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Abstract

Plenty of pieces of evidence suggest that the resistance to radiotherapy greatly influences the therapeutic effect in cervical
cancer (CCa). MicroRNAs (miRNAs) have been reported to regulate cellular processes by acting as tumor suppressors or
promoters, thereby driving radioresistance or radiosensitivity. Meanwhile, it has been reported that microRNA-1323 (miR-
1323) widely participates in cancer progression and radiotherapy effects. However, the role of miR-1323 is still not clear in
CCa. Hence, in this study, we are going to investigate the molecular mechanism of miR-1323 in CCa cells. In the beginning,
miR-1323 was found aberrantly upregulated in CCa cells via RT-qPCR assay. Functional assays indicated that miR-1323 was
transferred by cancer-associated fibroblasts-secreted (CAFs-secreted) exosomes and miR-1323 downregulation suppressed
cell proliferation, migration, invasion, and increased cell radiosensitivity in CCa. Mechanism assays demonstrated that miR-
1323 targeted poly(A)-binding protein nuclear 1 (PABPN1). Besides, PABPN1 recruited insulin-like growth factor 2 mRNA
binding protein 1 (IGF2BP1) to regulate glycogen synthase kinase 3 beta (GSK-3/) and influenced Wnt/p-catenin signaling
pathway. Therefore, rescue experiments were implemented to validate that PABPNT1 overexpression rescued the inhibited
cancer development and radioresistance induced by the miR-1323 inhibitor. In conclusion, miR-1323 was involved in CCa
progression and radioresistance which might provide a novel insight for CCa treatment.
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Introduction

Cervical cancer is a kind of gynecologic malignant tumor
which occurs in the uterovaginal part and cervical canal [1].
Though CCa is one of the best preventable malignancies
among all cancers, the occurrence remains high [2]. Sur-
gery, radiotherapy, and chemotherapy are the main treatment
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options for CCa [3]. Among them, radiotherapy occupies an
important position and greatly improves the overall survival
rate [4]. Nevertheless, it cannot be ignored that the exist-
ence of radioresistance significantly influences the thera-
peutic effect of radiotherapy since resistance to radiotherapy
accounts for most treatment failures in CCa patients who
undergo radiotherapy [5, 6]. Based on the literature review,
even the aggressive chemoradiation has a 36.7% of local
failure rate within the central pelvis. The 5-year recurrence-
free survival is about 79% for stage IB, IIA disease and 59%
for III/TVA disease[7]. Therefore, identifying valuable fac-
tors associated with radioresistance is increasingly urgent.
Cancer-associated exosomal miRNAs have been identi-
fied in tumor growth, metastasis, angiogenesis, and drug
resistance [8]. In addition, miRNAs have been determined
to be important biomarkers in cervical cancer [9, 10]. For
instance, Wang et al. have proposed that miR-449a is a tumor
suppressor in cervical cancer [11]. Hua et al. have elucidated
that miR-338-3p influences cell proliferation in cervical
cancer via the MAPK signaling pathway [12]. Meanwhile,
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miRNAs in cervical cancer have been proven to exert regula-
tory functions on radioresistance [13]. For example, Zhang
et al. have proved that miR-4778-3p is involved in cervical
cancer radioresistance by targeting NR2C2 and Med19 [14].
Wei et al. have also disclosed the inhibitory role of miR-9-5p
in radioresistance in cervical cancer [15].

As the miRNAs we researched, miR-1323 was reported
to regulate tumor progression. For instance, IncRNA GAS5
mediated miR-1323 to enhance the development of tumor
via targeting TP53INP1 in hepatocellular carcinoma (HCC);
miR-1323 promotes the migration of lung adenocarcinoma
(LUAD) cells via inhibiting Cbl-b expression; the knock-
down of miR-1323 promotes cell migration and invasion in
breast cancer (BC) via targeting tumor protein D52 [16—18].
Moreover, the effect of miR-1323 on radioresistant cells has
been reported in previous studies. For example, miR-1323
downregulation restores sensitivity to radiation by suppress-
ing PRKDC activity in radiation-resistant lung cancer cells
[19]. In this study, we laid emphasis on exploring the func-
tion of miR-1323 in modulating radioresistance in CCa and
delving into the regulatory mechanism.

