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Cervical Cancer (CC) is a highly aggressive tumor and is one of the leading causes of

cancer-related deaths in women. miR-375 was shown to be significantly down-regulated

in cervical cancer cells. However, the precise biological functions of miR-375 and

the molecular mechanisms underlying its action in CC are largely unknown. miR-375

targets were predicted by bioinformatics target prediction tools and validated using

luciferase reporter assay. Herein, we investigated the functional significance of miR-375

and its target gene in CC to identify potential new therapeutic targets. We found that

miR-375 expression was significantly downregulated in CC, and astrocyte elevated

gene-1 (AEG-1) was identified as a target of miR-375. Our results also showed that

ectopic expression of miR-375 suppressed CC cell proliferation, migration, invasion and

angiogenesis, and increased the 5-fluorouracil-induced apoptosis and cell cycle arrest in

vitro. In contrast, inhibition of miR-375 expression significantly enhanced these functions.

Furthermore, HPV - 16 E6/E7 and HPV - 18 E6/E7 significantly down-regulates miR-375

expression in CC. HPV 16/18-E6/E7/miR-375/AEG-1 axis plays an important role in

the regulation of cell proliferation, migration, and invasion in CC. Therefore, targeting

miR-375/AEG-1 mediated axis could serve as a potential therapeutic target for CC.

Keywords: human papillomavirus, miR-375, astrocyte elevated gene-1, cervical cancer, cell proliferation

INTRODUCTION

Cervical Cancer (CC) significantly affects the health of women worldwide, especially in developing
countries like India, and currently ranks as the second leading cancer in women following breast
cancer (1). Human Papillomavirus (HPV) is the major risk factor for the development of CC and
HPV DNA has been found in almost all cases of CC (2). More than 100 types of HPV have been
identified. HPV is classified into high-risk and low-risk groups based on their oncogenic potential.
High-Risk HPV (HR-HPV) types 16 and 18 strains are associated with more than 70% of CC
(3, 4). HR-HPV encodes E6 and E7 which are two key oncogenes that induce a series of signals
that eventually target the tumor suppressor genes TP53 and retinoblastoma (Rb). This alters the
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FIGURE 4 | miR-375 suppressed the invasion and migration in cervical cancer cells. Transwell invasion assay with Matrigel was performed in miR-375 mimic,

miR-375 Inhibitor, AEG-1 siRNA and their controls transfected CC cells (A). Transwell migration assay without Matrigel was performed in miR-375 mimic, miR-375

Inhibitor, AEG-1 siRNA, and their controls transfected CC cells (B). The scale bars represent 100 µm. Error bars represent mean ± s.d. and P-values are represented

as **P< 0.05, ***P< 0.001 compared to the corresponding controls.

Ectopic Expression of miR-375 Induces
Cell Cycle Arrest and Apoptosis in CC Cells
To illustrate the function of miR-375 in cell cycle and

apoptosis by using FCM analysis, miR-375 was overexpressed

in CC (HeLa, SiHa, CaSki) (Figure 6A) and C33A cells
(Supplementary Figure 7A) by transfecting miR-375 mimic.

miR-375 mimic transfected CC cells showed a higher sub-G1

phase, which means miR-375 induces cell cycle arrest in sub-

G1 phase, while the sub-G1 phase is lowering in miR-375
inhibitor transfected group. Furthermore, apoptosis was analyzed

by using Alexa Fluor 488-conjugated Annexin V/PI dual staining

apoptosis kit; we confirmed that ectopic expression of miR-375

induces apoptosis in CC cells. On the contrary, inhibition of
miR-375 significantly reduce CC cells apoptosis; these pieces
of evidence indicated that re-expression of miR-375 induces
apoptosis in CC (HeLa, SiHa, CaSki) (Figure 6B) and C33A cells
(Supplementary Figure 7B).

