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The circular RNA circZFR phosphorylates Rb ")
promoting cervical cancer progression by
requlating the SSBP1/CDK2/cyclin E1

complex

Mingyi Zhou', Zhuo Yang', Danbo Wang'", Peng Chen' and Yong Zhang?

Abstract

Background: As a novel type of non-coding RNA, circular RNAs (circRNAs) play a critical role in the initiation and
development of various diseases, including cancer. However, the exact function of circRNAs in human cervical
cancer remains largely unknown.

Methods: We identified the circRNA signature of upregulated circRNAs between cervical cancer and paired
adjacent normal tissues. Using two different cohorts and GEO database, a total of six upregulated circRNAs were
identified with a fold change > 2, and P < 0.05. Among these six circRNAs, hsa_circ_0072088 (circZFR) was the only
exonic circRNA significantly overexpressed in cervical cancer. Functional experiments were performed to investigate
the biological function of circZFR. CircRNA pull-down, circRNA immunoprecipitation (circRIP) and Co-
immunoprecipitation (Co-IP) assays were executed to investigate the molecular mechanism underlying the function
of circZFR.

Results: Functionally, circZFR knockdown represses the proliferation, invasion, and tumor growth. Furthermore,
circRNA pull-down experiments combined with mass spectrometry unveil the interactions of circZFR with Single-
Stranded DNA Binding Protein 1 (SSBP1). Mechanistically, circZFR bound with SSBP1, thereby promoting the
assembly of CDK2/cyclin E1 complexes. The activation of CDK2/cyclin E1 complexes induced p-Rb phosphorylation,
thus releasing activated E2F1 leading to cell cycle progression and cell proliferation.

Conclusion: Our findings provide the first evidence that circZFR is a novel onco-circRNA and might be a potential
biomarker and therapeutic target for cervical cancer patients.
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Background

Despite the human papilloma virus (HPV) vaccine
and screening, cervical cancer remains one of the
fourth most frequent cancer in women worldwide [1,
2]. The morbidity and mortality of cervical cancer in
low-income and lower-middle-income countries re-
main high [3]. Moreover, an emerging number of
young women have cervical cancer and impair their
fertility [4]. Despite surgical therapy, chemotherapy,
and radiotherapy, cervical cancer still exhibits high in-
vasion and mortality rates.

Recently, non-coding RNAs (ncRNA) has become a
hot-spot as a critical regulator in tumorigenesis [5].
Circular RNAs (circRNAs), are a new class of endogen-
ous functional ncRNAs and derived from precursor
mRNA back splicing to form a continuous closed loop
structure, are more stable and resistant to degradation
than liner RNAs [6—8]. Emerging evidence has suggested
that circRNAs can participate in the development and
progression of malignant tumors [6]. However, the exact
mechanism is still poorly understood. One molecular
mechanism involves cytoplasmic circRNAs acting as
competitive endogenous RNA (ceRNA), such as micro-
RNAs (miRNAs) sponge that represses protein-coding
mRNAs by binding to miRNA response elements
(MREs) and thus, can reduce their capacity to bind to
and downregulate protein transcripts [9]. Others circular
RNAs can interact with proteins as RNA-binding pro-
teins (RBPs), via specific RNA-binding domains (RBDs),
to form RNA-protein complex and regulate their activ-
ities in human cancers. Currently, more than 1500 RBPs
and several kinds of RBDs have been identified [10-13].

The complexity of the circRNAs regulatory functions
remains to be determined, particularly during the cell
cycle and the proliferation of cervical cancer. Moreover,
circRNAs have high tissue specificity. Because of their
stability, resistance to degradation, and tissue specificity,
circRNAs may represent novel biomarkers or therapies
for specific cancer [9, 14—16].

Here, we aim to investigate the function of circRNAs
in regulating the proliferation of cervical cancer. We
identified a circRNAs signature of six upregulated
circRNAs between cervical cancer tissues and paired
non-cancer tissues, validated our results from the GEO
database, and found that hsa_circ_0072088 (circZFR)
was the only exonic circRNA significantly upregulated in
squamous cervical cancer. Mechanistically, Single-
Stranded DNA Binding Protein 1 (SSBP1), which is a
candidate RBP, was identified by RNA pull-down and
circRNA-immunoprecipitation assay (circRIP) to interact
with circZFR. The SSBP1-circZFR complex recruits and
activates the CDK2/cyclin-E1 complex driving Rb phos-
phorylation leading the inactivation of retinoblastoma
protein and therefore releasing E2F1 transcription factor.
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Thus, leading to E2F1 transcription factor to express
genes that promote entry into S-phase and promotes
proliferation of cervical cancer. In conclusion, our re-
sults suggested that circZFR is a novel onco-circRNA
and a potential biomarker for cervical cancer.

Methods

Cervical tumors samples and cell cultures

In this study, 30 pairs of cervical cancer and adjacent
normal tissues, ten advanced cervical cancer without ad-
jacent normal tissue, and seven normal cervical epithelial
tissues of the patients who had a hysterectomy due to
myoma were obtained from Liaoning Cancer Hospital.
Any cases that received chemotherapy or radiotherapy
before collection were excluded. Only squamous cervical
cancer cases were collected in order to decrease hetero-
geneity due to different histological types.

Human cervical cancer cell lines (HeLa and SiHa)
were purchased from the Shanghai Institutes for
Biological Sciences, China. All cell lines were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM) high
glucose medium (HyClone, Logan, UT, United States)
supplemented with 10% fetal bovine serum (FBS).

circRNAs expression profile analysis

We performed circRNA microarray analysis (human
CircRNA microarray V2.0) using three cervical cancer
tissues and paired adjacent normal tissues in our
Liaoning Cancer Hospital & Institute (LCHI)s cohort.
Another profile using the same microarray (GSE102686)
was downloaded from the Gene Expression Omnibus
database  (GEO,  http://www.ncbi.nlm.nih.gov/geo).
GSE102686 consisted of 5 cervical cancer tissues and
paired adjacent normal tissues. R version 3.6.2 software
(https://www.r-project.org/) was used to compare the
differentially expressed genes (DEGs) of two profiles
separately.