Materials and Methods
Cell Culture

CCa cell lines (HeLa, SiHa, CaSki, and C33A) and normal
endocervical epithelioid cell lines (End1/E6E7) were all
acquired from American Type Culture Collection (ATCC;
Manassas, VA, USA). C33A, SiHa, and HeLa cell lines
were cultured in EMEM. CaSki cell line was maintained
in RPMI-1640 medium, while End1/E6E7 cell line was
incubated in K-SFM. HEK-293T cells were acquired from
the National Institute for the Control of Pharmaceutical and
Biological Products (NICPBP), being maintained in Dul-
becco’s modified Eagle medium (DMEM). All mediums
were added with 10% fetal bovine serum (FBS, Invitrogen,
Carlsbad, CA, USA) and 1% penicillin-streptomycin (Pen-
Strep). The whole incubation process was performed at 37
°C in an atmosphere humidified by 5% CO,. Cancer-associ-
ated fibroblasts (CAFs) and NFs (normal fibroblasts) were
commercially procured from ATCC. To simulate exosome-
mediated intercellular communication between CCa cells
and CAFs/NFs, coculture experiments were carried out via
using Transwell membranes. C33A was seeded in the upper
chamber, and CAFs and NFs were plated on the bottom of
the 12-well plates. After 72-h incubation, NFs and CAFs
were collected for RNA extraction or further experiments.
In addition, the passage of fibroblasts used for experiments
was twice a week at the logarithmic growth phase. For irra-
diation experiments, irradiation treatment was performed
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on the next day. Irradiated C33A cells were harvested for
further experiments.

Cell Transfection

Cell transfections were conducted with the employment of
Lipofectamine 2000, purchased from Thermo Fisher Scien-
tific (Waltham, IL, USA). The short hairpin RNAs (shRNAs)
targeting PABPN1 (CCGGCCTTAGATGAGTCCCTATTT
ACTCGAGTAAATAGGGACTCATCTAAGGTTTTTG),
ELAVLI1, CSTF2T, IGF2BP1, IGF2BP2, DDX54, and rel-
ative controls were generated by GenePharma (Shanghai,
China). In addition, pcDNA3.1 vectors were subjected to
insertion with the sequences of PABPN1 for overexpression
of PABPN1. miR-1323 inhibitors and NC inhibitors were all
bought from Sangon Biotech (Shanghai, China).

Quantitative Real-Time PCR (RT-qPCR) Analysis

According to the manufacturer’s instructions, TRIzol Rea-
gent (Invitrogen, Carlsbad, CA, USA) was utilized to obtain
total RNAs. Then RNAs were reversely transcribed into
cDNA with the application of the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham,
IL, USA). The quantification of RNA expressions was per-
formed using SYBR Green PCR Master Mix (Applied Bio-
systems, Foster City, CA, USA). The 2AAC method was
utilized to calculate, with GAPDH or U6 as the internal con-
trol. The experiment was independently conducted at least
three times. Besides, alpha-amanitin (@-amanitin) treatment
was adopted to evaluate the transference of miR-1323 by
exosomes.

Cell Counting Kit-8 (CCK-8) Assay

Cells (2 x 10° cells per well) were seeded in the 24-well
plates. The cell viability was determined by measuring the
absorbance (450 nm). The experiment was independently
performed at least in triplicate.

Colony Formation Assay

The cells were inoculated in the 6-well plates for incuba-
tion. After 14 days, cells were treated in ethanol for fixation.
The cell colonies were stained by crystal violet, followed by
manual counting. The experiment was independently imple-
mented at least in triplicate.

5-Ethynyl-20-Deoxyuridine (EdU) Staining Assay
1 x 10* transfected CCa cells were collected and cultured

in the 96-well plates for 2 h of incubation with EdU Stain-
ing Kit (Ribobio). After that, cells were treated in DAPI
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staining solution for 5 min, followed by the observation of
a fluorescence microscope from Olympus (Tokyo, Japan).
The experiment was independently performed at least in
triplicate.

Transwell Assay

A total of 2 X 10* transfected CCa cells were collected, fol-
lowed by the inoculation in the upper chamber of Transwell
chambers (24-well; Corning Incorporated, Corning, NY,
USA), filled with serum-free medium for cell migration test-
ing. Cell invasion was determined using Matrigel membrane
(BD Biosciences, Franklin Lakes, NJ, USA). Complete cul-
ture medium was added into the lower chamber. Twenty-four
hours later, migrated or invaded cells were fixed and stained
by crystal violet. Finally, visualization was conducted using
an optical microscope procured from Olympus. The experi-
ment was independently implemented at least in triplicate.

