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Cervical cancer is the fourth most common cause of mortality in women worldwide. In this study we
investigated the effect of a tumour suppressor microRNA miR-214 in modulating the cell death against
chemotherapeutic drugs like Doxorubicin, Cisplatin and Paclitaxel. CRISPR-facilitated knockdown and
plasmid-based overexpression of miR-214 was performed in cervical cancer cell lines HeLa, C33A and CaSki.
It was observed that knocking out miR-214 resulted in reduced apoptosis and cell migration upon drug
treatments; while overexpression of miR-214 resulted in marginal increase in apoptosis and cell migration
when treated with drugs. However, miR-214 had very little effect on production of reactive oxygen species.
Our results also indicate that Doxorubicin was least effective and Paclitaxel most effective in inducing cell
death. A combination of miR-214 overexpression and Paclitaxel treatment was found to be most effective in
inducing cell death in cervical cancer cells. Analysis of cell cycle phases followed by apoptotic markers also
showed that miR-214 overexpression along with Paclitaxel treatment caused an increase in PARP and decline
of PI-3 kinase/Akt levels. Therefore, miR-214 levels determine the fate of the cancer cell during
chemotherapeutic treatment.
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1. Introduction
Cervical carcinoma is the fourth most common reason
of cancer-related deaths in women worldwide as
reported by World Cancer report, 2018. An estimated
569,847 cases of cervical cancer have resulted in 311,
365 deaths worldwide according to the new Global
Cancer Data (GLOBOCAN), 2018 (Chaudary et al.
2017; Kawai et al. 2018). In India, every year around
97,000 women are diagnosed with cervical cancer and
approximately 60,000 of them die due to the disease,
which makes it the third most common cancer (in
India) among women aged 15–44 years (Bray et al.

2018). Infection with human papillomavirus (HPV) is
considered as one of the causative agents of cervical
cancer (Sen et al. 2017).
Several chemotherapeutic drugs, such as Doxorubicin, Cisplatin and Paclitaxel, are used for the treatment of cervical cancer with different modes of action.
Reportedly, Doxorubicin exerts the anti-mitotic and
cytotoxic effects by inducing the activity of topoisomerase II which promotes DNA damage, affects the
cell membrane and generates reactive oxygen species
(ROS) in vitro (Drozd et al. 2016). Cisplatin or cisDiaminedichloroplatinum (CDDP) (II) is one of the
most commonly used drugs against cervical cancer

Electronic supplementary material: The online version of this article (https://doi.org/10.1007/s12038-020-00054-1) contains
supplementary material, which is available to authorized users.
http://www.ias.ac.in/jbiosci

80

Page 2 of 17

Prakriti Sen et al.

(Leisching et al. 2015). It mediates the cytotoxic effect
by crosslinking with purine bases on the DNA forming
an adduct, which interferes with DNA repair machinery, thereby inducing apoptosis in cancer cells (Lorusso
et al. 2014; Dasari and Bernard Tchounwou 2014).
Paclitaxel is isolated from Taxus brevifolia, which is
listed in the World Health Organization’s List of
Essential Medicines as an effective drug to cure different types of human cancers including cervical cancer
(Dang et al. 2015). Paclitaxel targets the equilibrium of
tubulin, thereby obstructing the mitotic or G2 phase in
cells by arresting chromosomal replication (Peng et al.
2014; Yilmaz et al. 2016).
The primary reason associated with disease relapse
in cervical cancer is therapeutic resistance (Chen et al.
2014). Different combinatorial chemotherapeutic
approaches are currently in practice to combat resistance and disease relapse in cancer (Shen et al. 2014).
This therapeutic resistance phenomena might be
attributed to enhanced DNA damage repair ability,
increased drug efﬂux capacity, overexpression of drug
resistance genes and epithelial-mesenchymal transition
(EMT) (Wang et al. 2016; Real et al. 2017; Roy et al.
2018).
MicroRNAs (miRs) are small non-coding singlestranded RNAs, 19–24 nucleotides in length and
involved in different cancers (Wang et al. 2018; Yang
et al. 2018). Recently, the expression proﬁling of different miRNAs indicated a crosstalk between miR
expression and disease progression in cervical cancer
(Bhaskaran and Mohan 2014; He et al. 2015). MicroRNAs are classiﬁed as follows: oncogenic and tumor
suppressor. Hence, in the case of any cancer such as
cervical cancer, oncogenic miRs are upregulated while
the tumor suppressors are downregulated (Liu et al.
2016; Chandrasekaran et al. 2017). Approximately,
250 miRs are differentially expressed in cervical cancer
cells; for example, miR-214 (Lam et al. 2017). In
addition, miR-214 is also associated with colon cancer,
endometrial carcinoma, breast cancer and gastric carcinoma in humans (Li et al. 2017). In all three stages of
cervical intraepithelial neoplasia (CIN), miR-214 is
downregulated. In cervical cancer, miR-214 plays an
important role in regulating cell proliferation, apoptosis, cell invasion, metastasis and angiogenesis (Penna
et al. 2015; Tomasetti et al. 2016; Frediani and Fabbri
2016; Wang et al. 2017a). Since miRs have regulatory
properties, the disrupted expression can lead to dysregulated gene expression and altered signalling pathways (Servı́n-González et al. 2015). Previous studies
have reported that in cervical cancer, miR-214 targets
ﬁve genes: Plexin B1, GALNT7, MEK3, JNK1 and Bcl-

