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miR-4478 sensitizes ovarian cancer
cells to irradiation by inhibiting Fus
and attenuating autophagy
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Ovarian cancer (OC) is a type of cancer with high prevalence and
shockingmortality in women around the world. Radioresistance
is a major reason for OC relapse. Mounting studies have shown
the significant function of dysregulated microRNAs (miRNAs)
in cancer progression and the cellular response to irradiation.
The present study inquired about the function and mechanism
of microRNA (miR)-4478 in regulating radiosensitivity of OC
cells. Results showed that miR-4478 was downregulated in OC,
and a low miR-4478 level indicated a disappointing prognosis
for OC patients. Besides, in OC cells exposed to irradiation,
the expression of miR-4478 decreased over time. Functionally,
the upregulation of miR-4478 retarded OC cell proliferation
and sensitized OC cells to irradiation. Mechanistically, miR-
4478 targeted and inhibited fused in sarcoma (Fus). Addition-
ally, Fus was upregulated in OC and its expression further
elevated in OC cells under irradiation. Furthermore, miR-4478
targeted Fus to inhibit autophagy, therefore sensitizing OC cells
to irradiation. Collectively, our study uncovered miR-4478 as a
novel radiosensitizer by targeting Fus in OC cells, which may
shed a new light on developing targets for treating patients
with OC, particularly those with radioresistance.
Received 21 February 2020; accepted 28 November 2020;
https://doi.org/10.1016/j.omtn.2020.11.024.

Correspondence: Ying Liu, Department of Ultrasound, Harbin Medical University
Cancer Hospital, No. 150 Haping Road, Nangang District, Harbin, 150081, Hei-
longjiang Province, China.
E-mail: liutan6922992@163.com
Correspondence: Yan Sun, Department of Computed Tomography, The First
Hospital of Harbin, No. 151 Diduan Street, Daoli District, Harbin, 150010 Hei-
longjiang Province, China.
E-mail: sy_493yansun00@163.com
Correspondence: Xiulan Zheng, Department of Ultrasound, Harbin Medical
University Cancer Hospital, No. 150 Haping Road, Nangang District, Harbin,
150081 Heilongjiang Province, China.
E-mail: xiu2lan505zheng_99@163.com
INTRODUCTION
Ovarian cancer (OC), as the fourth most common malignancy in fe-
males, is a major contributor to gynecological cancer-related deaths.1,2

The common therapeutic methods for OC include surgical dissection,
chemotherapy, and radiotherapy.3 Although progress has been
achieved in the treatment of primary OC, most OC patients at
advanced stages turn out to suffer from recurrence.4–7 The develop-
ment of resistance is a common limit for the treatment efficacy of
radiotherapy.8 In spite of accumulating knowledge in this field during
the past decades, the mechanism behind radioresistance in OC remains
poorly understood. Therefore, the investigation of themolecular mech-
anism underlying radioresistance of OC can be beneficial for the iden-
tification of a new, potential radiosensitizer for OC patients.

MicroRNAs (miRNAs) are recognized as a cluster of endogenous short
noncoding RNAs. Functionally,miRNAs are able to directly bind to the
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30 untranslated region (30 UTR) of targetmessenger RNAs (mRNAs) to
induce translation suppression ormRNAdegradation.9–11 Over the de-
cades, miRNAs have been reported to regulate biological processes in
multiple cancers by numerous studies and have also been currently
identified to affect the response of cancer cells to irradiation.12–16 Inter-
estingly, several studies have illustrated that enhanced cell autophagy
might contribute to radioresistance in cancers, including OC.17–19

Also, miRNAs have been documented to sensitize cancer cells to irra-
diation through inhibiting autophagy.18,20 Previously, microRNA
(miR-4478) has been identified as a tumor suppressor in colorectal can-
cer.21,22 However, its role in OC is still unknown, and whether it mod-
ulates autophagy and radioresistance in OC also needs to be revealed.

