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Background

Cervical cancer is the third most frequent cancer in wom-
en [1]. For these patients, radiotherapy is still the most com-
mon intervention, either as a primary or an adjuvant thera-
py [2,3]. Although radiotherapy is used for over 60% of cervical 
cancers cases, local recurrence is common due to radioresis-
tance [4,5]. Therefore, the prediction of radioresistance, espe-
cially before the course of radiotherapy, is quite beneficial to 
develop an optimal treatment strategy for individual patients. 
Unfortunately, the mechanisms responsible for radioresistance 
of cervical cancer are still largely unexplored.

Persistent high-risk HPV (HR-HPV) infection is involved in more 
than 90% of cervical cancer cases and has been identified as 
a causal factor in cancer development [6]. Typically, HPV16 
and HPV18 cause about 70% of cervical cancer cases [7]. E6 
and E7 are 2 primary oncoproteins of HR-HPV. As a pivotal vi-
ral oncogene, E6 can combine with cellular protein ubiquitin-
protein ligase E3A (UBE3A), also known as E6AP, and initiate 
proteasomal degradation of p53 [8]. p53 degradation results 
in reduced p53-mediated apoptosis and p21-mediated cell 
cycle arrest [9]. In addition, p53 degradation is also involved 
in the mechanism of radioresistance in several types of tu-
mors [10,11], including cervical cancer [12,13]. However, the 
upstream regulative network of p53 in radioresistance of HR-
HPV-positive (+) cervical cancer is still not clear.

miRNAs are a group of small, conservative, and non-coding 
RNAs degrading or repressing the translation of target mRNAs 
through directly binding to the 3’-UTR [14]. Several miRNAs 
were found involved in radioresistance of cervical cancers, 
such as miR-630, miR-1246, miR-1290, miR-3138, miR-181, 
miR-375, and miR-21 [15,16]. However, the downstream reg-
ulative network of these miRNAs is not yet fully understood. 
In this study, we explored the association between miR-375 
and radioresistance in HR-HPV (+) cervical cancer. We demon-
strated that miR-375 can modulate radiosensitivity of HR-HPV 
(+) cervical cancer cells by directly downregulating UBE3A ex-
pression and thereby promoting p53 regulated cell apoptosis.

Material and Methods

Patient selection and human tissues

We recruited 22 patients from Cangzhou City Central Hospital 
who were histologically diagnosed as having IA with lympho-
vascular space invasion (IVSI) or IA2 cervical cancer, confirmed 
as HPV-16/18 positive and who never received previous chemo-
therapy. The patients received radiotherapy by standard, pelvic 
radiation therapy and brachytherapy with a total point A dose 
of 70 Gy, according to 2013 NCCN Clinical Practice Guideline 

in Oncology for Cervical Cancer [17]. The radiosensitive and 
radioresistant cases were assessed by histological examina-
tion of residual tumor tissues by colposcopically-directed bi-
opsy 6 months after completion of radiotherapy. Histological 
assessment was performed by a pathologist without author-
ship in this study. All of the samples that contained at least 
70% tumor cells were used for further studies. The control 
group consisted of 20 healthy individuals with normal cytol-
ogy and without HR-HPV infection; specimens were obtained 
from patients received hysterectomy due to benign gyneco-
logic diseases. Informed consent was obtained from each pa-
tient before collecting the specimens.

Cell culture

HEK 293T, HPV-16-positive SiHa and HPV-18-positive HeLa cer-
vical cancer cell lines were obtained from the ATCC and were 
cultured with Dulbecco’s modified Eagle’s medium (DMEM) 
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bo-
vine serum (FBS; Hyclone Laboratories), 2 mM/L-glutamine, 
100U/mL penicillin, and 100 mg/mL streptomycin and were 
incubated in humidified air with 5% CO2 at 37°C.

qRT-PCR analysis of miR-375 and UBE3A expression

Total RNAs from tissue and cells were extracted using TRIzol 
reagent (Invitrogen) and from blood were extracted using 
TRIzol LS reagent (Invitrogen), respectively. cDNAs were syn-
thesized using the PrimeScript RT reagent Kit (TaKaRa). miR-
375 expression was quantified by using TaqMan MicroRNA 
assays (Life Technologies). The 2–DD Ct method was used to 
calculate relative miR-375 expression, with RNU6B as a con-
trol gene. UBE3A mRNA expression was measured using qRT-
PCR with SYBR Green PCR Master Mix (Life Technologies) and 
UBE3A-specific primers: F, 5’- CCATGGGAAAATGTACATCCA -3’; 
R, 5’- TTTTTCAGCTGGTTGTGGAGG-3’. GAPDH served as the in-
ternal control.