TCGA and GTEx data analyses

A total of 306 cervical cancer and 13 healthy cervical
tissues and the corresponding clinical data were ob-
tained from The Cancer Genome Atlas (TCGA, https://
cancergenome.nih.gov/) and Genotype-Tissue Expres-
sion (GTEXx, https://www.gtexportal.org/home/index.
html). All the data included in this study are in agree-
ment with the TCGA and GTEx publication guidelines.

Quantitative reverse transcription-polymerase reaction
(qRT-PCR)

Total RNA from tissues and cells was isolated using
TRIZOL reagent (Invitrogen, CA, USA). For circRNA
and mRNA, ¢cDNA was synthesized using the Prime-
Script RT reagent Kit with gDNA Eraser (Takara, Otsu,
Japan). The quantification of circRNA and mRNA was
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performed using SYBR Premix Ex Taq II (Takara, Otsu,
Japan). CircZFR and mRNA expression were detected
using the specific primer pairs (Supplementary Table 1).
[-actin was used as the internal reference for the quanti-
fication of circRNA and mRNA. qRT-PCR was con-
ducted on the Bio-Rad CFX96 system (Bio-Rad, CA,
USA). The relative expression of circRNAs and mRNAs
was calculated with the 2-AACT method.

CircRNA plasmid construction and stable cell lines

Stable cell lines expressing CircZFR or sh-CircZFR and
controls (CircCtrl and sh-Ctrl) were performed as previ-
ously described [17]. In brief, recombinant lentiviruses
were produced in HEK293 cells. The viruses were har-
vested and purified by centrifugation. Pools of stable
transductions were generated by selection using puro-
mycin (1.0 pg/ml HeLa and 5.0 pg/ml for SiHa) for two
weeks. The sequences of siRNAs and shRNAs targeting
circZFR are listed in Supplementary Table 2.

SSBP1 plasmid construction

The target sequences of SSBP1 shRNAs are listed in
Supplementary Table 3. The shRNA with the most sig-
nificant knockdown efficiency was selected in this study.

E2F1 siRNAs

The siRNAs for E2F1 were synthesized from Ambion
(Austin, TX, USA). The sequences of E2F1 siRNAs are
listed in Supplementary Table 4.

Cell proliferation and cell cycle analyses

We performed cell counting and 5-Ethynyl-20-deoxyuri-
dine (EAU) assays to assess cell proliferation. The cell
counting assay was performed using Cell Counting Kit-8
(Dojindo Laboratories, Kumamoto, Japan) as previously
described [17]. The stably transfected cells (2.0 x 10%/
well) were plated into 96-well plates and incubated at
37 °C for 8 h until adherence and were referred to as day
0. Cell numbers were counted on days 1, 2, 3, and 4.
The EdU incorporation assay was performed using a
Cell-Light EAU DNA Cell Proliferation Kit (RiboBio,
Guangzhou, China) according to the manufacturer’s
protocol [18]. The percentage of EdU-positive cells was
calculated. We also performed a colony formation assay
to validate the function of circZFR on cervical cancer
cell proliferation. Total of 500 stably transfected cells
were seeded into six-well plates. The plates were photo-
graphed and counted after 14 days.

Cell cycle analyses were performed as previously de-
scribed [19]. Briefly, all of the cells were first synchro-
nized through serum deprivation for 36 h. The cells were
stained using PI/RNase Staining Buffer (BD BioScience)
and then analyzed in BD Accuri™ C6 (BD BioScience).
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Wound healing, migration, and invasion assays

Wound healing, migration, and invasion assays were
performed as previously described [20]. The stably trans-
fected cells were cultured in 6-well plates, for wound
healing assay, until 90-100% confluent. After scratching,
the cells were washed and maintained in serum-free
medium. At 0, 12, and 24h three-time points after
wounding, the width of wounds was examined in three-
independent wound sites per group and normalized to a
control group.

Migration and invasion assays were performed using
transwell chambers, which contain inserts with a pore
size of 8 um (Corning Incorporated, Corning, NY, USA).
Total 2 x 10® stably transfected cells were plated into an
upper chamber coated with or without Matrigel (Corn-
ing Incorporated, Corning, NY, USA) with serum-free
medium, and the lower chamber was added 10% fetal
bovine serum. After incubation for 24 h, the cells passed
through the membrane were fixed, stained, and counted
in 10 randomly selected fields with a 200x magnification
microscope (Leica DMi8, Wetzlar, Germany).

Western blot and immunohistochemistry

Western Blot analyses were performed according to the
published protocol [21]. Cells and tumor tissues were
lysed by RIPA lysis buffer with protease and phosphates
inhibitor. Then the lysates were resolved by 8—12% SDS-
PAGE and transferred on polyvinylidene fluoride mem-
branes (Millipore, Bedford, MA, USA). After blocking,
the membranes were immunoblotted with primary anti-
bodies against p-Rb S807 (ab184796, 1:1000, Abcam,
Cambridge, UK), p-Rb S608 (ab172975, 1:20000), p-Rb
S780 (ab173289, 1:10000), p-Rb T821 (ab32015, 1:5000),
p-Rb (ab181616, 1:2000), E2F1 (ab179445, 1:2000), cyclin
E1l (ab33911, 1:2000), CDK4 (ab108357, 1:5000), CDK2
(ab32147, 1:5000), ac-E2F1 K117 (YKO0087, 1:2000,
Immunoway, Texas, USA), ac-E2F1 K125 (YKO0088, 1:
1000), cyclin D1 (60186-1-Ig, 1:10000, Proteintech,
Wuhan, China), SSBP1 (12212-1-AP, 1:1000, Protein-
tech), and P-actin (60008-1-Ig, 1:20000, Proteintech)
overnight at 4°C. After the incubation with secondary
antibodies, the signals were developed with chemilumin-
escent western blotting substrate (Beyotime, Shanghai,
China). Image] software was used to quantify signal
intensity.