2l2 (Granados López and López 2014; Sharma et al.
2015; Lin and Gregory 2015; Network 2017). In
addition to these cellular genes, miR-214 also targets
the major signalling networks, such as PTEN/AKT, bcatenin and tyrosine kinase receptor pathways (Penna
et al. 2015). Hence, miR-214 is considered as the key
hub which co-ordinates and targets critical cellular and
signalling pathways to regulate human cancer. However, the chemoresistance of cervical cancer to
chemotherapeutic drugs is primarily caused by the
abnormal expression of miR-214 (Wang et al. 2013).
Nevertheless, the pathways that are affected by the
modiﬁcations in the above cellular targets by miR-214
need further investigation to obtain a mechanical
insight.
CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas9 has emerged as a state of art
genome editing tool, which can be used for different
diseases along with cancer (Sander and Joung 2014; Lo
and Qi 2017; Kurata and Lin 2018). Therefore, we
investigated the differential role of miR-214 in modulating cell death in response to anticancer agents after
CRISPR-mediated knockdown and plasmid-based
overexpression of miR-214 in cervical cancer cells.

2. Materials and methods
2.1 Cell culture
The cervical cancer-derived cell lines, HeLa- ATCCÒ
TM
TM
CCL-2 (HPV-positive), C33A- ATCCÒ HTB-31
(HPV-negative) and CaSki- ATCCÒ CRM-CRLTM
1550 (HPV-positive), were procured from ATCC,
Virginia, USA. The cells were cultured as monolayers
and maintained in DMEM (Gibco, Life Technologies,
California, USA) supplemented with 1% antibiotics
(100 U/mL penicillin and 10 mg/mL streptomycin)
(Gibco, Life Technologies, California, USA), 10% FBS
(Gibco, Life Technologies, California, USA) and 1%
(w/v) L-glutamine (Gibco, Life Technologies, California, USA) at 37°C in a humidiﬁed incubator containing
5% CO2.

2.2 Cell viability assay
The viability of the cervical cancer cells, HeLa, C33A
and CaSki, upon treatment with drugs was determined
by MTT assay. Cells were seeded in 96-well plates at a
density of 19105 cells/well and treated with different
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concentrations of Doxorubicin, Cisplatin and Paclitaxel
(0.1–10 lM) for 24 and 48 h. Then, the MTT reagent
[3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)] was added to each well and incubated for 4 h at 37°C to allow the formation of
formazan crystals that were subsequently solubilized in
dissolution solution (11 gm SDS in 50 mL isopropanol
and 50 mL of 0.02 M HCl). The absorbance was
measured at 570 nm using an ELISA reader (BioTek,
Vermont, USA). The percentage of cell viability was
computed relative to the controls and IC50 values were
determined using GraphPad Prism 6 software. The
drugs (Doxorubicin, Cisplatin and Paclitaxel) and MTT
reagent were purchased from Merck Millipore (Massachusetts, USA).
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2.4 Apoptosis assay
The percentage of apoptotic cells was determined using
an Annexin V-FITC apoptosis detection kit (eBiosciences, Thermo Fisher, Massachusetts, USA). This
assay was performed in cervical cancer cells: HeLa,
C33A and CaSki. The cells were seeded in 12-well
plates at a density of 29105 cells/well and treated with
different concentration of Doxorubicin, Cisplatin and
Paclitaxel (0.5, 1 and 5 lM) for 24 and 48 h. The
untreated cells were taken as a control. Flow cytometry
was performed by analyzing 10, 000 gated cells on
FACS CANTO II (Becton & Dickinson, CA, USA)
using FACS Diva software.
2.5 Knockdown of miR-214 using CRISPR/Cas 9
technique