Exosome Isolation

CAFs or NFs freshly isolated from CCa patients were cul-
tured in DMEM/F12 containing 10% exosome-depleted
FBS. Forty-eight hours later, the collected medium was sub-
jected to centrifugation. With the utilization of Total Exo-
some Isolation reagent (Invitrogen, Carlsbad, CA, USA),
exosomes were isolated. Lastly, the isolated exosomes were
washed by sterilized PBS and then treated with centrifu-
gation for purification. CAFs-exo represents the exosome
derived from CAFs. NFs-exo represents the exosome derived
from NFs. The experiment was independently conducted at
least three times.

Exosome Tracing

Exosome immunoprecipitation reagent (protein G) pur-
chased from Thermo Fisher Scientific (USA) was used to
label the exosomes as per the supplier’s manual. C33A cells
were co-incubated with exosomes. The uptake of exosomes
by C33A cells was analyzed under a confocal microscope.

Transmission Electron Microscopy (TEM)
Observation

Exosomes were subjected to 100 pl of PBS for suspend-
ing and fixed with 5% glutaraldehyde at 4 °C until TEM
analysis. Then, the specimens were dehydrated by gradient
alcohol and immersed in epoxy resin. The ultrathin sections
were observed using a transmission electron microscope
(Tecnai G2 Spirit Bio TWIN, FEI, USA). The experiment
was independently performed at least in triplicate.

Nanoparticle Tracking Analysis (NTA)

NanoSight NS300 Sub-micron particle imaging system
(NanoSight Technology, Malvern, UK) was used to analyze
the number and size of the exosomes. The samples were
diluted with Dulbecco’s phosphate-buffered saline (DPBS)
without any nanoparticles at a final concentration of 1-20 X
108 particles per milliliter for analysis. Exosome concentra-
tions and size distribution were calculated with the appli-
cation of Stokes—Einstein equation. The experiment was
independently conducted at least three times.

Western Blot Analysis

Total protein samples were subjected to SDS-PAGE for
separation and later transferred onto PVDF membranes.
After being blocked in nonfat milk, the membranes were
subjected to incubation with the primary antibodies against
CD63, CD9, TSG101, HSP90, GM130, PABPN1, GSK-3p,
nuclear-f-catenin, p-f-catenin (S33), p-f-catenin (S37),
histone H3, and GAPDH. Afterward, the protein samples
were incubated with a secondary antibody for 1 h at room
temperature. Finally, protein quantification analysis was con-
ducted by ECL Western blotting substrate from Invitrogen
(Carlsbad, CA, USA). The experiment was independently
conducted at least in triplicate.

RNA-Binding Protein Inmunoprecipitation (RIP)
Assay

RIP assay was achieved by the use of Magna RIP™ RNA-
binding protein immunoprecipitation kit (Millipore, Bed-
ford, MA, USA). Cells were lysed in RIP lysis buffer. After
that, cell lysates were cultivated with the magnetic beads
conjugated with argonaute-2 (Ago2) antibody (anti-Ago2)
or IGF2BP1 antibody. IgG antibody (anti-IgG) was used in
NC control. All results were monitored using RT-qPCR.
The experiment was independently performed at least in
triplicate.

RNA Pull-Down Assays

For RNA-RNA pull-down assay, biotin-labeled miR-1323
was treated with structure buffer and then denatured by heat-
ing at 95 °C for 2 min and subjected to ice bath for 3 min,
and finally left at room temperature for 30 min. Streptavidin
beads and biotin-labeled miR-1323-WT/miR-1323-Mut/
NC (Bio-miR-1323-WT/Bio-miR-1323-Mut/Bio-NC) were
incubated at 4 °C for 2 h. For RNA-protein pull-down assay,
Pierce magnetic RNA-protein pull-down kit (Thermo Fisher,
IL, USA) was used following the manufacturer’s protocol.
Biotinylated GSK-34 sense and antisense probes (Bio-GSK-
3/ S and Bio-GSK-34 AS) were incubated with streptavidin
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beads. Cells were lysed and cell lysates were mixed with
beads-probe complexes, followed by overnight incubation
and centrifugation. RNAs were extracted using Trizol and
subjected to RT-qPCR analysis in the RNA-RNA pull-down
assay. The enriched proteins were measured by western blot
with IGF2BP1 antibody in the RNA-protein pull-down
assay. The experiment was independently conducted three
times.