miR-375 Alters AEG-1 Protein Expression
and HPV Viral Oncogenes E6 and E7 Inhibit
the Endogenous Expression of miR-375 in
CC Cells
The ectopic expression of miR-375 and inhibition of AEG-1 that
decreased the AEG-1 protein expression in CC (HeLa, SiHa,
CaSki) (Figure 7A) and C33A cells (Supplementary Figure 8).
However, the AEG-1 protein expression level increased while
inhibiting miR-375 by using a miR-375 inhibitor. To validate
the association between HPV and miR-375, we performed qRT-
PCR analysis and the results indicated that the inhibition of
HPV 16-E6 and E7 significantly increased the endogenous
expression of miR-375 in SiHa cells (Figure 7B). Interestingly
the same results occurred in HeLa cells inhibition of HPV18-
E6 and E7 significantly increased the miR-375 expression
(Figure 7C). We confirmed that the expression of miR-375
target; AEG-1 protein were decreased upon inhibition of HPV
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FIGURE 5 | miR-375 inhibits cellular proliferation, enhance 5-Fluorouracil sensitivity and Immunocytochemistry in CC cells. AEG-1 Protein expression was determined

by Immunocytochemistry (A). Effect of miR-375 mimic on CC cells proliferation of by MTT assay (B). CC cells were transfected with a mock control, miR-375 mimic

and then the miR-375 transfected cells were treated with IC50 Value of 5-Fluorouracil and incubated at different time intervals (6, 12, and 24 h) (C). The scale bars

represent 100 µm. Error bars represent mean ± s.d. and P-values are represented as **P< 0.05, ***P< 0.001 compared to the corresponding controls.

16/18 E6/E7 in SiHa and HeLa cells by using western blot
(Figures 7D,E) We further confirmed the inhibition of HPV
16 and 18 E6-E7 by using corresponding siRNAs in qRT-PCR
and western blot in SiHa, HeLa (Figures 7F–I) and CaSki cell
line (Supplementary Figure 9). Furthermore, HPV 16, 18 E6/E7
siRNA significantly inhibits invasion of CC cells (Figures 7J,K).
We also confirmed the p53 restoration and Rb expression level
in our previous studies by using the HPV 16/18 E6-E7 siRNA
(39, 41). We hypothesized that HPV 16 and 18 E6-E7 viral
oncogenes could induce differential miR-375 expression which
contributed to the cervical tumorigenesis.

DISCUSSION

Accumulating evidence has demonstrated that miRNAs act as
oncogenes or tumor suppressors by targeting genes involved
in proliferation, migration, chemoresistance, survival, apoptosis,

metastasis, and cell differentiation (42, 43), suggesting a new
mechanism involved in the initiation and development of CC.
Previous studies have reported the down-regulation of miR-375
in various human cancers. This prompted us to determine the
expression of miR-375 in CC.

miR-375 was first identified from murine pancreatic β-
cell line MIN6. It acts as a pancreatic islet-specific miRNA.
Further studies confirmed that miR-375 is widely present
in various tissues or organs and that its expression was
significantly downregulated in various cancers such as
gastric cancer, glioma, melanoma, and esophageal carcinoma
(15, 44–46). This evidence clearly shows that miR-375 is
an important cancer-related miRNA and that it has vital
roles in regulating CC development and progression.
In this study, we found that miR-375 was significantly
downregulated in CC cells, which indicated its potential
antitumor function.
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FIGURE 6 | miR-375 induces cell cycle arrest and apoptosis in vitro. CC cells were transfected with miR-375 mimic, miR-375 Inhibitor, AEG-1 siRNA, and their

controls and 48 h later, the effect of miR-375 on cell cycle was evaluated by the Flow cytometry (A). Apoptosis was assessed in cells transfected with miR-375 mimic,

miR-375 Inhibitor, AEG-1 siRNA, and their controls by Flow cytometry (B). Error bars represent mean ± s.d. and P-values are represented as **P< 0.05, ***P< 0.001

compared to the corresponding controls.

miR-375 plays an important role in carcinogenesis. Our gain-
and loss-of-function experiments demonstrated that miR-375
mimics significantly inhibited CC cell proliferation, invasion,
andmigration, while miR-375 inhibition significantly augmented
cell proliferation, invasion, and migration. By using several
bioinformatics tools, we identified AEG-1 as a potential
target of miR-375. Furthermore, the overexpression of AEG-
1 has been identified in numerous human cancers. It has
been reported that AEG-1 contributes to several hallmarks of
metastatic cancers, including cell proliferation, survival under
chemotherapy, increased migration, and invasiveness (19). Our
luciferase assay demonstrated that the downregulation of AEG-
1 was mediated by miR-375. In the present work, we have
identified that AEG-1 expression was upregulated in CC cells and
that it could promote cell proliferation, migration, and invasion.
AEG-1 gene expression was also significantly downregulated in