Fused in sarcoma (Fus) is a gene belonging to the Ten-eleven trans-
location (TET) protein family, which encodes an RNA binding pro-
tein.23,24 Fus has been reported to be involved in the progression of
multiple cancers.25–28 Additionally, the suppression of Fus by
miRNAs in cancers has been revealed by a number of studies.27,28

Intriguingly, it has been discovered that Fus can promote DNA dam-
age repair and that the mutation of Fus leads to higher radiosensitivity
in mice.29,30 Moreover, researches demonstrated that stress granules
containing Fus could be colocalized with autophagosomes and that
mutation in Fus led to impaired autophagy compared with cells ex-
pressing wild-type Fus.31–33 All of these findings prompted us to
wonder whether Fus could regulate autophagy and therefore control
radiosensitivity in cancer cells like OC cells.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Downregulation of miR-4478 was

correlated with poor prognosis and radioresistance

in OC patients

(A and B) Quantitative real-time RT-PCR examined the

expression level of miR-4478 in OC tissues and cell lines.

(C) Kaplan-Meier analysis and log-rank test evaluated the

association of miR-4478 expression with overall survival

(OS) in OC patients. (D) Quantitative real-time RT-PCR

examined the variation of miR-4478 level with 0 or 4 Gy

radiation treatments in three OC cell lines. Data presented

as mean ± SD (namely error bar). All assays were per-

formed in triplicate. **p < 0.01.
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The present study explores the role and downstream mechanism of
miR-4478 in regulating the radioresistance of OC cells.

RESULTS
Downregulation of miR-4478 was correlated with poor

prognosis and radioresistance in OC patients

First, to explore the involvement ofmiR-4478 in OC, we examined the
expression of miR-4478 in OC tissues and cell lines. Results of quanti-
tative real-time reverse-transcriptase polymerase chain reaction RT-
PCR) displayed that miR-4478 presented a significant low level in
OC samples (n = 74) and cell lines (IOSE80, SKOV-3, and HO8910)
compared with corresponding noncancerous tissues (n = 74) and a
normal ovarian epithelial cell line (IOSE386) (Figures 1A and 1B).
Additionally, OC samples were separated into 2 groups by the mean
level of miR-4478 (high miR-4478: n = 31; low miR-4478: n = 43).
Then, we evaluated the association ofmiR-4478 expression with clinical
features of OCpatients. It was uncovered thatmiR-4478 expression was
closely related to tumor size (p = 0.018) and International Federation of
Gynecology and Obstetrics (FIGO) stage (p = 0.019) (Table 1). Further,
Kaplan-Meier analysis revealed that miR-4478 downregulation was
closely associated with poor overall survival of OC patients (p =
0.026) (Figure 1C). Also, multivariate analysis showed that the expres-
sion of miR-4478 (p = 0.02) was an independent prognostic factor for
OC patients (Table 2). For OC patients, resistance to radiotherapy is
correlated with poor prognosis.3–7 Therefore, we investigated the asso-
ciation between miR-4478 level and radioresistance in OC cells. We
treated three OC cell lines with 0, 2, 4, 6, or 8 Gy of irradiation. The
results of the Cell Counting Kit 8 (CCK-8) assay showed that irradia-
tion resulted in a significant decrease in cell viability (Figure S1A).
Based on above data, we then used the dose of 4 Gy for subsequent as-
says. Three OC cell lines were treated with 4 Gy radiation, and the
expression ofmiR-4478wasmeasured every 5 h after treatment. Results
manifested that miR-4478 was downregulated in three OC cell lines
after radiation (Figure 1D). These results suggested that miR-4478
Molecular The
downregulation was correlated with poor prog-
nosis and radioresistance in OC patients.