Dual-Luciferase Reporter Assay

The wild-type (WT) or mutant (Mut) of PABPN1 3’-UTR
fragments were cloned into a luciferase vector from Promega
(Madison, WI, USA) to construct PABPN1 reporter vector
(Wt-Luc/Mut-Luc). The predicted binding sites of PABPN1
were mutated to synthesize PABPN1-Mutl and PABPN1-
Mut2, which were then used to construct PABPN1-Mut
reporter vectors (Mutl-Luc and Mut2-Luc). Subsequently,
an LF-3000 transfection reagent was applied to transfect the
cells with the above composite plasmids and NC inhibitor
or miR-1323 inhibitor. Similarly, WT or Mut f-catenin pro-
moter containing the binding sites between the f-catenin
promoter and PABPN1 was subjected to insertion into the
pGL3 vector obtained from Promega (Madison, WI, USA)
to construct pGL3-p-catenin promoter vector (pGL3-p-
catenin promoter WT or pGL3-f-catenin promoter Mut),
which was co-transfected along with PABPN1 or the empty
vector into HEK-293T and C33A cells. After co-transfection
for 2 days, cells were collected for subsequent luciferase
activity analysis. The experiment was independently carried
out three times.

TOP/FOP Luciferase Reporter Assay

TOP/FOP luciferase reporter assay was applied to examine
the effects of miR-1323 and PABPN1 on the activity of the
Wnt/f-catenin pathway in C33A cells transfected with NC
inhibitor, miR-1323 inhibitor, or sh-PABPN1 + miR-1323
inhibitor. Also, the TOP/FOP reporter system was adopted
to evaluate the transcriptional activity of f-catenin in C33A
cells added with exosomes after being co-transfected with
miR-1323 inhibitor and PABPN1 or empty vector. In brief,
the cells were transfected with 1 pg of Renilla luciferase
vector from Promega (Madison, WI, USA) and 1 pg of
TOPFlash vector (Millipore, Bedford, MA, USA) or the
NC FOPFlash (Millipore, Bedford, MA, USA). After being
cultured for 24 h, the cells were harvested. The experiment
was independently carried out three times.

Immunohistochemistry (IHC) Assay

First, paraformaldehyde was used to fix fresh tissues
obtained from the in vivo experiment. Afterward, graded
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ethanol solutions were adopted to dehydrate the fixed speci-
mens. Fixed specimens after dehydration were then inserted
into the paraffin and cut into 4-pm sections, followed by
dewaxing and antigen retrieval. The sections were culti-
vated with primary antibodies against KLHDCI, Ki-67, and
PCNA at 4 °C overnight and then cultivated with horse-
radish peroxidase-conjugated (HRP-conjugated) secondary
antibodies. The visualization of all sections was performed
by Olympus BX-41 microscope (Olympus). The assay was
independently carried out three times. Tissues from the mice
injected with empty vector-transfected C33A cells were used
as the negative control.

In Vivo Experiments

After transfection of PABPNI1 or empty vector, C33A cells
added with exosomes and miR-1323 antagomir were sub-
cutaneously injected into 4-week-old nude mice. The mice
were euthanized after about 1 month. Tumor size was meas-
ured every 4 days, and the tumor weight was also recorded.
The study was approved by the ethics committee of Renmin
Hospital of Wuhan University.

Statistical Analysis

Experimental data were analyzed by SPSS 22.0 statistical
software package. All data were expressed as mean + stand-
ard deviation (SD). The differences between two groups or
more groups were analyzed with the employment of Stu-
dent’s t-test or ANOVA. All the experimental results are
representative of at least three independent experiments.
The values of P < 0.05 were regarded to be statistically
significant.

Results

miR-1323 Downregulation Dramatically Inhibits
Cell Radioresistance, Proliferation, Migration,
and Invasion in CCa

To assess the correlation between miR-1323 and cervi-
cal cancer radioresistance, we firstly detected its expres-
sion in CCa cells. In comparison with the normal cell line
(End1/E6E7), we found that miR-1323 was obviously
upregulated in CCa cells (HeLa, SiHa, CaSki, and C33A)
(Fig. 1A). Due to its higher expression of miR-1323, we
selected C33A for the following experiments. Then miR-
1323 expression was knocked down in C33A cells after
transfection of miR-1323 inhibitor for the subsequent
loss-of-function assays (Fig. 1B). CCK-8 assay demon-
strated that, compared with a miR-1323 inhibitor in the
no-irradiated group, the miR-1323 inhibitor significantly
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Fig.1 miR-1323 downregulation dramatically inhibits cell radiore-
sistance, proliferation, migration, and invasion in CCa. A RT-qPCR
examined miR-1323 expression in CCa cell lines and normal cell line.
B The expression of miR-1323 was reduced in C33A cells. C CCK-8
assay assessed the function of miR-1323 inhibitor on cell viability in

inhibited cell viability in the irradiated group (Fig. 1C).
At the same time, colony formation and EdU assays also
proved that downregulation of miR-1323 markedly hin-
dered cell proliferation under the condition of irradiation
as evidenced by the decline of colonies and EdU-positive
cells (Fig. 1D-E). Similarly, Transwell assays were carried
out to observe cell migration and invasion. The experi-
mental results indicated that upon exposure to irradiation,
miR-1323 inhibitor prominently weakened cell migratory
and invasive capacities (Fig. 1F-G). To sum up, miR-1323
promotes cell proliferation, migration, and invasion and
enhances radioresistance in CCa.