2.3 Cell proliferation assay
The cell proliferation assay detects the incorporation of
5-bromo-20 -deoxyuridine (BrdU) into cellular DNA
during cell proliferation using an anti-BrdU antibody.
The BrdU assay kit was purchased from Merck Millipore (Massachusetts, USA). This assay was performed
in cervical cancer cells, such as HeLa, C33A and
CaSki. An equivalent of 19105 cells/well were seeded
in 96-well plates and treated with different concentration of Doxorubicin, Cisplatin and Paclitaxel (0.5, 1
and 5 lM each) for 24 h. The controls included blank
(only culture media without cells), background (untreated cells with culture media but without BrdU label)
and BrdU (untreated cells with BrdU label along with
culture media). After 24 h incubation with and without
drugs, the cells were treated with BrdU for 24 h. Next,
the contents in each well were replaced with 200 lL
ﬁxative/denaturing solution and incubated at room
temperature for 30 min. Subsequently, 100 lL of 1:100
anti-BrdU antibody was added in each well and incubated at room temperature for 1 h, followed by incubation with goat anti-mouse IgG horseradish
peroxidase conjugate at room temperature for 30 min.
Finally, after washing the wells with IX wash buffer,
100 lL of substrate solution was added to each well
and incubated in the dark at room temperature for 15
min. The reaction was stopped by 100 lL/well acid
stop solution. The color of-positive wells changed from
blue to bright yellow and the intensity measured at 450
nm in an ELISA reader (BioTek, Vermont, USA). The
percentage of cell proliferation was calculated as relative to that of the control values using GraphPad Prism
6 software.

Using the CRISPR/Cas9 technique mir-214 was
knocked down in cervical cancer cell lines HeLa,
C33A and CaSki as described earlier in Sen et al.
(2019). By using CRISPR Design Tool online (http://
crispr.mit.edu/) top and bottom sgRNA oligo inserts for
mir-214 were designed. The list of sgRNA oligos are
mentioned in Table S1.
2.6 Overexpression of miR-214 by pCDNA-HisA
plasmid transfection
Over-expression of mir-214 was performed by transfecting HeLa, C33A and CaSki with 500 ng of mir-214
cloned plasmid pcDNA HisA obtained from GeneArt
(Life Technologies) and 500 ng of vector only (pcDNA
HisA) for 48 hrs with Lipofectamine 2000 as described
earlier in Sen et al. (2019).
2.7 Genomic DNA extraction, conﬁrmation
of miR-214 gene knockdown and overexpression
using polymerase chain reaction (PCR)
Hela, C33A and CaSki cell lines were harvested before
and after knockdown and overexpression of the miR214 gene and genomic DNA was extracted using the
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany)
according to the manufacture’s protocol. PCR was
performed as follows: initial denaturation at 95°C for
10 min, followed by 40 cycles of denaturation at 95°C
for 30 s, annealing at 61°C for 30 s and extension at
72°C for 1 min. The ﬁnal extension was for 10 min at
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72°C. The PCR products were analyzed on 1.5%
agarose gel electrophoresis and 100 bp DNA ladder
was used to conﬁrm the size of the miR-214 gene (110
bp). The primer sequence is mentioned in Table SI.

12-well plates and treated with 1 lM Doxorubicin,
Cisplatin and Paclitaxel each for 48 h. The untreated
cells served as control. The apoptotic population was
evaluated using the Annexin V-FITC apoptosis
detection kit. Flow cytometry was performed as
described above.

2.8 RNA extraction and quantitative RT-PCR
Cervical cancer cell lines, HeLa, C33A and CaSki,
were harvested pre- and post-transfection with miR214 knockdown and overexpressed plasmids, followed
by extraction of total RNA using TRIzol (Invitrogen,
Carlsbad, California, USA). Reverse transcription was
performed using SuperScriptTM IV First-Strand Synthesis System (Invitrogen, Thermo Fisher Scientiﬁc,
Massachusetts, USA) as per the manufacturer’s protocol. The RT primer sequence is mentioned in Table SI.
Subsequently, quantitative real-time PCR (qRT-PCR)
was performed to analyze the expression of miR-214
gene using Fast SYBRÒ Green Master Mix (29)
(Applied Biosystems, Thermo Fisher Scientiﬁc, Massachusetts, USA). b-actin was used as endogenous
control and fold-changes in mRNA were calculated
using the 2-DDCT method. The primer sequences used
for qRT-PCR are mentioned in Table SI. All primers
were purchased from IDT (Integrated DNA Technologies, Iowa, USA) and used according to the manufacturer’s protocol. The qRT-PCR was performed using a
Bio-Rad Thermocycler (California, USA).
2.9 Cell viability assay after knockdown
and overexpression of miR-214
After the establishment of stable knockdown and overexpressed miR-214 cervical cancer cells (HeLa, C33A
and CaSki), 19105 cells/well in 96-well plates were
treated with different concentrations of Doxorubicin,
Cisplatin and Paclitaxel (0.1–10 lM) for 48 h. Then,
MTT assay was performed as described above and the
absorbance was measured at 570 nm in an ELISA reader
(Biotek, USA). The percentage of cell viability was
calculated against that of the controls and the IC50 values
were determined using GraphPad Prism 6 software.
2.10 Apoptosis assay after knockdown
and overexpression of miR-214
After establishment of stable knockdown and overexpressed miR-214 in cervical cancer cells (HeLa,
C33A and CaSki), 29105 cells/well were seeded in