miR-375 mimic transfected CC cells, whereas AEG-1 expression
was increased in miR-375 inhibitor treated cells. Moreover, we
observed an inverse correlation between miR-375 and AEG-1
expression in CC. Our study is the first to have explored AEG-1 as
a potential target of miR-375, suggesting a pivotal role of AEG-1
in cervical tumorigenesis. In line with our study, downregulation
of AEG-1 by miR-375 in hepatocellular carcinoma, breast cancer,
head and neck squamous cell carcinoma, esophageal cancer
and adrenocortical carcinoma led to inhibition of cancer cell
growth, proliferation and invasiveness (29, 30, 47–49). Thus, we
concluded that miR-375 inhibits cellular proliferation, migration,
and invasion by targeting the 3′- UTR of AEG-1.

Alam et al. (50) reported that ectopic expression of miR-
375 targets connective tissue growth factor (CTGF) and
significantly inhibits cell proliferation in colon cancer. In colon
cancer cells (HCT116 and HT29), miR-375 was significantly
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FIGURE 7 | miR-375 suppresses AEG-1 protein level and HPV regulates the miR-375 expression. Western blot validation of AEG-1 protein expression in CC cells

after transfecting miR-375 mimic, miR-375 Inhibitor, AEG-1 siRNA and their controls with β-actin as the loading control (A). Effect of HPV16, 18-E6/E7 siRNA on

miR-375 expression in SiHa (B) and HeLa (C) cells were determined by qRT-PCR. Effect of HPV16, 18-E6/E7 siRNA on miR-375 targets AEG-1 protein expression in

SiHa (D) and HeLa (E) cells were determined by western blot. Effect of HPV16, 18-E6/E7 siRNA on E6 and E7 mRNA expression in SiHa (F) and HeLa (G) cells were

determined by qRT-PCR and protein expression were determined by western blot (H,I). Transwell invasion assay with Matrigel was performed in HPV 18 E6/E7

siRNA, HPV 16 E6/E7 siRNA and their controls transfected CC cells (J,K). Error bars represent mean ± s.d. and P-values are represented as *p < 0.05, **P < 0.05,

***P < 0.001 and ****p < 0.0001, ns – non significant compared to the corresponding controls.
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downregulated and inhibited angiogenesis. Furthermore, flow
cytometric analysis showed significant increase in apoptosis in
miR-375 transfected cells. Moreover, the overexpression of miR-
375 arrested cell cycle in the G1 phase in colon cancer cells
(50). Similar results were obtained from our study, while miR-
375 mimic or AEG-1 siRNA transfected CC cells inhibited
cell proliferation, angiogenesis, induced apoptosis and sub G0-
G1 phase arrested in CC cells, miR-375 inhibition reversed
these effects.

Chemoresistance is a considerable problem in cancer
therapeutic strategy and it remains one of the key factors in
cancer death. The majority of tumors show good response
to chemotherapy initially; but after continued treatment they
start to develop resistance (51, 52). In this study, we explored
whethermiR-375 enhances the chemosensitivity of 5-fluorouracil
in CC. Previous studies have demonstrated that miR-375 is
involved in the development of chemoresistance in cancers. Shen
et al. (53) found that paclitaxel treated cervical cells and tissues
showed high expression of miR-375. Overexpression of miR-
375 in CC cells decreased the sensitivity toward paclitaxel in
vitro and in vivo. Paclitaxel upregulated miR-375 expression
and overexpression of miR-375 increased chemoresistance in CC
(53). Wang et al. (43) showed that miR-375 induces docetaxel
resistance by targeting SEC23A and YAP1 in prostate cancer.
miR-375 overexpression significantly reduced prostate cancer
cell sensitivity to docetaxel treatment (54). In contrast, miR-
375 enhanced the chemosensitivity to platinum-based cisplatin.
Overexpression ofmiR-375 targets ERBB2 and enhances cisplatin
sensitivity in human gastric cells (55). miR-375 and doxorubicin
co-delivered using liposomes increased the sensitivity of
doxorubicin by decreasing the expression of multidrug resistance
gene 1 (MDR1) by targeting AEG-1 in hepatocellular carcinoma
(56). Our results also show that the ectopic expression of miR-375
enhances 5-fluorouracil chemosensitivity in CC cells by targeting
AEG-1. Further studies are required to explore the crosstalk
between miR-375 and chemotherapeutic drugs to find out the
exact molecular mechanisms involved in CC chemoresistance.