Non-irradiated Irradiated

the nonirradiated group and irradiated group. D-E Colony forma-
tion and EdU assays observed cell proliferation after miR-1323 was
downregulated with the presence or absence of irradiation. F—-G Cell
migratory and invasive capacities were tested upon exposure to irra-
diation when miR-1323 was silenced. *P < 0.05, **P < 0.01

Characterization of Exosomes Secreted
by Cancer-Associated Fibroblasts

Previous studies have shown that miRNAs have been
identified in exosomes, and exosomal miRNAs due to
the secretion from CAFs, NFs as well as cancer cells
[20, 21]. Therefore, we analyzed the characterization
of exosomes which were secreted from CAFs and NFs.
Through transmission electron microscopy (TEM), the
presented circular or elliptical membranous vesicle-like
vesicles featuring a diameter of approximately 30—60 nm
were detected in NFs and CAFs, which were in accordance
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Fig.2 Characterization of
exosomes secreted by cancer-
associated fibroblasts. A Trans-
mission electron microscopy
images of exosomes were iso-
lated from CM-CAFs and CM-
NFs. B Nanoparticle tracking
analysis of NFs-exo and CAFs-
exo. C The protein levels of
exosomal markers (CD63, CD9,
TSG101, HSP90, and GM130)
in NFs-exos, CAFs-exos, and
the corresponding supernatant
of NFs-CM and CAFs-CM
obtained through ultracentrifu-
gation were analyzed by western
blot (cell group represents cell
lysates with exosomes, exo-
some group represents purified
exosomes). D Laser scanning
confocal microscope examined
the internalization of exosomes
by C33A cells. E Relative
expression of miR-1323 in NFs,
CAFs, and exosomes derived
from NFs and exosomes derived
from CAFs. F RT-qPCR analy-
sis of miR-1323 expression in
NFs-exo and CAFs-exo. G Cell
proliferation was examined in
C33A cells treated with PBS,
NFs-exo, CAFs-exo0, and CAFs-
exo + GW4869. H-I Transwell
assay detected cell migration
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with the morphological characteristics of the exosomes
(Fig. 2A). The particle diameters of exosomes were about
100 nm (Fig. 2B). Western blot analyzed the protein lev-
els of exosome markers (CD63, CD9, TSG101, HSP90,
and GM130) in cell lysates with exosomes (cell group)
and purified exosomes (exosome group), which confirmed
the isolation of exosomes (Fig. 2C). From the results of
the laser confocal microscope, we noticed the existence of
exosomes in NFs and CAFs (Fig. 2D). RT-qPCR analyzed
that in comparison with exosomes which were secreted by
NFs, miR-1323 expression was much higher in exosomes
which were derived from CAFs (Fig. 2E). A similar result
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Irradiated

-

Non-irradiated Irradiated

could also be observed in the CAFs-exo group in C33A
cells (Fig. 2F). Colony formation and EAU assays indi-
cated that CAFs-exo contributed to cell proliferation.
After the addition of GW4869, an inhibitor of exosome
biogenesis/release, the proliferative capacity promoted by
CAFs-exo in the nonirradiated group and irradiated group
was inhibited (Fig. 2G, S1A). In the same way, the results
of the Transwell assay demonstrated that after GW4869
was added, the promoted cell migration and invasion on
account of CAFs-exo was suppressed (Fig. 2H-I). All in
all, the abovementioned results indicated that miR-1323
is transferred by CAF-secreted exosomes.
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Exosome-Mediated Transfer of miR-1323 Promotes
CCa Progression and Radioresistance

After the treatment with a-amanitin, an inhibitor of RNA
transcription, we found that exosomes derived from CAFs
exerted no influence on the expression of miR-1323. This
result suggested that the upregulation of miR-1323 in recipi-
ent cells was induced by exosomes secreted by CAFs, as
the transcription of miR-1323 was inhibited by a-amanitin
(Fig. 3A). Colony formation assay testified that with the
existence of irradiation, exo-miR-1323 inhibitor greatly
repressed cell proliferation in C33A cells (Fig. 3B). Like-
wise, the experimental results of Transwell assays also
attested that the migratory and invasive capacities of C33A
cells were also reduced in the exo-miR-1323 inhibitor
group (Fig. 3C-D). Taken together, miR-1323 transferred
by exosomes promotes CCa progression and radioresistance.