For immunohistochemical staining, total 30 pairs of
formalin-fixed, paraffin-embedded cervical cancer and
adjacent normal tissue specimens were analyzed. Briefly,
after dewaxing the paraffin sections of tissues, heat-
induced antigen retrieval was conducted. The slides were
incubated with primary antibodies against p-Rb S807
(ab184796, 1:200) and p-Rb S608 (ab172975, 1:50) at
4°C overnight, incubated with the biotinylated second-
ary antibody, and then subjected to the DAB kit. The
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Fig. 1 Upregulation of CircZFR in cervical cancer tissues. a. CircRNAs expression profiling. Heatmap of upregulated circRNAs profiles in cervical
cancer tissues (T) vs. paired adjacent non-cancer tissues (N), according to our LCHI's cohort and GSE102686 data from the GEO database. CircZFR
(hsa_circ_0072088, hsa_circRNA_103809) is significantly upregulated for cervical cancer in both cohorts. LCHI: Liaoning Cancer Hospital & Institute,
FC: fold change b. Venn diagram. c. The genomic loci of ZFR gene and Sanger sequencing for the PCR products using divergent circZFR primers
confirmed the head-to-tail splicing (Exon 13 and 17). d. The level of circZFR was significantly higher in cervical cancer (CC) than adjacent normal
(AN) and normal cervix (N), as determined by gRT-PCR. e. The differential expression of circZFR in most cervical cancer (CC) was higher than
adjacent normal tissues (AN) (86.7%, 26/30). f. gRT-PCR for the abundance of circZFR in 30 patients with cervical cancer and adjacent normal. g.
The diagnostic value of circZFR for cervical cancer was evaluated by receiver operating characteristic (ROC) analysis. ***P< 0.001. AUC: area under
the curve, Cl: confidence interval
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Table 1 Relationship between the circZFR expression and
clinical parameters of cervical cancer patients

Variable Case No Mean £SD P value

Age (years) <50 20 4144275 0.535
> 50 20 4.86+4.34

Tumor stage <IB2+IIAT 32 3.50+2.37 0.389
>IB2 8 4.75+3.84

Grade G2 16 4.24+4.11 0463
G3 13 533+3.68

Invasion depth <2/3 27 3914298 0481
22/3 13 4.78+3.89

Lymphatic metastasis  Negative 33 4344294 0.049
Positive 4 8.11+£7.02

Vascular Invasion Negative 30 4.70£3.72 0.856
Positive 7 4.98+3.49

SCC Ag (ng/mL) <15 19 3444253 0.049
215 21 567+4.28

Kie7 < 80% 14 2.89+248 0.003
280% 13 6.22+2.83

G2 grade 2, G3 grade 3, SCC Ag squamous cell carcinoma antigen

evaluation of p-Rb S807 and S608 phosphorylation pro-
tein expression levels was performed as described previ-
ously [20].

circRNA pull-down and circRNA immunoprecipitation
(circRIP) assays
MS2 bacteriophage coat protein (MS2-CP) circRNA pull-
down assay was performed using the MS2 tagging tech-
nique, which is based on the natural binding between a
stem-loop structure of MS2 and MS2-CP [22]. In brief, we
constructed the plasmid with circZFR and MS2, which
was fused with a green fluorescent protein (GFP)
(circZFR-MS2°FP). We also constructed the plasmid with
MS2-CP-Flag, which was fused with mCherry tag (MS2-
CP-Flag™“"™™), HeLa cells were transfected with these
two plasmids and precipitated circZFR through pulling
down using anti-Flag antibodies. As controls, the lysates
derived from the cells without the MS2 tagging system
were used. The cell lysates were incubated with Protein
A/G beads overnight at 4°C. After washing, circZFR-
MS2-bound proteins were eluted with urea buffer supple-
mented with dithiothreitol, and trypsin and LysC as
previously described [23]. Next, the RNA and bound pro-
teins were eluted with the HiPure Total RNA Mini Kit
(MAGEN, Guangzhou, China). RNA was reverse tran-
scribed and analyzed by qPCR, as described above. The
bound proteins were analyzed by label-free mass spec-
trometry (MS).

The circRIP assay was performed with BersinBioTM
RNA Immunoprecipitation Kit (BersinBio, Guangzhou,
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China) according to manufacturer instructions. HeLa and
SiHa cells stably overexpressing circ-ZFR or circ-control
were used. Briefly, cells were lysed using the complete
RNA lysis buffer and then incubated with the RIP buffer
containing the magnetic beads conjugated with SSBP1
antibodies (12212—1-AP, 1:1000, Proteintech) or negative
control IgG at 4°C, overnight; then, the beads were
washed three times. After Proteinase K treatment, the
immunoprecipitated RNAs were extracted using phenol-
chloroform-isoamylol (25:24:1). Finally, qRT-PCR was
performed to identify the expression of circZFR.

Co-immunoprecipitation (co-IP)

The Co-IP assay involving CDK2 and SSBP1 was per-
formed using Pierce Crosslink Immunoprecipitation Kit
(Pierce, Rockford, IL) according to the manufacturer’s
instructions. Briefly, cells were serum-starved for 36h
prior to cell lysis. Then antibodies cross-linked Protein
A/G Plus-Agarose were added, and the eluted samples
were analyzed by western blot, as described above.

Animal models

Stably-transfected HeLa cells (2 x 107 cells) were sub-
cutaneously injected into 4 to 6-week-old female BALB/
¢ nude mice (Beijing HFK Bioscience, Beijing, China).
The length and width of the subcutaneous tumor were
measured once 3 three days, and the volume of the sub-
cutaneous tumor was calculated according to this for-
mula: (lengthxwidth?)/2. After 21 days, the mice were
sacrificed, imaged, and the weight of tumors was mea-
sured. The animal procedures were approved by the In-
stitutional Animal Care and Use Committees of China
Medical University.

Statistical analysis

Data were presented as the mean + standard deviation
(SD) from three independent experiments. A paired t-
test (two-tailed) was used to analyze the differences in
circZFR levels between cervical cancer and paired
normal cervical tissues. Other differences between the
two groups were analyzed using the Student’s t-test
(two-tailed) or Chi-square test. Pearson’s correlation
coefficient analysis was used to analyze the correlations.
P <0.05 was considered statistically significant. The stat-
istical analyses were conducted with SPSS19.0 (Chicago,
IL, USA) or GraphPad Prism 7.0 (La Jolla, CA, USA).