Cell transfection

miR-375 mimics and the negative control, UBE3A siRNA, and 
the corresponding negative controls were purchased from 
Ribo Life Science (China). HeLa and SiHa cells were transfect-
ed with 75 nM miR-375 mimics or 75 nM UBE3A siRNA, re-
spectively, by using lipofectamine 2000 (Invitrogen). Human 
UBE3A lentiviral expression vector (Lenti-UBE3A) without 3’-
UTR was purchased from GENECHEM. To generate sufficient 
lentiviral particles for transfection, Lenti-UBE3A and the cor-
responding packaging mix were cotransfected to HEK-293T 
cells. Viral supernatant was collected for further experiments 
at 48 h after transfection. To over-express UBE3A in SiHa and 
HeLa cells, the cells were treated with the viral supernatants 
with 8 μg/ml Polybrene (Sigma-Aldrich).
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Western blot analysis of UBE3A expression

Total protein from cells was extracted by using RIPA buffer (50 
mM TrisHCl, 150 mM NaCl, 2 mM EDTA, 1% NP-40, and 0.1% 
SDS). Total protein concentration was measured by using BCA 
protein assay (Pierce, Thermo Scientific) and then separated on 
10% SDS PAGE gel and transferred onto nitrocellulose mem-
branes for a conventional Western blot analysis. Antibodies used 
were Anti-UBE3A (1:2000, ab10488, Abcam), anti-p53 (1:1000, 
ab131442, Abcam), anti-p21 (1:2000, ab7960, Abcam), anti-
survivin (1:1000, ab24479, Abcam), anti-Bax (1:1000, ab7977, 
Abcam), and anti-active caspase 3 (1:1000, ab2302, Abcam). 
GAPDH served as loading control and was detected by using 
ant-GAPDH (1:2500, ab9485, Abcam). Anti-Rabbit IgG (HRP) 
(1:10000, ab191866, Abcam) was used as a second antibody. 
Protein signals were detected using SuperSignal West Pico 
Chemiluminescent Substrate (Thermo Scientific).

Colony formation and apoptosis analysis

We seeded 1×105 SiHa or HeLa cells in 6-well plates and pre-
pared for transfection the next day. At 48 h after transfection, 
the plates were irradiated with 137Cs (Nordion, Ottawa, ON, 
Canada), with a dose rate of 1.25 Gy/min. The plates were 
treated with a dose of 0, 2, 4, 6, and 8 Gy in a single fraction. 
Then, the plates were further incubated in a cell incubator for 
10–13 days and then the cells were fixed with 10% parafor-
maldehyde and stained with 1% crystal violet in 70% ethanol. 
Colonies (with minimum of 50 cells) were counted. Surviving 
fraction was defined as the number of colonies/ (cells inoc-
ulated × plating efficiency) and the radiation survival curve 
was drawn. Apoptosis of the cells was measured by using the 
Fluorescein Active Caspase 3 Staining Kit (Abcam, ab65613) 
according to the manufacturer’s instructions. The proportion 
of active caspase 3 positive cells was measured by using a 
flow cytometer (FACSCalibur, BD Biosciences).

MTT assay of cell viability

Cells after different treatments were plated at 5×103 cells/well 
in 96-well plates. Cells were cultured for 48 h and then cell vi-
ability was measured by MTT (Sigma-Aldrich) assay according 
to the recommended protocol. Absorbance at 490 nm of the 
solution was read by using a spectrophotometric plate read-
er. Each test was performed with 3 repeats.