PABPN1 Is a Target Gene of miR-1323

Through starBase (http://starbase.sysu.edu.cn/index.
php), we predicted 3 mRNAs (MARCKS, MTPN, and

PABPN1) based on miRmap and PicTar (CLIP data > 5,
Degradome data > 3). Among these 3 mRNAs, we found
that MARCKS and PABPN1 were obviously downregu-
lated in CCa cells (Fig. 4A). Ago2 RIP assay uncovered
that miR-1323 had a strong affinity with PABPN1 instead
of MARCKS (Fig. 4B). Next, the results of the western
blot showed that PABPN1 was underexpressed at the pro-
tein level in CCa cells (Fig. S1B). Thereby, PABPN1 was
chosen for the following studies. Two predicted binding
sequences between miR-1323 and PABPN1 were demon-
strated in Fig. 4C. Luciferase reporter assay revealed that
miR-1323 inhibitor enhanced the luciferase activity in the
Wt-Luc group and Mutl-Luc group, while no apparent
changes were observed in the Mut2-Luc group, which fur-
ther confirmed that the definite binding region between
miR-1323 and PABPNI1 was the second one (Fig. 4D).
RNA pull-down assay further verified the interaction
between miR-1323 and PABPN1 (Fig. 4E). More intrigu-
ingly, RT-qPCR and western blot analysis exposed that
miR-1323 downregulation enhanced the expression of
PABPNI1 at mRNA and protein level (Fig. 4F-G). Taken
together, miR-1232 directly targets PABPNI1.
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«Fig.4 PABPNI1 is a target gene of miR-1323. A Expression of
MARCKS, MTPN, and PABPNI1 in CCa cell lines and normal cell
line. B RIP assay demonstrated the affinity between miR-1323 and
MARCKS/PABPNI1. C Predicted binding sequences between miR-
1323 and PABPNI1. D The binding between miR-1323 and PABPN1
was verified by luciferase reporter assay. E RNA pull-down assay
validated the interaction between miR-1323 and PABPNI1. F-G
The expression of PABPNI at mRNA level and protein level was
decreased in C33A cells transfected with miR-1323 inhibitor. *P <
0.05, **P < 0.01

miR-1323 Targets PABPN1 and Activates Wnt/
B-catenin Signaling Pathway

Firstly, at the mRNA and protein levels, PABPN1 expression
was reduced in C33A cells (Fig. SA, S1C). TOP/FOPFlash
luciferase reporter assay was implemented to examine the
activity of the Wnt/#-catenin signaling pathway. It turned out
that PABPN1 knockdown partly rescued the decreased activa-
tion of the Wnt signaling pathway caused by a miR-1323 inhib-
itor (Fig. 5B). Western blot analysis manifested that PABPN1

upregulation lowered the protein levels of nuclear-f3-catenin,
while PABPN1 downregulation exhibited the opposite effect
(Fig. 5C, S1D). As the activation of the Wnt/f-catenin signal-
ing pathway features enrichment of f-catenin in the nucleus,
PABPNI1 overexpression suppressed the activity of this sign-
aling pathway. The binding between PABPN1 and f-catenin
promoter was excluded by luciferase reporter assay in HEK-
293T (a widely adopted cell in luciferase reporter assay) and
C33A cells, indicating that PABPN1 cannot directly regu-
late the expression of f-catenin (Fig. 5D). Through western
blot analysis, we noticed that PABPN1 promoted the protein
levels of GSK-34, p-f-catenin (S33), and p-f-catenin (S37),
while the protein levels of nuclear-f-catenin were observably
reduced, which further verified the effect of PABPN1 on the
Whnt/B-catenin signaling pathway (Fig. SE). To further prove
the effect of PABPN1, we knocked down the PABPN1 expres-
sion and found that the protein levels of GSK-3p, p-f#-catenin
(S33), and p-p-catenin (S37) were reduced, while the protein
levels of nuclear-f-catenin were upregulated (Fig. S1E). Via
western blot analysis, we then found that miR-1323 inhibitor
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Fig.5 miR-1323 targets PABPN1 and activates the Wnt/f-catenin
signaling pathway. A PABPN1 was knocked down in C33A cells.
B TOP/FOP flash assay examined the activity of the Wnt/f-catenin
signaling pathway. C Protein levels of nuclear-f-catenin when
PABPNI1 was overexpressed. D The luciferase activity of f-catenin