miR-4478 overexpression sensitized OC

cells to irradiation

To examine the effect of miR-4478 on radiore-
sistance in OC, we overexpressed it in IOSE80
and SKOV-3 cells (Figure 2A), which presented the lowest miR-
4478 level in previous detection. In the meantime, we also silenced
miR-4478 expression in HO8190 cells (Figure S1B), which pre-
sented the highest miR-4478 level among three OC cell lines. Sub-
sequently, through the CCK-8 assay, we found that cell prolifera-
tion was attenuated by the ectopic expression of miR-4478 and
that miR-4478 overexpression further enhanced the prohibitive ef-
fect of irradiation on proliferation of OC cells (Figure 2B). In
HO8190 cells, inhibition of miR-4478 facilitated cell proliferation
under normal conditions and also recovered the decreased cell pro-
liferation caused by 4 Gy irradiation (Figure S1C). Later, with accu-
mulated treatment of radiation, miR-4478 overexpression induced
a sharp decrease in the survival fraction (SF) of OC cells (Fig-
ure 2C), whereas miR-4478 inhibition retarded the decrease in
the OC cell SF owing to irradiation (Figure S1D). These data sug-
gested that miR-4478 reduced the resistance of OC cells to irradi-
ation. To further investigate the effect of miR-4478 on radioresist-
ance, western blotting analysis was carried out for detecting the
level of poly-(ADP-ribose) polymerase (PARP), a protein contrib-
uting to DNA damage repair. Results illustrated that under 4 Gy
radiation, cells transfected with a miR-4478 mimic exhibited a
lower PARP level than the control group (Figure 2D), whereas cells
with a miR-4478 inhibitor exhibited opposite results (Figure S1E).
The results indicated that miR-4478 suppressed DNA damage
repair in response to irradiation, leading to enhanced radiosensi-
tivity of OC cells. All data above supported that miR-4478 sensi-
tized OC cells to irradiation.

miR-4478 targeted and negatively regulated Fus

It has been reported that miRNAs regulate gene expression by directly
binding to the 30 UTR of mRNAs in numerous cancers.9–11 Hence, we
hypothesized that miR-4478 might exert its function in OC through
this way. We searched for the potential target genes of miR-4478 by
using the TargetScan tool (http://www.targetscan.org/vert_72/). Fus
rapy: Nucleic Acids Vol. 23 March 2021 1111
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Table 2. Multivariate analysis of prognostic parameters of OC patients by

Cox regression analysis

Variable Category p value

Age

<60 0.509

R60

Histological subtype

serous 0.016a

others

Tumor size

<3 cm 0.321

R3 cm

FIGO stage

I�II 0.026a

III�IV

Histological grade

G1�G2 0.974

G3

Lymph node metastasis

absent 0.118

present

miR-4478 level

low 0.02a

high

Proportional hazards method analysis showed a positive and independent prognostic
importance of miR-4478 expression (p = 0.02).
ap < 0.05 was considered statistically significant.

Table 1. Correlation between miR-4478 expression and clinical

characteristics (n = 74)

Variable

miR-4478 expression

p valueLow High

Age

<60 12 11
0.612

R60 31 20

Histological subtype

Serous 19 15
0.815

Others 24 16

Tumor size

<3 cm 15 20
0.018a

R3 cm 28 11

FIGO stage

I�II 13 18
0.019a

III~IV 30 13

Histological grade

G1�G2 26 20
0.810

G3 17 11

Lymph node metastasis

Absent 17 14
0.642

Present 26 17

Low/high by sample mean. Pearson c2 test.
ap < 0.05 was viewed as statistically significant.
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was then identified as one of the targets for miR-4478. Fus has been
reported to be targeted by miRNAs in multiple cancers and intrigu-
ingly, was identified to promote DNA damage repair.27–30 Thus, we
selected Fus for further investigation. The putative binding sequences
between miR-4478 and Fus were shown in Figure 3A. Luciferase re-
porter assay showed that miR-4478 upregulation reduced the lucif-
erase activity of wild type (WT)-Fus rather than mutant (mut)-Fus
(Figure 3B). RNA pulldown assay manifested that Fus mRNA could
be pulled down by a bio-WT-miR-4478 probe rather than a bio-
mut-miR-4478 or bio-negative control (NC) probe and that knock-
down of miR-4478 led to a decrease in the enrichment of Fus
mRNA in the bio-WT-miR-4478 group (Figure 3C). Moreover,
quantitative real-time RT-PCR and western blotting analyses pre-
sented that miR-4478 overexpression resulted in the downregulation
of Fus at mRNA and protein levels, whereas miR-4478 inhibition ex-
erted opposite effects (Figure 3D). Additionally, quantitative real-
time RT-PCR results showed that Fus was significantly upregulated
in OC tissues and cell lines (Figure 3E). Kaplan-Meier analysis re-
vealed that a high level of Fus indicated unsatisfactory overall survival
of OC patients (p = 0.019) (Figure 3F). Moreover, Fus was upregu-
lated after a 4-Gy dose of radiation in all the three OC cell lines (Fig-
ure 3G), indicating its correlation with radioresistance in OC cells.
The negative correlation between Fus and miR-4478 expressions in
OC tissues was validated by Spearman’s correlation analysis (Fig-
ure 3H). Together, these results elucidated that Fus was positively
1112 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
associated with poor prognosis and radioresistance and negatively
regulated by miR-4478 in OC.