Results

CircZFR was significantly upregulated in cervical cancer
To determine the circRNAs expression profiling in the
progression of cervical cancer, we performed circRNA
microarray analysis (human CircRNA microarray V2.0)
using three cervical cancer tissues and paired adjacent
normal tissues [24]. A total of 237 circRNAs were
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Fig. 2 CircZFR promoted proliferation, migration, and invasion of cervical cancer cells. a. gRT-PCR analysis of circZFR expression in HelLa and SiHa
cells stably expressing circZFR or control-circZFR (circ-Ctrl). b-c. Upregulation of circZFR by stable expression of circZFR increases the proliferation
ability of Hela and SiHa cells as measured by CCK-8 assay and EdU assays (Scale bar = 200 um). d. The colony formation assay shows that stable
overexpression of circZFR increased the clonogenic ability of HeLa and SiHa cells. e-g. The wound healing and transwell matrigel migration and
invasion assays show that stable overexpression of circZFR enhanced cell migration and invasion of HelLa and SiHa cells (Scale bar in e = 200 um,
scale bar in f and g = 50 um). h. Significant decrease in the number of cells in the GO-G1 phase of the cell cycle and increased cells in the S
phase after overexpression of circZFR as detected by Flow Cytometry (FCM). *P< 0.05, **P< 0.01, ***P< 0.001

identified as upregulated in cervical cancer compared to
adjacent normal tissues in our LCHI’s cohort (> 2-fold
change, P <0.05) (Fig. 1a). To validate our results, we
also analyzed the differential expression of circRNAs
from the GEO database and found the GSE102686 co-
hort, which compared the circRNAs expression between
five pairs of cervical cancer tissues vs. paired adjacent
non-cancerous tissues [25] (Fig. 1a). Furthermore, a total
of 66 upregulated circRNAs were identified in cervical
cancer in the GSE 102686’s cohort. Finally, six circRNAs
were found to be overexpressed in both cohorts with
fold change >2 between cancer tissues and normal tis-
sues with lower P <0.01 (Fig. 1 and Sla). Among these
six circRNAs, the only circZFR was identified as an
exonic type (Fig. 1b). CircZFR [also called hsa_circ_
0072088 or hsa_circZFR_032, according to the annota-
tion of circBase (http://www.circbase.org/) and circBank
(http://www.circbank.cn/index.html)], was spliced from
the ZFR gene located at chr5: 32379220-32,388,780 and
formed a circular transcript of 693 nt. The divergent
primers spanning the circZFR junction amplified the
PCR products, and the head-to-tail splicing was con-
firmed through Sanger sequencing (Fig. 1c and S1b).
Using circZFR-specific primers, we tested the expression
of circZFR in 30 early-stage cervical cancer tissues and
paired normal tissues, ten advanced-stage cervical can-
cer, and seven normal cervical epithelial tissues derived
from the patients who had a hysterectomy due to my-
oma. The qRT-PCR results showed that circZFR expres-
sion in cervical cancer was higher than normal cervical
tissues (86.7%, 26/30) (P < 0.001) (Fig. 1d-f). Clinicopath-
ological features of 40 cervical cancer patients (30 with
and ten without paired normal tissues) showed that in-
creased expression of circZFR was positively associated
with lymphatic metastasis (Table 1, P =0.049), squamous
cell carcinoma antigen (SCC Ag) value (Table 1, P =
0.049), and Ki67 value (Table 1, P =0.003). However,
circZFR was not associated with age, tumor stage, inva-
sion depth, or vascular invasion (Table 1). Furthermore,
the area under the receiver operating characteristic
(ROC) curve (AUC) for the differentiating value of
circZFR in cervical cancer patients from normal was cal-
culated to be 0.88, and the cut-off value was 1.87 with a
sensitivity of 86.7% and specificity of 86.7%, suggesting a

good predictive value of circZFR expression in diagnosis
of cervical cancer (Fig. 1g).

CircZFR promoted cell proliferation, migration, and
invasion of cervical cancer cells

To investigate the biological effect of circZFR on cervical
cancer cells, we established a stable expression of
circZFR in HeLa and SiHa cells (Fig. 2a). CCK-8 assay,
EdU assay, colony formation assay, wound healing and
transwell matrigel migration and invasion assays showed
that stably circZFR overexpressing cells (HeLa and SiHa
cells) were significantly more likely to exhibit a malig-
nant phenotype than control cells (Fig. 2b-g). The cell
cycle analysis revealed a significantly increased number
of cells in the S phase and decreased in the number of
cells in GO-G1 phase significantly after overexpression of
circZFR (Fig. 2h). Conversely, reduced circZFR expres-
sion by shRNA inhibited cell proliferation, migration,
and invasion in HeLa and SiHa cells (Fig. 3a-h). Analysis
of the cell cycle assay revealed a significantly increased
number of cells in the GO-G1 phase and a significantly
decreased number in the S phase after inhibition of
circZFR (Fig. 3i).

CircZFR activating Rb-E2F1 pathway promoted cervical
cancer progression

Next, we investigated whether circZFR could regulate
cell proliferation and/or cell cycle progression. We ana-
lyzed the differentially expressed genes between cervical
cancer (n = 306) and normal cervical tissues (n = 13)
using two different databases from TCGA and GTEx.
We identified 1266 differentially expressed mRNAs
using cut-off criteria of a fold change >2.0 and P <0.05,
of which 646 mRNAs were upregulated, and 620 were
downregulated in cervical cancer (Fig. 4a). The Gene
Ontology (GO) enrichment analysis demonstrated that
the upregulated mRNAs were significantly enriched in
DNA replication, positive regulation of cell cycle (G1/S
phase transition), and cell proliferation (Fig. 4b and Fig.
S2a-b). This suggested that these pathways may be crit-
ical to the pathogenesis of cervical cancer. We, therefore,
hypothesize that CircZFR mainly promoted cell prolifer-
ation via inducing cell cycle G1/S phase transition.
Therefore, we selected 14 upregulated mRNAs, which
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S phase. *P < 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001