promoter in HEK-293T and C33A cells after PABPN1 expression
was enhanced. E Protein levels of GSK-34, nuclear-f-catenin, p-f-
catenin (S33), and p-f-catenin (S37) after PABPN1 was overex-
pressed. *P <0.05, **P < 0.01
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Fig.6 PABPNI recruits IGF2BP1 and regulates GSK3B expression
to motivate the Wnt/#-catenin signaling pathway. A Venn diagram
screened out 5 RBPs. B ELAVLI1, CSTF2T, IGF2BP1, IGF2BP2,
and DDX54 were all knocked down in C33A cells. C GSK3B expres-
sion after depletion of ELAVLI1, CSTF2T, IGF2BP1, IGF2BP2,

facilitated the protein levels of GSK-3p, p-f-catenin (S33),
and p-p-catenin (S37) and lowered the levels of nuclear-$-
catenin (Fig. S1F). Overall, miR-1323 targets PABPN1 and
regulates GSK-3/ expression to affect $-catenin phosphoryla-
tion, thereby motivating the Wnt/f-catenin signaling pathway.

PABPN1 Recruits IGF2BP1 and Regulates GSK3B
Expression to Motivate Wnt/B-Catenin Signaling
Pathway

To deeply explore the relationship between PABPN1 and
GSK3B (mRNA of GSK3p), we raised a hypothesis that
RNA-binding protein (RBP) might play a role in their
mechanism. Through the Venn diagram, we selected 5
potential RBPs (ELAVL1, CSTF2T, IGF2BP1, IGF2BP2,
and DDX54) (Fig. 6A). Before the selection of certain RBP,
we knocked down the expression of the 5 RBPs in C33A
cells (Fig. 6B). Furthermore, we used RT-qPCR to detect the
level and found that only IGF2BP1 inhibition could decrease
the expression of GSK3B (Fig. 6C). Hence, IGF2BP1 was
chosen. Western blot also unmasked that depletion of
IGF2BP1 led to the decreased protein levels of GSK-34
(Fig. 6D). The relationship among PABPN1, IGF2BP1,
and GSK3B was demonstrated by RNA pull-down and RIP
assays (Fig. 6E-F). The stability of GSK3B mRNA was
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2 4 6
Actinomycin D

and DDX54. D Protein levels of GSK-34 after IGF2BP1 expression
were downregulated. E RNA pull-down assay testified the affinity of
IGF2BP1 and GSK3B. F RIP assay certified the relationship among
PABPNI, IGF2BP1, and GSK3B. G The stability of GSK3B mRNA
was shown after IGF2BP1 interference. **P < 0.01

tested in C33A cells after the treatment of actinomycin D
(Act D). The results suggested that the silencing of IGF2BP1
inhibited the stabilization of GSK3B mRNA (Fig. 6G). Col-
lectively, IGF2BP1 protein, recruited by PABPNI, interacts
with and stabilizes GSK3B mRNA.

Exosomal miR-1323 Participates in CCa Progression
and Radioresistance in Vitro and in Vivo by Directly
Targeting PABPN1

To determine the miR-1323/PABPNI axis in CCa progres-
sion and radioresistance, firstly, C33A cells were treated
with exo-miR-1323 inhibitor. The subsequent experiments
were conducted in two groups with the absence or presence
of irradiation. Then, PABPN1 expression was enhanced in
C33A cells (Fig. 7A). TOP/FOPFlash luciferase reporter
assay proved that PABPN1 decreased the activity of the Wnt
signaling pathway, especially in the group exposed to irra-
diation (Fig. 7B). The experimental results of CCKS, colony
formation, and EdU assays elucidated that overexpression
of PABPNI1 attenuated the proliferative capacity in C33A
cells (Fig. 7C-E). As demonstrated in Fig. 7F—G, Transwell
assays also disclosed that PABPN1 upregulation limited cell
migration and invasion. Animal experiments validated that
PABPNI1 hindered tumor growth in vivo, and this effect
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Fig.7 Exosomal miR-1323 participates in CCa progression and
radioresistance in vitro and in vivo by directly targeting PABPNI1.
A PABPNI expression was enhanced in the nonirradiated group and
irradiated group in C33A cells treated with exo-miR-1323 inhibitor.
B Whnt signaling pathway activation in C33A cells treated with exo-
miR-1323 inhibitor was checked after overexpression of PABPN1
in the presence or absence of irradiation. C-E) Cell proliferation in

became more obvious after irradiation (Fig. 7H-I). The
results of the IHC assay uncovered that KLHDCI, Ki-67,
and PCNA in the nonirradiated group and irradiated group
were all less expressed when PABPN1 was upregulated,
further proving the inhibition of proliferation (Fig. 7J). In
conclusion, miR-1323 targets PABPN1 to influence CCa
progression and radioresistance in vitro and in vivo.

