized with biotin labeled DNA probes at 50 °C overnight 
after the prehybridization at 50  °C for 2  h in DIG 
Easy Hyb solution (Roche, Swiss). The membrane was 
washed stringently, blocked in blocking solution and 
stained with anti-DIG antibody. Finally, the blots were 
exposed with X-ray films with chemiluminescence sub-
strate CSPD (Roche, Swiss).

Western blot
Protein was extracted using RIPA lysis buffer (Solar-
bio, Beijing, China) with proteinase inhibitor and 
quantified by a BCA kit (Beyotime Biotechnology, 

Shanghai, China). 20 µg of total protein was separated 
using 4–20% SurePAGE (GenScript, USA, M00665) 
and transferred to polyvinylidene difluoride mem-
brane (Bio-Rad, USA, 1620177). The membranes were 
blocked by 5% skim milk and then incubated overnight 
at 4 °C with antibodies against YBX1(Santa cruz, USA: 
sc-101198, 1:500), phosphoS102-YBX1 (abcam, USA: 
ab138654, 1:700), mTOR (CST, USA: 2983, 1:1000), 
phospho-mTOR (CST, USA: 2971, 1:1000), AKT (CST, 
USA: 9272, 1:1000), phospho-AKT (CST, USA: 4060, 
1:1000), HIF-1α (Proteintech, China: 20960-1-AP, 
1:2000), HK2 (Proteintech, China: 22029-1-AP, 1:5000), 
LDHA (CST, USA: 3582, 1:1000), Actin (Diagbio, China 
1:1000) and GAPDH (Diagbio, China 1:1000). After 
incubated with the secondary antibodies (1: 5000), the 
membranes were detected using ECL chemilumines-
cence reagents (Thermo Fisher, USA) and analyzed 
with ImageQuant Las 4000 software.

Cell transfection
Small interference RNAs (siRNAs) that target the back-
spliced junction of circPOLD1 were designed and synthe-
sized by GenePharma (Shanghai, China). Short hairpin 
RNA (shRNA) specific against circPOLD1 junction site 
were inserted into lentiviral vector GV334 (Genechem, 
Shanghai, China) and transfected into cells to construct 
stably knockdown cell lines. For siRNA transfection, cells 
were precultured in six-well plate with 70% convergence, 
2.5 μl siRNA and 2.5 μl DharmaFECT1 transfection rea-
gent (Dharmacon, USA) were separately mixed with 
125  μl OPTI-MEM medium and incubated for 5  min, 
then mixed together and incubated for 15 min. The trans-
fection mixture was added to cell medium. Cells were 
collected after 48  h or 72  h for transfection efficiency 
verification or subsequent experiments. For plasmid 
transfection, the lentiviral particles were produced form 
293 T cells transfection with the target plasmid based on 
shRNA sequence and helper plasmid, and then infected 
to cervical cancer cells. The stable cell lines were selected 
by puromycin (2 μg/ml) All the siRNAs used in this arti-
cle were presented in Table S1.

Cell proliferation and apoptosis assays
Cell proliferation was detected with CCK8 assay and 
colony formation assay. For CCK8 assay, the cells (4 * 103/
well) were seeded into 96-well plates and treated as 
designed. And then they were added with Cell Counting 
Kit-8 (CCK8) (DOJINDO, Japan, Cat# CK04) solution on 
days 0, 1, 2, 3 and 4. After 2 h of incubation at 37 °C, the 
absorbance at 450 nM was measured. For colony forma-
tion assay, the treated cells (500/well) were seeded into 
6-well plates and incubated at 37 °C for 14 days. Colonies 
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were counted and analyzed after fixed with methanol and 
stained with 0.1% crystal violet.

To detect the cell apoptotic rates, after transfected 
with siRNAs or oligos for 72 h, SiHa and CaSki cells were 
stained using Annexin V-FITC/PI apoptosis kit (Mutisi-
ences, China, AP101-100-kit) and analyzed using flow 
cytometry (Beckman, USA).

Biotin‑labeled RNA pull‑down
Biotin-labeled DNA probe specifically targeting the 
back-spliced junction of circPOLD1 was synthesized 
(Table  S1). RNA pull-down assay was performed using 
the Pierce™ Magnetic RNA–Protein Pull-Down Kit 
(Thermo Scientific, USA, 20164) following the manufac-
turer’s instructions. Briefly, Cell lysates were prepared 
using standard lysis buffers (Thermo Scientific, USA) 
and biotin-labeled DNA probes were incubated with 
streptavidin magnetic beads. Then the cell lysates were 
incubated with the streptavidin magnetic beads at 4  °C 
overnight. The magnetic bead was thoroughly washed 
and the flow through fluid was collected for further 
experiments. The RNA bound to the magnetic bead was 
detected by qRT-PCR to verify if circPOLD1 was pulled 
down by the DNA probe. The proteins bound to the mag-
netic bead were separated with SurePAGE (GenScript, 
USA, M00665) and detected by Western Blot.