Fig. 3 Downregulation of circZFR inhibits proliferation, migration, and invasion of cervical cancer cells. a. gRT-PCR analysis of circZFR expression
in Hela cells after stable cirZFR knockdown using three different shRNAs targeting the junction region of circZFR (sh-circ) or control-shRNA (sh-
Ctrl). Sh2-circ (sh-circ, hereafter) shown the highest knockdown efficacy. b. CircZFR expression levels in Hela and SiHa cells stably expressing sh-
circ or sh-Ctrl. c-d. Downregulation of circZFR by stable expression of sh-circZFR inhibits the proliferation ability of Hela and SiHa cells as
measured by CCK-8 assay and EdU assays (Scale bar = 200 um). e. The colony formation assay showed that stable knockdown of circZFR inhibits
the clonogenic ability of Hela and SiHa cells. f-h. Stable knockdown of circZFR impedes cell migration and invasion ability of Hela and SiHa cells
as measured by wound healing and transwell matrigel migration and invasion assays (Scale bar in f = 200 um, scale bar in g and h = 50 um). i.
The cell cycle was analyzed using flow cytometry after stable circZFR knockdown. CircZFR knockdown arrested cells in GO-G1 phase and decrease

were enriched in DNA replication and cell cycle G1/S
phase transition, and validated their expression through
qRT-PCR analysis in HeLa and SiHa cells stably overex-
pressing circZFR. We found that the transcription level
of CCNB1, CCNA2, CDC25A, CDC6, and TFDPI were
significantly increased after the upregulation of circZFR
compared to control (Fig. 4c). We further search for the
transcription factors regulating these five genes in ChIP-
Base V2.0 (http://rna.sysu.edu.cn/chipbase/) and found
shared transcription factors. The results showed that
E2F1, E2F4, and EGR1 were co- transcription factors for
CCNBI, CCNA2, CDC25A, CDC6, and TFDPI five genes
(Fig. 4d). Moreover, Liu’s study validated E2F1 and E2F4
as the transcription factors for these five genes CCNBI,
CCNA2, CDC25A, CDC6, and TFDP1 by ChIP-Seq assay
in HeLa cells [26]. Similarly, Gertz’s study validated
EGRI as the transcription factors for these five genes by
ChIP-Seq assay in MCF7 cells [27]. The E2F1- and
E2F4-binding peaks on CCNB1, CCNA2, CDC25A,
CDC6, and TFDP1 transposable elements in HeLa cells
were visualized using WashU Epigenome Browser
(https://epigenomegateway.wustl.edu/) (Fig. S2c).

E2F1 acetylation has been demonstrated to confer ac-
tive status for E2F1 [28] with acetylation sites on K117
and K125 [28]. We then verified that overexpression of
circZFR significantly increased ac-E2F1 K117 and K125
acetylation, and conversely, knockdown of circZFR could
significantly decrease ac-E2F1 K117 and K125 acetyl-
ation in HeLa and SiHa cells (Fig. 5a-b). To further
study the biological effect of circZFR on E2F1 acetyl-
ation in vivo, we compared the E2F1 acetylation status
in 30 cervical tumors compared to adjacent normal tis-
sues. We found that ac-E2F1 K117 and K125 acetylation
were elevated in cervical cancer compared with normal
tissues (Fig. 5¢c-d and S3a). The correlation analyses re-
vealed the positive relationship between circZFR and
high acetylation of ac-E2F1 K117, and K125 (Fig. 5e).

CircZFR induced Rb phosphorylation by promoting CDK2/
cyclin E1 and CDK2/SSBP1 assembly

Phosphorylation regulates Rb interactions with other
proteins. Hyperphosphorylation of Rb by CDK2/Cyclin
E1 complex was demonstrated to release E2F1 and pro-
mote E2F1 acetylation, allowing the transcription of

genes required for the G1-S phase transition and DNA
replication [28, 29].

To investigate the mechanism by which circZFR regu-
lates E2F1 acetylation, we tested several phosphorylation
sites of Rb (S807, S608, S780, and T821). We identified
that overexpression of circZFR significantly increased p-
Rb S807 and S608 phosphorylation, while knockdown of
circZFR expression significantly decreased p-Rb S807
and S608 phosphorylation (Fig. 5a-b). However, circZFR
could not affect p-Rb S780 or T821 phosphorylation
(Fig. S3b). Furthermore, the tissue lysates also suggested
that phosphorylation of p-Rb S807 and S608 was ele-
vated in cervical cancer tissues compared to adjacent
normal tissues (Fig. 5¢c-d and S3a). Correlation analyses
revealed a positive relationship between circZFR and p-
Rb S807 and S608 phosphorylation (Fig. 5e). We also
validated the phosphorylation of p-Rb S807 and S608 in
cervical cancer tissues and adjacent normal tissues using
immunohistochemistry and the results were consistent
with western blot (Fig. S3c).

We further investigated the mechanism of circZFR
regulation of p-Rb S807 and S608 phosphorylation. Con-
sidering that several cyclin/CDK families have been
demonstrated to regulate p-Rb phosphorylation, we
tested the protein expression of CDK4, CDK2, cyclin
D1, and cyclin E1. We found that overexpression of
circZFR significantly increased CDK2 and cyclin E1 ex-
pression, while knockdown of circZFR significantly de-
creased both proteins (Fig. 5a-b). Besides, the expression
of CDK2 and cyclin E1 increased in cervical cancer com-
pared with adjacent normal tissues (Fig. 5c-d and
S3a). Correlation analyses revealed the positive rela-
tionship between circZFR and expression of cyclin E1
(Fig. 5e).

To identify the protein partner of circZFR, we per-
formed a proteomic screen with MS2-CP-Flag circRNAs
pull-down assay (Fig. 6a). First, the overexpression of
circZFR in the circZFR-MS2, tagging system was con-
firmed using qRT-PCR analysis (Fig. 6b). Sanger sequen-
cing confirmed the junction site, which indicated that
this design did not impair the circularization of circZFR
(Fig. Slc). We constructed two plasmids expressing
circZFR-MS29F? and MS2-CP-Flag™“"™, respectively.
Next, we further validated our RIP assay using the
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Fig. 4 CircZFR activation of E2F1 pathway promoted the progression of cervical cancer. a. Heatmap showed the genes altered (Fold change > 2,
P <0.05) in cervical cancer compared with normal tissues according to TCGA and GTEx databases. Red refers to higher, and green refers to lower
expression. b. Genes enrichment was performed using Cytoscape/BINGO software. A total of 14 upregulated genes in cervical cancer were
enriched in the biological process of DNA replication, cell cycle progress, and cell proliferation. c. Relative mRNA expression of 14 candidate
genes was detected by gRT-PCR in Hela and SiHa cells stably overexpressing circZFR or circ-Ctrl. The mRNA expression of CCNB1, CCNA2, CDC25A,
CDC6, and TFDP1 was increased after the overexpression of circZFR. d. E2F1, E2F4 and EGR1 were identified as the transcription factors (TFs) of
CCNB1, CCNA2, CDC25A, CDC6, and TFDPT using ChiPbase. *P< 0.05, **P< 0.01, ***P< 0.001