Cell autophagy was induced by irradiation and contributed to

radioresistance in OC cells

The facilitating effect of autophagy on radioresistance of cancer cells
has been uncovered by previous studies, including in OC cells,18,19,34

and miRNAs have been proven to regulate radiosensitivity through
modulating autophagy.18,20 Based on our findings that miR-4478
could prohibit the radioresistance of OC cells and target Fus, we
interrogated whether miR-4478/Fus could regulate radioresistance
through modulating autophagy. Before that, we tested the influence
of irradiation on OC cell autophagy. Autophagy markers LC3II and
LC3I, which are the isoforms of LC3,35 and the autophagy substrate
p62 were examined in OC cells exposed to 0, 2, 4, 6, or 8 Gy of irra-
diation. We observed from western blot results that LC3II/LC3I was
increased, whereas p62 was decreased with the increasing irradia-
tion doses (Figure 4A), indicating enhanced autophagy in OC cells
responding to irradiation. To examine whether targeting autophagy
could affect radioresistance in OC cells, we treated OC cells with
chloroquine (CQ) to inhibit autophagosome generation. It turned
out that CQ treatment augmented the inhibitive effect of 4 Gy



Figure 2. miR-4478 overexpression enhanced the radiosensitivity in OC cells

(A) Quantitative real-time RT-PCR analyzed the overexpression efficiency ofmiR-4478. (B) CCK-8 assay tested the proliferation of NCmimic- or miR-4478 mimic-transfected

OC cells with or without irradiation. (C) The survival fraction curves of NC mimic- or miR-4478 mimic-transfected OC cells under irradiation were determined by colony-

formation assay. (D) Western blot analyzed the protein level of PARP in irradiated OC cells transfected with NCmimic or miR-4478mimic. Data presented asmean ± SD (error

bar). All assays were performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001.
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irradiation on cell proliferation (Figure 4B). Furthermore, the inhi-
bition of autophagy by CQ could sharpen the decrease in the OC cell
SF under accumulated irradiation (Figure 4C).Western blot analysis
confirmed that CQ treatment decreased the levels of PARP and
LC3II/I, whereas increased p62 expression in irradiated OC cells
(Figure 4D). These results suggested that cell autophagy was
induced by irradiation and contributed to the radioresistance of
OC cells.

Silencing Fus abrogated OC cell autophagy, and miR-4478

inhibited autophagy through targeting Fus

After confirming that increased autophagy contributed to radiore-
sistance in OC cells, we continued to investigate whether miR-
4478 could inhibit autophagy through targeting Fus. Therefore, we
silenced Fus to test its function in cell autophagy and overexpressed
Fus to examine whether miR-4478 attenuated cell autophagy
through Fus (Figure 5A). Western blot results showed that under
irradiation, silencing Fus or overexpressing miR-4478 could
decrease the level of LC3II/LC3I and increase the level of p62 (Fig-
ure 5B). Additionally, overexpression of Fus reversed the effect of
miR-4478 overexpression on decreasing LC3II/LC3I and increasing
p62, and silencing of Fus reversed the effect of miR-4478 inhibition
on increasing LC3II/LC3I and decreasing p62 (Figure 5B). Also, the
immunofluorescence assay helped us to observe that silencing Fus
reduced the ratio of LC3 dots (Figure 5C). Overexpression of Fus
counteracted the repressive effect of miR-4478 overexpression on
LC3 positivity in OC cells, and silencing of Fus abrogated the
strengthening effect of the miR-4478 inhibitor on LC3 positivity
in OC cells (Figure 5C). Together, these results indicated that
silencing Fus abrogated OC cell autophagy, and miR-4478 inhibited
autophagy through targeting Fus.