We also identified the interplay between HPV 16/18-E6/E7
and miR-375 in CC. Only a few studies have evaluated
the potential effects of HPV viral oncogenes on miR-375
dysregulation. Liu et al. (57) reported that HPV 16 E6
modulates the expression of DNMT1 in SiHa and CaSki
cells. Inhibition of DNMT1 partially restored miR-375 in the
cells. HPV-16 enhanced DNMT1 upregulation which in turn
triggered the downregulation of miR-375 through promoter
hypermethylation in CC cells (57). Jung et al. (58) discovered
that replenishment of miR-375 in HPV-positive cancer cell
lines (SiHa and HeLa) and oropharyngeal cell lines significantly
reduces the levels of HPV 16 and 18 transcripts. Furthermore,
the overexpression of miR-375 by using miR-375 mimics in
HPV-positive cancer cells induces the regulation of HPV E6/E7,
which protected the expression of tumor suppressor p53 and
RB. Accordingly, downregulation of miR-375 during HPV-
mediated carcinogenesis is likely to trigger the dysregulation
of this system (58). Another study showed the influence of
HPV genes on different miRNA expressions. For example,

HPV 16 deregulates miR-139-3p in HPV-associated cancers
(59), HPV 16 E5 down-regulates miR-196a expression and up-
regulated HoxB8, a target of miR-196a in cervical cancer (60).
Interestingly, in our study, we found that miR-375 expression
significantly increased in HPV 16/18-E6/E7 silenced SiHa, CaSki,
and HeLa cells. Moreover, inhibition of HPV oncogenes E6
and E7 by HPV 16, 18 E6/E7 siRNAs in CC cells significantly
inhibited cell invasion. Taken together, HPV 16 and 18 viral
oncogenes, E6 and E7, inhibit endogenous miR-375 expression
in CC. Here, we report that miR-375 expression is lower in
HPV 16/18 positive cell lines compared to the HPV negative
and normal cell lines. However, the expression of miR-375
was aberrantly decreased in HPV 16 positive cell lines SiHa
and CaSki, compared to HPV 18 positive cell line, HeLa.
Moreover, our results showed the miR-375 expression in the
HPV 16/18 groups was meagerly low in HPV 18 positive
cell lines and drastically low in HPV 16 positive cell lines
compared to an HPV negative cell line, C33A. Downregulation
of miR-375 in CC is induced by the HPV oncogenes and
miR-375 expression may be suppressed by HPV infection.
Nevertheless, further studies are needed to determine the
exact molecular mechanism underlying the decreased miR-375
expression during HPV infection. We also performed miR-
375 ectopic expression, AEG-1 silencing, invasion, migration,
cell cycle, and apoptosis analysis in HPV negative C33A cell
line (Supplementary Figures 2–3, 6–8). According to previous
studies, both miR-375 and AEG-1 are involved in regulating
multiple cancers. However, whether there is an association
between miR-375 and AEG-1 in CC is not yet known. We
identified that there is a negative feedback regulation in CC cells,
which constitutes a part of the network among HPV16/18-E6/E7,
miR-375, and AEG-1 axis.

CONCLUSION

We revealed that miR-375 expression is downregulated
in CC cells and that it is correlated with tumorigenesis.
miR-375 suppressed cell proliferation, migration,
invasion, and angiogenesis; enhanced chemosensitivity
toward 5-fluorouracil, arrested cell cycle in sub G0-
G1 phase, and induced apoptosis by targeting AEG-1.
Our study reported that HPV 16/18-E6/E7 could target
downregulate miR-375 expression enhancing AEG-1
oncogene expression and thus leading to tumorigenesis in
cervical cells.

Our study revealed mechanistically for the first time how
HPV 16/18-E6/E7/miR-375/AEG-1 axis is involved in CC. Taken
together, these findings suggest that miR-375 plays a major
tumor suppressor role and is a promising potential therapeutic
target for CC. Therefore, miR-375 represents a novel therapeutic
strategy in the treatment of cervical cancer. However, the
detailed direct mechanism of HPV 16/18-E6/E7 and miR-
375 remains unknown. Therefore, further investigations are
needed to understand the relationship between HPV 16/18-
E6/E7 and miR-375 regulation. In our future study, we will
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further explore the HPV 16/18-E6/E7/miR-375/AEG-1 axis
in CC.
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