circZFR-MS2 tagging system into HeLa cells through
the co-transfection of circZFR and MS2-CP-Flag (Fig.
6¢). The protein complexes associated between MS2 and
MS2-CP were pulled down using Flag antibodies. We
detected the capture protein MS2-CP-Flag using western
blot analysis with anti-Flag antibodies (Fig. 6d, top
panel). We validated that circZFR was highly enriched
following capture using qRT-PCR analysis (Fig. 6d, bot-
tom panel), which demonstrated the specificity of our
pull-down isolation. Finally, through a label-free MS
analysis, we detected the peptides of proteins bound
with the circZFR, and matched all four peptides to
SSBP1 (Fig. 6e). These data validated the interaction
between circZFR with SSBP1. To further verify the
binding of circZFR to SSBP1, a circRIP assay was
conducted in HeLa and SiHa cells using anti-SSBP1
antibodies. Increases of circZFR pull-down were
enriched after anti-SSBP1 immunoprecipitation com-
pared with IgG (Fig. 6f).

The dynamic regulation of p-Rb phosphorylation by
the cyclin/CDK complex could promote cells to exit the
GO phase, traverse G1, and enter the S phase [30, 31].
The initiation of p-Rb phosphorylation was suggested to
be associated with CDK4/Cyclin D activation, and
hyperphosphorylation of Rb during the late G1 phase re-
quired CDK2/cyclin E activation. It is possible that
CDK2/Cyclin A complex could promote Rb phosphoryl-
ation during the S phase [30—32]. Because we found that
circZFR induced phosphorylation of p-Rb S807 and
S608, and Rb phosphorylation could be regulated by
CDK2/cyclin E1 complex, we further investigated the
regulation of CDK2/cyclin E1 complex by circZFR using
a Co-IP assay. We found that circZFR overexpression
enhanced the formation of CDK2/Rb, CDK2/Cyclin E1,
and CDK2/SSBP1 complexes and, inversely, knockdown
of circZFR inhibited the formation of the same com-
plexes (Fig. 6g). Thus, we demonstrated that the overex-
pression of circZFR could serve as a protein partner or
docking site molecule to enhance the assembly of SSBP1
and CDK2 complex, and inversely, circZFR knockdown
could dissociate SSBP1 and CDK2 complex.

Furthermore, we knocked down SSBP1 in HeLa and
SiHa cells stably overexpressing circZFR (Fig. S4a). We
chose sh-SSBP1#1 for the following assays because it
had the highest efficiency of interference. CCK-8 assay

and transwell matrigel migration and invasion assays
showed that reduced SSBP1 expression by shRNA inhib-
ited cell proliferation, migration, and invasion in stably
circZFR overexpressing cells (HeLa and SiHa cells) (Fig.
S4b-d). We found that knockdown of SSBP1 expression
significantly decreased p-Rb (S807 and S608 phosphoryl-
ation) and ac-E2F1 (K117 and K125 acetylation) expres-
sion (Fig. S4e). Moreover, the transcription of CCNBI,
CCNA2, CDC25A, CDC6, and TFDP1 were inhibited
after knocking down SSBP1 (Fig. S4f). We also knocked
down E2F1 in circZFR stably overexpressed HeLa cells
with two different siRNAs (si-E2F1#1 and si-E2F1#2)
(Fig. S5a), but the cell proliferation was not inhibited
(Fig. S5b).

CircZFR regulated the growth of cervical cancer cells

in vivo

We subcutaneously injected stably overexpressed,
knockdown circZFR and the corresponding control
HeLa cells into nude mice. After 21 days of observation,
the results showed that circZFR significantly promoted
tumor growth (Fig. 7a-c). And reducing circZFR inhib-
ited the tumor growth (Fig. 7d-f).

Finally, our working model illustrates how circZFR
could recruit SSBP1, which acts as a scaffold protein
for the CDK2/Cyclin E1 complex (Fig. 7g). The acti-
vated complex phosphorylates p-Rb S807 and S608,
which interrupts p-Rb-E2F1 pairing. The released
E2F1 transcription factor from p-Rb triggers the tran-
scription of target DNA replication-associated genes
to promote the G1/S transition thus allows cervical
cancer cell proliferation (Fig. 7g).

Discussion

In this study, we identified that circZFR was the most
significantly upregulated circRNAs in cervical cancer
cells and tissues. CircZFR acted as an activator of Rb-
E2F1 signaling, which promoted the G1/S transition, cell
proliferation, migration, and invasion of squamous cer-
vical cancer. CircZFR phosphorylated Rb by regulating
the SSBP1/CDK2/cyclin E1 complexes. Furthermore, we
verified that circZFR promoted the assembly and activa-
tion of CDK2/cyclin E1 complexes through binding with
SSBP1, which acted as a protein partner.