miR-4478 contributed to cell radiosensitivity by targeting Fus in

OC

Finally, rescue assays were designed and conducted to validate the
effect of the miR-4478/Fus axis on the radioresistance of OC cells.
The CCK-8 assay demonstrated that under 4 Gy radiation, the
hampered cell proliferation caused by miR-4478 overexpression
was partially recovered by the upregulation of Fus (Figure 6A). Col-
ony-formation assay depicted that cotransfection of pcDNA3.1-Fus
reversed the suppression of miR-4478 mimic on the SF of OC cells
under increased radiation (Figure 6B). Furthermore, western blot-
ting illustrated that ectopic expression of Fus rescued the reduction
in PARP level due to miR-4478 upregulation in OC cells under the
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1113
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Figure 3. miR-4478 negatively regulated Fus by targeting it

(A) The binding sites between miR-4478 and Fus were identified by searching TargetScan. The sequences of WT-Fus and mut-Fus with WT or mut miR-4478 binding

sites were designed for luciferase reporter assay. (B) Luciferase reporter assay detected the impact of miR-4478 overexpression on the luciferase activity of WT-Fus

and mut-Fus reporters. (C) RNA pulldown assay tested the enrichment of Fus by indicated probes in OC cells with or without miR-4478 inhibition. (D) Quantitative real-

time RT-PCR and western blot analyses detected the effect of miR-4478 on Fus mRNA and protein levels. (E) Quantitative real-time RT-PCR examined the expression

level of Fus in OC tissues and cell lines. (F) Kaplan-Meier analysis and log-rank test evaluated the association between Fus expression with OS in OC patients. (G)

Quantitative real-time RT-PCR examined the level variation of Fus in three OC cell lines with 0 or 4 Gy radiation treatment. (H) Spearman’s correlation curve revealed

the correlation between miR-4478 and Fus expression in OC samples. Data presented as mean ± SD (error bar). All assays were performed in triplicate. *p < 0.05,

**p < 0.01.
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treatment of 4 Gy radiation (Figure 6C). To conclude, these results
indicated that miR-4478 contributed to the radiosensitivity of OC
cells via targeting Fus.

DISCUSSION
As one of the most common gynecological malignant tumors, OC is
life threatening to women all over the world.1,2 Although radio-
therapy is one of the most frequent therapeutic methods for OC,3

resistance to radiotherapy leads to the limited treatment effectiveness,
thereby inducing the relapse of OC.4–8 Despite mounting achieve-
1114 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
ments in improving treatment, there is still an urgent need for further
exploration of the underlying mechanism underlying OC cell
radioresistance.

Currently, miRNAs have been discovered to regulate the effectiveness
of radiotherapy in cancers.12–16 Downregulation of miR-4478 has
been identified as a biological marker in colorectal cancer.21,22 How-
ever, miR-4478 has neither been explored in OC nor been associated
with radioresistance. The present study first identified the low expres-
sion level of miR-4478 in OC tissues and cell lines. Additionally, we



Figure 4. Cell autophagy was induced by irradiation and contributed to the radioresistance of OC cells

(A) Western blot detected the levels of LC3II/LC3I and p62 in OC cells under above treatments. (B) CCK-8 assay examined the proliferation of OC cells from indicated groups.

(C) Colony-formation assay determined the survival fraction curve of indicated OC cells. (D) Western blot tested the levels of PARP, LC3II/LC3I, and p62 in indicated OC cells.

Data presented as mean ± SD (error bar). All assays were performed in triplicate. *p < 0.05, **p < 0.01.
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identified the positive correlation of miR-4478 expression with the
prognosis of OC patients. Then, we confirmed that downregulation
of miR-4478 was related to the radioresistance of OC cells. Further,
the results of gain-of-function assays suggested that miR-4478 had
suppressive effect on the radioresistance of OC cells.

Mechanistically, miRNAs have been reported to regulate cancer
development via binding to the 30 UTR of target genes to silence these
genes at a post-transcriptional level.9–11 In this study, Fus was recog-
nized as the target of miR-4478 in OC cells. Previously, Fus has been
reported to be an oncogene in human cancers, and it also has been
verified to regulate DNA damage repair.27–30 However, the impact
of Fus on cellular resistance to irradiation has not been explored in
OC. In the current study, we first confirmed that miR-4478 targeted
Fus to inhibit its expression. Furthermore, Fus was found to be upre-
gulated in OC tissues and cell lines. Upregulation of Fus predicted un-
favorable prognosis for patients with OC. Importantly, our study first
revealed the association between the expression of Fus and the radio-
resistance of OC cells.