Luciferase microRNA binding assay

The oligonucleotides with wild-type (WT) (with miR-375 bind-
ing site) or mutant (MUT) (without miR-375 binding site) 
sequence of 3’-untranslated region (3’-UTR) of the UBE3A 
and with flanking PmeI and XbaI restriction enzyme sites 
were chemically synthesized. The sequence was: WT: F, 

5’-aaacGATTTCAGCTACATATATGAACAAATCCTTTATTATTATTt-3’, 
R, 5’-ctagaAATAATAATAAAGGATTTGTTCATATATGTAGCTGAAATC-
gttt-3’; MUT: F, 5’-aaacGATTTCAGCTACATATATTCCACCCTCCTTTAT-
TATTATTt-3’; R, 5’-ctagaAATAATAATAAAGGAGGGTGGAATATATG-
TAGCTGAAATCgttt-3’. The 2 sequences were inserted into the 
downstream of the firefly luciferase gene in pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega) between 
PmeI and XbaI sites. The reconstructed vectors were designat-
ed as pmirGLO-UBE3A-WT and pmirGLO-UBE3A-MUT, respec-
tively. Insertion was verified by sequencing. HeLa and SiHa 
cells were co-transfected with 200 ng reporter plasmids and 
75 nM miR-375 mimics. At 24 h after transfection, both firefly 
and Renilla luciferase activities were measured by the Dual-
Luciferase Reporter Assay System (Promega) using a Promega 
GloMax 20/20 luminometer. The firefly luciferase activity was 
normalized to the Renilla luciferase activity.

Statistical analysis

Data are presented as mean ±SD with at least 3 repeats. Group 
comparison was performed by unpaired t test. P value <0.05 
was considered as significant difference. *, **, and *** donates 
significance at 0.05, 0.01, and 0.001 level, respectively.

Results

MiR-375 expression is negatively related to 
radioresistance in HR-HPV (+) cervical cancer

Based on serum and tumor tissue samples from the cervical 
cancer patients and healthy controls, qRT-PCR results showed 
that miR-375 expression was significantly lower in the can-
cer patients than in the controls (Figure 1A, 1C). Its expression 
was even lower in radioresistant patients than in radiosensi-
tive patients (Figure 1B, 1D). HPV-16-positive SiHa, which had 
lower response to radiation than HPV-18-positive HeLa cells 
(Figure 1E), also had lower expression of miR-375 (Figure 1F). 
These results suggest that miR-375 might be involved in the 
radioresistance of HPV (+) cervical cancer.

MiR-375 modulates radiation-induced apoptosis of HR-HPV 
(+) cervical cancer cells

To explore the influence of miR-375 expression on radiation-
induced apoptosis, SiHa and HeLa cells were transfected for 
miR-375 overexpression (Figure 2A, 2C). miR-375 overexpres-
sion conferred significantly reduced survival under radiation 
treatment of both cell lines (Figure 2B, 2D). By measuring the 
apoptotic marker caspase 3, we observed that the ratios of 
radiation-induced apoptotic SiHa or HeLa cells with miR-375 
overexpression were significantly higher than the correspond-
ing negative controls (Figure 2E, 2F). These results suggest that 
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miR-375 can directly modulate apoptosis of HR-HPV (+) cervi-
cal cancer cells induced by radiation.

MiR-375 directly targets UBE3A and regulates its 
expression in HR-HPV (+) cervical cancer cells

Since miR-375 has a regulative role over radioresistance, we 
further explored its downstream targets and regulative net-
work in HR-HPV (+) cervical cancer cells. A recent study dem-
onstrated that UBE3A, also known as E6AP, is a direct target 

of miR-375. In this study, we further verified this target in both 
SiHa and HeLa cells. miR-375 mimics could inhibit luciferase 
activity of pmirGLO-UBE3A-WTvector, but had no inhibiting ef-
fect over pmirGLO-UBE3A-MUT vector (Figure 3A, 3B). In both 
of the cell lines, miR-375 overexpression, similar to si-UBE3A 
expression, effectively interfered with UBE3A expression at 
both mRNA and protein levels (Figure 3D, 3E). These results 
suggest that miR-375 can directly target UBE3A and regulate 
its expression in both HeLa and SiHa cells.
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Figure 1. �MiR-375 expression is negatively related to radioresistance in HR-HPV (+) cervical cancer. (A, C) qRT-PCR analysis of relative 
miR-375 expression in serum (A) and tissue (C) of cervical cancer patients (n=22) and healthy controls (n=20). Relative miR-
375 expression was significantly higher in serum (A) and tissue (C) of HR-HPV (+) cervical cancer patients than in healthy 
controls. (B, D) qRT-PCR analysis showed that miR-375 expression was even lower in both serum (B) and tissue (D) of 
radioresistant patients (n=13) than in radiosensitive patients (n=9). (E) The surviving fraction of HPV-18-positive HeLa cells 
was significantly lower than in HPV-16-positive SiHa cells under radiation treatment. (F) qRT-PCR analysis showed that miR-
375 expression was significantly lower in SiHa cells than in HeLa cells. Each bar represents the mean ±S.D. of 3 experiments. 
* P<0.05; ** P<0.01, *** P<0.001.
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MiR-375 promotes radiosensitivity through p53 pathway