Zhou et al. Journal of Experimental & Clinical Cancer Research (2021) 40:48 Page 12 of 18
P
A /\3@0\\ 1ﬁ<Q"<}‘\ Hela SiHa
& & S807 = v o wvx CIFCZFR
‘8807 ] =] p-Rb ‘3608 p e = circ-Ctrl
p-Rb 110kD * ok
8608 =l 1 K117 -
AC.E2F 1 ‘ K17 = =1 ac—E2F1‘ o
K125 ———1 ——|70kD K125 = %+ — %
E2F1 ——1 === E2F1 o sk =t
CyclinEt C—— 1= s57p CyclinE1 o, »« =
CyclinD1 ==—1 [===136kD ; - o
CyclinD1 jgms. % -
CDK-4 == ==3 - -
CDK-2 === == 3P CDK-4 o= =
B-actin (==1 == 42kD CDK-2 [ & — *
i 01 2 3 45 0 1 2 3 4
HeLa SiHa Rel. intensity Rel. intensity
B e 8 Hela SiHa .
5757 505 S807 - SN-CITC
S807 == p-Rb ’ = sh-Ctrl
p-Rb 110kD S608 Fmmm— B
S608 EE==IT == == =
ac-E2F1‘K117 ac-E2F1’K117 = ¥k
K125 ——l[==—] 70kD K125 :*** :***
E2F1 =——1C——-] E2F1
CyclinE1 C—=—=C—==157kD CydlinE1 . —
CyclinD1 ==—=1C_—__136kD vl — —
CDK4 [==1—=—] yeun
cok2 ==1=="*P CDK-4
B-actin [==—][==—142kD CDK-2 [mmmm— —r
HelLa SiHa Rel.intensity” Rel. intensity
C 25 26 27 28 29 30
NTNTNTNT NTNT
S807 [ » & = & = 110kD
P-Rb | 5608 | - ==
K117 | =—= = ”“’"_‘“mko
ac-E2F1|y 455 | = ===
CyclinE1 [ ——-——— |[-==—=] 57kD
CDK2 [~=» e e e | <« «34kD
SSBP1f=—  — — == [[=——=—]17kD
B-actin [F==—=—=———w [[i & « «.] 42kD
D p-RB S807 p-RB S608 ac-E2F1 K117 ac-E2F1 K125
2 EY >4 2, /
= z € =
2 ) 3 3
N T N T TN T
> 5 K SS*|*3*P1
@3 b N R S
8 5 5 /
= z: £2 Vs
g 8. ¥ =
| B -
E p-RB S608 ac-E2F1 K117 ac-E2F1 K125
250 w0, r=0.60 1000 r=0.41
r=0.86 2 > il
2 £ P<0.0001 g, P<0.001 5 p=0.02
8 8 2 2.
: i
’ cir(ZFZE{ expre‘sﬂsion ’ cicmZIgR exprgssion ” circzzuFR ex;;roession ® ’ cirf:nZFR exﬁressionsn
Fig. 5 (See legend on next page.)
A\




Zhou et al. Journal of Experimental & Clinical Cancer Research

(2021) 40:48

Page 13 of 18

(See figure on previous page.)

Fig. 5 CircZFR induced Rb phosphorylation and E2F1 acetylation. a-b. p-Rb S608 and S807, ac-E2F1 K117 and K125, E2F1, cyclin-E1/-D1, and
CDK4/2 protein levels were detected in Hela and SiHa cells overexpressing circZFR, or circ-ZFR knockdown (sh-circ) and the corresponding
controls (circ-Ctrl and sh-Ctrl, respectively). The relative intensities of these proteins were quantified by ImageJ (right panel). c. p-Rb S608 and
S807, ac-E2F1 K117 and K125, cyclin-E1, and CDK2 were detected in tumors (T) and the paired normal tissues (N). d. The relative intensities of
each protein in the paired dot plots of 30 cervical cancer patients were detected using ImageJ software. The analyses used a two-tailed paired
Student’s t-test. e. The correlation between the expression of circZFR and the cell cycle proteins p-Rb and ac-E2F1. The Pearson correlation
coefficients (r) and p values were performed using GraphPad Prism 7.0 software. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0,0001

There is emerging appreciation that ncRNA, such as
long non-coding RNA (IncRNA), miRNA, and circRNA,
play critical roles in the screening cancer, prediction
treatment response, and prognosis of cancer [33, 34].
The evidence supporting circRNAs regulating the cell
cycle of tumor cells is still limited. The importance of
cirRNAs in cervical cancer has been described recently.
Ou et al. reported that circRNA-AKT1 promotes cer-
vical cancer progression through sequestering miR-942-
5p [35]. Ji et al. reported that circSLC26A4 regulated
miR-1287-5p/HOXA7 and accelerated cervical cancer
progression [36]. However, the studies describing the
precise role of circZFR regulating cell proliferation and
cell cycle are limited. Yang et al. reported that circZFR
promoted hepatocellular carcinoma cell proliferation
through regulating miR-522/AKT1 [37]. Li et al. re-
ported that the growth of non-small-cell lung cancer
could be inhibited after interfering circZFR [38]. But the
effect of circZFR in cervical cancer has not been re-
ported. In this study, we found that the overexpression
of circZFR in cervical cancer was associated with lymph-
atic metastasis, high proliferation state and elevation of
biomarker SCC Ag value. Although the recurrent rate of
the involved patients in this study is only 2.5%, with
progression-free survival of 8.17 months and no death
case, longer follow-up was needed to investigate the
prognostic role of circZFR.

DNA replication, G1/S transition, and cell prolifera-
tion were demonstrated to be an essential driving path-
way for cervical cancer, with E2F1 representing the core
transcription factor for regulating these pathways. Rb-
E2F axis is a critical pathway regulating the pathogenesis
and progression of cervical cancer [39]. Aberrant Rb-
E2F signaling could lead to the irreversible G1/S switch
in the activation of growth factors [40]. Rb is encoded by
the tumor suppressor retinoblastoma gene (RBI), which
can arrest the cell cycle in its active hypophosphorylated
form. The tumor suppression function of Rb is charac-
terized as the interaction between Rb and the E2F trans-
activation domain (E2F'P) [41, 42]. As a member of the
pocket protein complex, Rb can be phosphorylated by
multiple CDK sites [43—47]. The interaction between the
pocket domain in Rb and E2F'® is inhibited by S608
phosphorylation [48, 49]. Besides, according to the
present evidence, p-Rb S807 phosphorylation could

prime the phosphorylation at another site and might be
critical for the Rb phosphorylation [47]. Here, we found
overexpression or silence of circZFR separately increased
or decreased p-Rb S807 and S608 phosphorylation ac-
E2F1 K117 and K125 acetylation in cervical cancer cells.
Moreover, we demonstrate overexpression of circZFR
promoted the p-Rb S807 and S608 phosphorylation and
ac-E2F1 K117 and K125 acetylation using paired cervical
cancer and normal tissues, which suggested that circZFR
is a central upstream regulator in the activation of Rb-
E2F1 signaling.