Discussion

Cervical cancer ranks the third most common cancer
among women across the globe. Nowadays, radiotherapy
is considered to be one of the most effective therapies for
CCa treatment for that it targets tumors more precisely
[22]. However, the occurrence and development of radi-
oresistance hinder the therapeutic effect of radiotherapy.
CAFs have been reported to influence the growth and

C33A cells treated with exo-miR-1323 inhibitor after PABPN1 was
overexpressed with or without the exposure of irradiation. F—G Cell
migration and invasion in C33A cells treated with exo-miR-1323
inhibitor with or without the exposure of irradiation. H-I Tumor
weight and tumor growth were detected. J Immunohistochemistry of
expression of KLHDC1, Ki-67, and PCNA. *P < 0.05, **P < 0.01

radiation survival of CCa cells [23]. Meanwhile, the dys-
regulation of exosomal miRNAs plays an important role
in CAFs [21]. miR-1323 has been determined to be associ-
ated with radiosensitivity in lung cancer cells [19]. In our
study, we found that miR-1323 was upregulated in CCa
cells. Moreover, miR-1323 transferred by CAF-secreted
exosomes promoted cell proliferation, migration, and inva-
sion and enhanced radioresistance in CCa cells.

It has been reported that the miRNA-mRNA regula-
tory network is of great importance in the improvement of
CCa prognosis and treatment [24]. The activation of the
Wnt/f-catenin signaling pathway has been validated to be
implicated in the carcinogenesis of CCa [25]. Besides, the
Wnt/f-catenin signaling pathway has been considered to
be correlated with cancer radioresistance [26]. Consistent
with this finding, we discovered that miR-1323 directly
targeted PABPN1 and modulated PABPN1 expression to
stimulate the Wnt/f#-catenin signaling pathway. Rescue
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assays also determined the miR-1323/PABPNI1 axis in
CCa development and radioresistance in vitro and in vivo.

RNA binding protein (RBP) mechanism has been
regarded to be important in posttranscriptional events in can-
cers [27]. IGF2BP1 has been defined to be a potential thera-
peutic target for cancers [28]. In our study, RIP, RNA pull-
down, and luciferase reporter assay attested that PABPN1
recruited IGF2BP1 to modulate GSK-3/ expression, thereby
influencing the phosphorylation of #-catenin and the activa-
tion of the Wnt/f-catenin signaling pathway.

In brief, exosomal miR-1323, derived from CAFs, was
determined to be upregulated in CCa cells and contributed
to CCa progression and radioresistance. From the perspec-
tive of the mechanism, miR-1323 targets PABPN1. PABPN1
recruits IGF2BP1 and stabilizes GSK-3 mRNA so as to
modulate the activation of the Wnt/f-catenin signaling
pathway through f-catenin phosphorylation. Finally, rescue
experiments testified that miR-1323 participates in CCa radi-
oresistance and development via targeting PABPN1. In con-
clusion, exosome-mediated transfer of miR-1323 from CAFs
confers radioresistance of C33A cells by targeting PABPN1
and activating the Wnt/#-catenin signaling pathway in
CCa. Our study demonstrated the underlying mechanisms
of radioresistance in CCa, and miR-1323 might serve as a
radiosensitizer to improve the radiotherapy for CCa. How-
ever, we have to admit that this investigation has its limita-
tions, which requires further explorations. For instance, the
effect of miR-1323 on cell apoptosis in CCa has not been
explored. Upstream mechanisms of miR-1323 existing in
CCa also remain obscure. In order to ensure the preciseness
and reliability of the experimental data, we only conducted
animal experiments concerning C33A-exo-miR-1323 inhibi-
tor cells and PABPN1. Extra animal experiments should be
performed to evaluate the effects of miR-1323 in vivo. Fur-
thermore, clinicopathological analyses should be utilized
to further prove the association between miR-1323 and the
radioresistance of CCa. In the future, we will conduct the
studies to further explore the mechanisms and clinical value
of miR-1323 in CCa.
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