We then further studied the downstream regulation network 
of miR-375. In both HeLa and SiHa cells, UBE3A knockdown 
significantly lowered cell viability under radiation treatment 
(Figure 4A, 4B). Overexpression of UBE3A without the 3’-UTR 
region rescued miR-375-induced lowered radioresistance in 
both HeLa and SiHa cells, and also lowered p53 expression 
(Figure 4C, 4D). The downstream regulation of miR-375 was 
further explored in HeLa cells. miR-375 overexpression resulted 
in significantly increased p53 and p21 expression (Figure 4E), 
both of which are involved in p53-dependent cell cycle G1 
phase arrest [18]. miR-375 overexpression also led to signif-
icantly higher expression of the apoptotic markers Bax and 
active caspase 3 under radiation treatment (Figure 4E). In 
contrast, the expression of survivin, a negative regulation of 
apoptosis, was remarkably inhibited by miR-375 overexpres-
sion (Figure 4E). These results suggest that miR-375 modu-
lates radiation-induced apoptosis of cervical cancer cells at 
least partially through the p53 pathway.

Discussion

HR-HPV infection can alter a series of biophysical process in 
cervical tissues. In fact, the infection can also affect the ex-
pression of multiple miRNAs, thereby affecting the down-
stream regulations. miR-375 is a miRNA that is significant-
ly downregulated in HR-HPV infection [19,20]. However, how 
this expression change affects the downstream regulation is 
still not clearly understood. According to previous studies, miR-
375 is involved in a wide range of regulation in different can-
cers. In gastric cancer, miR-375 is downregulated and can in-
hibit migration and invasion of cancer cells by targeting Janus 
kinase 2 (JAK2) [21]. It can also target the p53 gene and reg-
ulate cellular response to ionizing radiation and etoposide in 
gastric cancer cells [22]. In breast cancer, miR-375 directly tar-
gets SHOX2 and thereby modulates epithelial-to-mesenchy-
mal transition (EMT) [23]. In cervical cancer, miR-375 is also 
involved in cancer development processes. For example, in 
squamous cervical cancer, miR-375 can inhibit cell migration 
and invasion via targeting transcription factor SP1 [24]. It can 
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Figure 2. �MiR-375 modulates radiation-induced apoptosis of HR-HPV (+) cervical cancer cells. (A, C) qRT-PCR analysis confirmed 
successful transfection of miR-375 into HeLa (A) and SiHa (C) cells. (B, D) Transfection of miR-375 mimics significantly 
increased radiosensitivity in both HeLa (B) and SiHa (D) cells. (E) Representative images of flow cytometry analysis of 
apoptotic HeLa and SiHa cells by staining active caspase-3 at 48 h after radiation treatment. (F) (J) Quantification of the 
apoptotic HeLa and SiHa cells at 48 h after transfection or 48 h after 8Gy treatment. miR-375 overexpression significantly 
increased the proportion of apoptotic cells treated by radiation. Each bar represents the mean ±S.D. of 3 experiments. 
* P<0.05; ** P<0.01, *** P<0.001.
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also mediate acquired chemo-resistance in cervical cancer by 
facilitating EMT [25]. Therefore, it is highly possible that miR-
375 has a wide regulative network and that its regulation might 
be different in different cancers. In the current study, we ob-
served that miR-375 was related to radioresistance of HR-HPV 
(+) cancer. A lower level of miR-375 expression resulted in a 
higher level of radioresistance. In contrast, miR-375 overex-
pression in HR-HPV-positive cancer cells significantly promot-
ed radiosensitivity.