With the development and usage of high-throughput
screening, more than 1000 RBPs have been identified,
and multiple RBPs were demonstrated to be associated
with carcinogenesis [10, 11]. But the function of most
RBPs remains unknown. The reports about circRNAs
modulating the pathogenesis of malignant tumors via
targeting of RBPs are limited. Circ-ACC1 has been dem-
onstrated to directly bind to AMPK B and y subunits
and facilitate AMPK holoenzyme assembly, stability, and
activity [50]. CircRHOT1 was found to promote hepato-
cellular carcinoma (HCC) growth through the recruit-
ment of TIP60 to the promoter of NR2F6 and initiating
NR2F6 transcription [51]. A study reported that cir-
cZKSCAN1 physically bound an RBP FMRP against
CCAR1 complex and inhibited HCC [52]. Circ-Foxo3
was found to bind both cyclin-dependent kinase (CDK)
2 and a known CDK-inhibitor p21. The ternary complex
of circ-Fox03-p21-CDK2 hijacked CDK2 and disturbed
the formation of the CDK2/cyclin E1 complex, arresting
the cell cycle in G1 phase [53]. Quaking (QKI), as an
RBP with the K-homology (KH) RNA binding domain,
could promote circRNAs production through binding
sites in introns [54]. There is no report about the inter-
action between circRNA and RBP in cervical cancer.
Through circRIP, and RNA pull-down assays/RIP, we
uncovered that upregulation of circZFR promotes
circZFR binding with SSBP1 as well as SSBP1/CDK2/
cyclin E1 complex assembly. This regulation could be
further inhibited through the downregulating of circZFR.
This suggested that SSBP1 be a candidate RBP assisting
SSBP1/CDK2/cyclin E1 assembly. The cell proliferation,
migration, and invasion induced by circZFR were inhib-
ited after knocking down SSBP1. Moreover, the inhib-
ition of SSBP1 also decreased p-Rb S807 and S608
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phosphorylation and E2F1 K117 and K125 acetylation.
However, this rescue was not observed after knocking
down E2F1, which suggested that SSBP1 was the critical
point for circZFR promoting cervical cancer cell growth.

There still exists limitations in this study. We could
not get ac-E2F1 K117 and K125 antibodies with the ap-
plication for immunohistochemistry. The ac-E2F1
acetylation (K117 and K125) and p-Rb phosphorylation
(S608 and S807) require a large size of samples to valid-
ate in the future.

Conclusions

In summary, the results of this study identified that
circZFR was upregulated in cervical cancer. CircZFR
could promote cervical cancer cell proliferation, migra-
tion, and invasion through the induction of p-Rb S807
and S608 phosphorylation and activating E2F1 signaling.
Furthermore, we provided conclusive evidence of a bind-
ing of circZFR and SSBP1, which acted as a scaffolding
protein in the assembly and activation of SSBP1/CDK2/
cyclin E1 complexes. As a novel positive regulator of
E2F1 signaling, circZFR may be a potential circulating
biomarker with implications for the detection of cervical
cancer.
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Additional file 1: Fig. S1. a. Flow of the screening and selection of
circZFR. b. Verification of qPCR products of specific primers for circZFR. c.
Sanger sequencing confirmed the junction site of circZFR (Exon 13 and
17) in the circZFR-MS2 plasmid.

Additional file 2: Fig. S2. a-b. GO enrichment analysis of upregulated
genes in cervical cancer. ¢. E2F1- and E2F4-binding peaks on CCNBT,
CCNA2, CDC25A, CDC6, and TFDP1 transposable elements in Hela cells
are visualized using WashU Epigenome Browser.

Additional file 3: Fig. S3. a. Western blot analysis showing the
correlation between the expression of circZFR, the cell cycle proteins p-
Rb S608 and S807, ac-E2F1, cyclin-E1, CDK2, and SSBP1. Proteins were de-
tected in 30 tumors (T) and the paired normal tissues (N). The relative in-
tensities of each protein in the paired dot plots were detected using
ImageJ software (bottom). The analyses used a two-tailed paired Stu-
dent’s t-test. b. p-Rb T821 and S780 protein levels were detected in Hela
and SiHa cells overexpressing circZFR, or circ-ZFR knockdown (sh-circ)
and the corresponding controls (circ-Ctrl and sh-Ctrl, respectively). c. Im-
munohistochemistry of p-Rb S807 and S608 in 30 tumors (T) and the
paired normal tissues (N). Left showed a representative image, and the
right panel showed statistics analysis. **P< 0.01, ***P< 0.001, ****P <
0.0001.

Additional file 4: Fig. S4. Downregulation of SSBP1 inhibited
proliferation, migration, and invasion of cervical cancer cells and inhibited
Rb phosphorylation and E2F1 acetylation. a. gRT-PCR analysis of SSBP1 ex-
pression in Hel.a and SiHa cells after transfection using three different
shRNAs targeting SSBP1 or control-shRNA (sh-Ctrl). Sh-SSBP1#1 showed
the highest knockdown efficacy. b. Downregulation of SSBP1 inhibited
the proliferation ability of Hela and SiHa cells as measured by CCK-8
assay. c-d. Knockdown of SSBP1 impeded cell migration and invasion
ability of Hela and SiHa cells as measured by transwell matrigel migration
and invasion assays (Scale bar in c and d = 50 um). e. p-Rb S608 and
S807, ac-E2F1 K117 and K125, and SSBP1 protein levels were detected in

(2021) 40:48

Page 16 of 18

Hela and SiHa cells knocking down SSBP1 (sh-SSBP1#1) and the corre-
sponding controls (sh-Ctrl). The relative intensities of these proteins were
quantified by ImageJ (right panel). f. The mRNA expression of CCNBI,
CCNA2, CDC25A, CDCé6, and TFDPT was decreased after knocking down
SSBP1. *P < 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.

Additional file 5: Fig. S5. Downregulation of E2F1 did not inhibit
cervical cancer cell proliferation. a. gRT-PCR analysis of E2F1 expression in
Hela cells after transfection using two different siRNAs targeting E2F1 (si-
E2F1#1 and si-E2F142) or control-siRNA (ctrl). b. Downregulation of E2F1
did not inhibit the proliferation ability of circZFR stably overexpressed
Hela cells as measured by CCK-8 assay.

Additional file 6: Supplementary Table 1. Primers used in qRT-PCR
analysis. Supplementary Table 2. Sequence of circZFR shRNAs and
negative control. Supplementary Table 3. Target sequences of SSBP1
shRNAs. Supplementary Table 4. Sequences of E2F1 siRNAs.
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