Moreover, former studies have found that increased autophagy could
contribute to radioresistance in cancer cells,17,18 including in OC
cells.19 In concordance, we confirmed that autophagy was facilitated
in OC cells in response to the irradiation and that inhibiting
autophagy by CQ sensitized OC cells to irradiation, suggesting that
irradiation-elevated autophagy aggravated radioresistance in OC.
Previous research has demonstrated that miRNAs could attenuate
cancer cell radioresistance through inhibiting autophagy.18,20 Based
on these findings, we tried to figure out whether miR-4478/Fus could
regulate autophagy to affect radiosensitivity in OC cells. Expectedly,
we first found that miR-4478 could inhibit cell autophagy in OC
and that overexpressing Fus reversed such effects. These findings sug-
gested that miR-4478 inhibited autophagy through targeting Fus.
Meanwhile, since previous studies have shown that mutation of Fus
can impair cell autophagy in contrast to WT Fus,31–33 we sought to
probe whetherWT Fus could exhibit a promoting effect on autophagy
in OC cells. As a result, our study first showed that silencing Fus could
retard autophagy in OC cells, suggesting that Fusmight contribute to
autophagy in OC cells. Further, we demonstrated via rescue assays
that upregulation of Fus counteracted the inhibitive effect of miR-
4478 overexpression on OC cell radioresistance, indicating that
miR-4478 targeted Fus to control the radioresistance of OC cells.

Taken together, these results proved thatmiR-4478 contributed to cell
radiosensitivity by targeting Fus to inhibit cell autophagy in OC. The
findings indicated that miR-4478 might be as a novel prognostic
marker and a potential radiosensitizer for OC patients.

MATERIALS AND METHODS
Tissue samples

OC tissues and the paired adjacent normal tissues were collected from
74 patients with OC at Harbin Medical University Cancer Hospital.
These patients were assessed according to FIGO staging. The clinical
characteristics of these patients were summarized in Table 1. None of
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1115

http://www.moleculartherapy.org


Figure 5. Silencing Fus abrogated OC cell autophagy, and miR-4478 inhibited cell autophagy through targeting Fus

(A) Quantitative real-time RT-PCR verified the knockdown and overexpression efficiency of Fus. (B) Western blot detected the levels of LC3II/LC3I and p62 in OC cells under

different transfections. (C) Immunofluorescence assay examined the LC3 dots in OC cells under 4 Gy irradiation and diverse transfections (scale bars, 10 mm or 50 mm). Data

presented as mean ± SD (error bar). All assays were performed in triplicate. *p < 0.05, **p < 0.01.
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the patients received radiotherapy or chemotherapy prior to surgical
resection. After resection, tissues were immediately stored in liquid
nitrogen and then maintained at �80�C until use. The present study
was approved by the Ethics Committee of Harbin Medical University
Cancer Hospital. Written, informed consents were obtained from all
patients.

Cell lines and cell culture

Human OC cell lines (ES-2, SKOV3, and HO8910) and the normal
human ovarian epithelial cell line (IOSE386) were obtained from
the Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). All cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Thermo Fisher Scientific, Waltham,
MA, USA), supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific) at 37�C in a humidified atmosphere containing
5% CO2.