RIP
RIP assay was performed using Magna RIP™ Quad 
RNA-Binding Protein Immunoprecipitation Kit (Sigma-
Aldrich, USA, 17-704) according to the instructions. The 
YBX1 antibody (Abcam, UK, ab12148) was used in the 
RIP assay and mouse immunoglobulin G (IgG) was used 
as negative control.

Tissue micro array construction
In this study, special TMAs were constructed using 1058 
FFPE tissue blocks from 690 patients, which were col-
lected from Pathology Department, Women’s Hospital, 
Zhejiang University School of Medicine, China, between 
2017–2018. Specimens of NCE, LSIL, HSIL and CSCC 
area confirmed by 2 independent pathologists were col-
lected, punched from the original tissue blocks and 
re-embedded into new paraffin blocks for TMA. TMA 
blocks were cut into 4 μm sections for BaseScope Assay 
and immunohistochemistry.

Immunohistochemistry
After the TMAs of the FFPE tissues were deparaffinized, 
rehydrated, and retrieved, the slides were then incubated 
with a 1:600 dilution of antibody against human YBX1 
(Abcam, UK, ab12148). YBX1 immunopositivity analy-
sis was semiquantitative and defined as the presence of 

any specific staining in the cytoplasm and/or nucleus. 
Staining intensity grade was classified as: 0 for no stain-
ing, 1 for weak, 2 for moderate, 3 for strong and 4 for 
extremely strong. The percentage grade of total cells that 
were stained were classified as: 0 for < 5%, 1 for 6–25%, 
2 for 26–50%, 3 for 51–75% and 4 for 76–100%. The 
score of YBX1 expression was obtained by multiplying 
the above two grades, which ranged from 0 to 16. All the 
samples were examined and scored by two independent 
pathologists.

Nude mice xenograft experiments
CircPOLD1 stably knockdown SiHa cells and control 
SiHa cells were used. Totally 2 * 106 cells were resus-
pended in 100 μL PBS, and injected subcutaneously into 
the nape of 4–6  weeks old female nude mice (BALB/c), 
respectively, (n = 6/each group). The size of the subcuta-
neous tumor was measured once a week, and the mice 
were sacrificed under anesthesia at week 8. All the exper-
iments were performed under the approval of Zhejiang 
University, China, abiding by the Guide for the Care and 
Use of Laboratory Animals.

RNA in‑situ hybridization
The expression of circPOLD1 in cervical tissues was 
evaluated by in  situ hybridization (ISH) using the Bas-
eScope Detection Reagent Kit-Red (Advanced Cell 
Diagnostics (ACD), Newark, CA, USA), a novel and pro-
prietary method of ISH to visualize single circRNA mol-
ecules [44], following the manufacturer’s instructions. 
A 1ZZ ISH probe targeting the back-spliced junction of 
circPOLD1 (351–78nt ofNR_046402.1) was designed, 
termed as BA-Hs-POLD1-circRNA-E3E2 (ACD). The 
evaluation was accomplished by two independent pathol-
ogists without knowledge of clinical information. For 
each specimen, the pathologists measured the area of the 
exact tissue section of NCE, LSIL, HSIL or CSCC (area) 
and counted the numbers of red dots in the section. 
Then the circPOLD1 expression scores were obtained 
using the following algorithm: circPOLD1 expression = Ig 
(number/area + 1), and the unit of measurement for area 
is square millimeter.

Statistical analysis
Statistical analyses were performed using SPSS26.0, 
GraphPad Prism 8.4.3 and Anaconda Python 3.8. The 
Shapiro–Wilk test was performed to assess normality 
of the data distribution. Student’s t-test and Welch’s 
t‐test were used for two groups comparison as appro-
priate, defined in the figure legends. For comparisons 
across three groups, the Kruskal–Wallis test (non-par-
ametric ANOVA equivalent) was employed, followed 
by post hoc Dunn’s tests with Bonferroni correction 
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for multiple comparisons. Spearman’s rank correla-
tion coefficient of the expression of circPOLD1 and 
YBX1was assessed. Principal component analysis of 
circPOLD1 and YBX1 expression data was done using 
Python. The receiver operating characteristic (ROC) 
curve was used to assess the performance of circPOLD1 
and YBX1 detection in identifying cervical lesions. All 
statistical tests were two sided, and P values less than 
0.05 were considered as significant.

All the primers and probes used were listed in Sup-
plementary Table S1.
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