Due to the significant association between miR-375 and ra-
dioresistance, we decided to explore how it affects radioresis-
tance of HR-HPV (+) cervical cancer. A recent study reported 
that miR-375 has multiple targets in HPV-associated cancers, 
including HPV type 16 and 18 transcripts, E6AP and CIP2A [26]. 
The HPV type 16 and 18 transcripts consist of E6 and E7 pro-
tein, the most oncogenic proteins. This study also demonstrat-
ed that replenishment of miR-375 in HPV (+) cervical cancer 
cells significantly reduced the levels of HPV transcripts [26]. 
In fact, the complex of E6 and UBE3A is quite important for 
the oncogenic properties of HR-HPVs. It initiates proteasomal 

degradation of p53 [8] and results in reduced p53-mediated 
apoptosis and p21-mediated cell cycle arrest. Therefore, we 
hypothesized that the downregulation of miR-375 might reg-
ulate radioresistance through the p53 pathway.

In both SiHa and HeLa cells, we verified the putative binding 
site between miR-375 and UBE3A. miR-375 overexpression sig-
nificantly reduced UBE3A expression. UBE3A knockdown led to 
significantly reduced cell survival under radiation treatment. 
miR-375 overexpression also had a similar survival-inhibit-
ing effect and caused increased expression of p53. However, 
this inhibition was rescued by overexpression of UBE3A with-
out binding to miR-375, which was also associated with low-
er p53 expression. Then, we further explored how radioresis-
tance of these 2 cell lines is modulated in the p53 pathway. 
The expression of p21, the direct downstream target of p53, 
which functions as a regulator of cell cycle progression at G1 
and S phase [18], increased with miR-375 overexpression. The 
expression apoptosis regulator BAX and the apoptotic marker 
active caspase 3 increased significantly in the miR-375 overex-
pression group. Survivin, an inhibitor of caspase activation and 
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Figure 3. �MiR-375 directly targets UBE3A and regulates its expression in HR-HPV (+) cervical cancer cells. (A) The predicted pairing 
between miR-375 and 3’-UTR of UBE3A. Designed UBE3A-mutant (MUT) sequence without miR-375 binding sites is shown 
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WT reporter but not MUT reporter. (D, E) (D) HeLa and SiHa (E) cells were transfected with 75 nM miR-375 mimics or 75 nM 
UBE3A siRNA, respectively. miR-375 and UBE3A siRNA significantly inhibited UBE3A expression at both mRNA and protein 
level. Each bar represents the mean ±S.D. of 3 experiments. * P<0.05; ** P<0.01, *** P<0.001.
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apoptosis [27], significantly decreased with miR-375 overex-
pression. These results suggest that miR-375 promotes radio-
sensitivity of HR-HPV (+) cancer through decreasing p53 deg-
radation and thereby increasing radiation-induced apoptosis. 
Although p53 degradation has already been found in the mech-
anism of radioresistance in several types of tumors [10,11], 
our study is the first to demonstrate its upstream regulation 
in HR-HPV (+) cervical cancer cells.

Conclusions

Based on the evidence obtained above, it is evident that the 
miR-375-UBE3A axis is important in modulating radiosensi-
tivity of HR-HPV (+) cervical cancer. The modulation occurs at 
least partly through inhibiting p53 degradation and promoting 
p53-mediated apoptosis under radiation treatment.
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Figure 4. �MiR-375 promotes radiosensitivity through the p53 pathway. (A, B) MTT analysis of cell viability of HeLa (A) and SiHa (B) 
cells with UBE3A knockdown 48 h after 8Gy treatment. (C, D) Co-transfection of miR-375 and UBE3A expression vector 
without 3’-UTR in HeLa (C) and SiHa (D) in response to 8 Gy were analyzed by MTT assays. The expression of p53 under 
different treatments was detected by Western blot analysis. (E) Western blot analysis of p53, p21, survivin, Bax, and active 
caspase 3 expression in HeLa cells with/without miR-375 overexpression under radiation treatment. Each bar represents the 
mean ±S.D. of 3 experiments. * P<0.05; ** P<0.01, *** P<0.001; NS – not significant.
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