Quantitative real-time RT-PCR

Total RNA was extracted from OC tissues and cell lines using TRIzol
reagent (Thermo Fisher Scientific) under the manufacturer’s proto-
1116 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
col. Quantitative real-time RT-PCR was performed to examine the
expression levels of miR-4478 and Fus using the Applied Biosystems
PowerUp SYBR Green Master Mix kit (Thermo Fisher Scientific) by
an ABI 7500 fluorescence qRT-PCR machine (Applied Biosystems;
Thermo Fisher Scientific), according to the manufacturer’s protocol.
U6 was used as the internal reference formiR-4478, whereas glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was used as the inter-
nal reference for Fus. The relative expression levels were analyzed
using the 2�DDCt method. Primer sequences were designed according
to the sequences of miR-4478 and Fus obtained from NCBI (https://
www.ncbi.nlm.nih.gov/gene/). The accession numbers of GenBank
were the following: NCBI: NC_000009.12 for miR-4478 and
NC_000016.10 for Fus. We used the “primer-blast” tool in NCBI to
test the specificity of primers. Primers with a melting temperature
(Tm) difference less than 2 and the single-strand PCR products
were identified to be qualified. The primer sequences used were as fol-
lows: 50-CAGGGCTGCAGGGGATG-30 (forward) and 50-CTGAG
GAGCCTCCAAACCTG-30 (reverse) for miR-4478; 50-AGGGC
TAGGTGGAAAGACCT-30 (forward) and 50-CCTTCCTGATCGG
GACATCG-30 (reverse) for Fus; 50-CTCCGGGAAACTGTGGC

https://www.ncbi.nlm.nih.gov/gene/
https://www.ncbi.nlm.nih.gov/gene/


Figure 6. miR-4478 contributed to radiosensitivity by targeting Fus in OC

(A) CCK-8 assay evaluated the proliferation of OC cells with 4 Gy irradiation and different transfections. (B) Colony-formation assay analyzed the survival fraction of indicated

OC cells under increasing doses of irradiation. (C) Western blotting analyzed changes in PARP protein level in OC cells transfected with different plasmids under 4 Gy

radiation. Data presented as mean ± SD (error bar). All assays were performed in triplicate. *p < 0.05.
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GTG-30 (forward) and 50-ACAAAGTGGTCGTTGAGGGCA-30

(reserve) for GAPDH; 50-CTCGCTTCGGCAGCACA-30 (forward)
and 50-AACGCTTCACGAATTTGCGT-30 (reserve) for U6.

Cell transfection

miR-4478-mimic was used to overexpress miR-4478, and pcDNA3.1
vector subcloned with Fus cDNA sequence was used to overexpress
Fus. NC-mimic and pcDNA3.1 vector were used as corresponding
NCs.ThemiR-4478 inhibitorwas used to inhibitmiR-4478, withNC in-
hibitor as theNC. Specific short hairpin (sh)RNAs targetingFus (shFus)
were used to silence Fus expression, with scramble shRNA as the NC
(shNC). All vectors were obtained from Shanghai Integrated Biotech
Solutions (Shanghai, China). Based on the manufacturer’s instruction,
Lipofectamine 2000 (Invitrogen) was used for cell transfection.

X-ray irradiation exposure

Plastic flasks with OC cells underwent the exposure to the X-ray irra-
diation with the utilization of a linear accelerator (Primus, Siemens,
Germany) at the dose of 4 Gy. The X-ray irradiation was implemented
when the concentration of OC cells had reached 80%. Thereafter, OC
cells were collected at indicated time points subsequent to irradiation
for later experiments.

CCK-8

ES-2 and HO8910 cells were seeded in 96-well plates overnight at
concentrations of 2� 103 cells/well. Then, CCK-8 solution (Dojindo)
was added into cells after 0, 24, 48, 72, and 96 h of incubation. After
2 h of incubation at 37�C under humidified air, the absorbance was
determined at 450 nm using a SpectraMax M5 microplate reader
(Molecular Devices, USA).

Colony-formation assay

After transfection, cells were plated into 6-well plates and treated
with irradiation at the dose of 0, 2, 4, 6, or 8 Gy. After 2 weeks of in-
cubation under 37�C, cells were fixed with the use of 95% methanol
and then stained by 0.1% crystal violet for 15 min. Observable col-
onies with above 50 cells were counted manually. SF was evaluated
as plating efficiency ratio for nonirradiated and irradiated cells. The
definition of plating efficiency was as follow: colony number divided
by seeded cell number � 100%. Data were expressed with y = 1 �
(1 � e�D/D0)N for the presentation of survival curves. Radiation-
associated parameters, including Dq (quasi-threshold dose), D0
(mean lethal dose), and N (extrapolation number), were evaluated
in accordance with the curve. The sensitivity enhancement ratio
(SER) was expressed as the ratio of the D0 value of the control group
to that of treatment group.

Luciferase reporter assay

With bioinformatics predictions, the binding sequences formiR-4478
in the 30 UTR region of Fus were predicted. Then, the full-length Fus
30 UTR containing WT or mut of miR-4478 binding sequences was
loaded into pmirGLO luciferase reporter vectors (Promega, Madison
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1117
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WI, USA), and the recombinant plasmid was, respectively, termed as
WT-Fus or mut-Fus. To study the interaction between Fus and
miR-4478, WT-Fus or mut-Fus luciferase reporter plasmid was
cotransfected into ES-2 and SKOV-3 cells with miR-4478-mimic
(or NC-mimic). Following transfection for 48 h, the luciferase activity
was determined using the Dual-Luciferase Reporter Assay system
(Promega, Madison, WI, USA). The firefly luciferase activities were
normalized to Renilla luciferase activity.

RNA pulldown assay

Biotin-labeled WT-miR-4478 or mut-miR-4478 probe (Beijing
Dingguo Changsheng Biotech, China) was acquired, with NC-
probe as the NC. Cells were collected and lysed using the lysis
buffer. Streptavidin magnetic beads were used to capture the
biotin-labeled probes following the manufacturer’s protocol.
Then the biotinylated compounds were incubated with the extract
of cells in a 42�C water bath for 40 min. After elution of the mag-
netic beads, the levels of Fus mRNA were detected by quantitative
real-time RT-PCR analysis.

Autophagy detection by GFP-LC3 fluorescence microscopy

The transfected OC cells were fixed and underwent 40,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO, USA) nuclei
staining. The autophagy marker LC3 was stained utilizing the GFP-
LC3 (ab48394; Abcam). The green dots in OC cells were observed
and calculated by the utilization of an Olympus BX53 fluorescence
microscope (Olympus, Tokyo, Japan). Autophagy positivity of OC
cells was defined by the green highlights R5. Four horizons were
randomly picked in each well for observation, and at least 3 wells
were calculated for each group.

Western blotting

OC cells were, respectively, lysed in cold radioimmunoprecipita-
tion assay buffer (Thermo Fisher Scientific). Then, the protein
concentration was determined using the Bicinchoninic Acid
(BCA) Protein Assay Kit (Thermo Fisher Scientific), according to
the manufacturer’s protocol. Proteins were separated using 12% so-
dium dodecyl sulfate polyacrylamide-gel electrophoresis (SDS-
PAGE) and then shifted to a polyvinylidene fluoride (PVDF) mem-
brane (Thermo Fisher Scientific). The PVDF membrane was sealed
with 5% nonfat dried milk in phosphate-buffered saline (PBS;
Thermo Fisher Scientific) for 2 h under room temperature. Subse-
quently, the membrane was incubated with primary antibodies for
12 h, followed by the incubation with horseradish peroxidase-con-
jugated secondary antibodies (Abcam, Cambridge, UK) for 1 h.
The protein band was revealed using the Enhanced Chemilumines-
cence Western Blotting Kit (Thermo Fisher Scientific). Protein
expression was determined using Image-Pro Plus software 6.0 (Me-
dia Cybernetics, Rockville, MD, USA), and GAPDH was used as
the internal reference. The primary antibodies were the following:
anti-Fus (ab70381), anti-p62 (ab91526), anti-cleaved PARP
(ab32561), and anti-LC3B (ab48394) from Abcam (Cambridge,
UK) and anti-LC3II (cat. no. 4108) and anti-GAPDH (cat. no.
5174) from Cell Signaling Technology (Danvers, MA, USA).
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Statistical analysis

Data were presented as the mean ± standard deviation (SD). SPSS
19.0 software (IBM, Armonk, NY, USA) was used for statistical anal-
ysis. Student’s t test was used for the comparisons between two
groups, whereas one-way ANOVA with Turkey’s post hoc test was
used for the comparisons among multiple groups. A chi-square test
was used to evaluate the association between miR-4478 expression
and clinicopathological characteristics of OC patients. The associa-
tion of miR-4478 or Fus expression with the overall survival of OC
patients was analyzed by Kaplan-Meier analysis plus log-rank test.
p <0.05 was considered to indicate a statistically significant difference.
All assays were triplicated.
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