2.11 Scratch wound healing assay
A scratch wound healing assay was used to study cellular
migration and proliferation. Brieﬂy, miR-214 knockdown and overexpressed HeLa, C33A and CaSki cells
were transfected with respective vectors and untreated
cells were cultured in 12-well plates to 90% conﬂuency.
Next, a ‘wound’ was created using a sterile micropipette
tip by scratching the monolayer. The scratched cells were
removed by rinsing with the medium. Then, the cells
were treated with 1 lM Doxorubicin, Cisplatin and
Paclitaxel for 24 h. The images of the wound were captured at 0 and 24 h using an Olympus inverted microscope (Tokyo, Japan) at 109 magniﬁcation. The images
were analysed using Image J software. The percentage of
cell migration was calculated relative to the control
values.

2.12 Detection of ROS-positive cells
Micro RNA-214 knockdown and overexpressed HeLa,
C33A and CaSki cells were seeded in 12 well plates at
a density of 29105 cells/well and treated with 1 lM
Doxorubicin, Cisplatin and Paclitaxel each for 48 h.
Next, the cells were harvested and washed with 1X
PBS, followed by staining with 5 lM H2DCFDA (20 ,
70 -dichlorodihydroﬂuorescein diacetate) from Merck
Millipore (Massachusetts, USA) ﬂuorescent dye for 20
min at room temperature in the dark. Flow cytometry
was performed as described above to assess the ROSproducing cells.
2.13 Cell cycle assay for miR-214 knockdown
and overexpressed cervical cancer cell lines
Cell cycle assay was performed for miR-214-knockdown and overexpressed C33A and CaSki cell lines
post-treatment with 1 lM Doxorubicin, Cisplatin and
Paclitaxel for 48 h. Untreated normal C33A and CaSki
cell lines were used as controls. The cells were seeded
at a density of 19105 cells/well in 12-well plates and
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treated with the drugs for 48 h. The cells were collected
by trypsinization, pelleted by centrifugation at 1200
rpm for 5 min, resuspended in PBS, ﬁxed in 70% cold
ethanol and stored overnight at -20°C. Subsequently,
the cells were pelleted at 3000 rpm for 5 min and
washed with PBS before resuspension in PBS containing RNase A (100 lg/mL) and propidium iodide
(50 lg/mL). The reaction was incubated for 45 min in
the dark at room temperature, after which cell cycle
distribution analyses were performed using FACS
CANTO II and FACS diva software. The number of
apoptotic cells was measured in the sub-G0 phase of
the cell cycle.

2.14 Western blot analysis
Western blot analysis was carried out for miR-214knockdown and -overexpressed C33A and CaSki cell
lines post-treatment with 1lM Paclitaxel for 0, 30, 60
and 120 min. Parental C33A and CaSki cell lines were
used as control. Then, the cells were harvested and
resuspended in RIPA lysis buffer (50 mM Tris-HCl pH
7.4, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1% Triton X-100, 1 mM EDTA, Milli-Q water
from HIMEDIA, India) to obtain protein lysates. An
equivalent of 50 lg protein lysate was separated by
8–12% SDS-PAGE and transferred to PVDF membranes
(Merck Millipore, Massachusetts, USA). Next, the
membranes were blocked with 5% skimmed milk in 1X
PBST for 1 h at room temperature (RT) and probed with
primary antibody UCP2, (1:1, 000, Thermo Scientiﬁc,
USA); PARP, BAX, Bcl-xL, PI-3K, p-AKT, LC3B-II
and Beclin-1 (1:1, 000, Cell Signaling Technology,
USA) and Beta-Actin (1:1, 000, Abgenex, India) at 4 °C
overnight followed by incubation with secondary antibody (horseradish peroxidase-labeled secondary antibodies 1:500, Abgenex, India) for 2 h at RT. Finally, the
proteins were visualized by enhanced chemiluminescence using ImageQuant LAS 500 chemiluminescence
CCD camera (GE Healthcare, USA).

2.15 Statistical analysis
Statistical analysis was performed for three independent experiment by using GraphPad Prism 6 software.
Student’s t-test was performed to assess the statistical
signiﬁcance. P\0.05 or less was considered for statistical signiﬁcance.
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3. Results
3.1 Cervical cancer cells are more chemosensitive
towards Paclitaxel than Cisplatin and Doxorubicin
The cell viability of cervical cancer cells after treatment
with different concentrations of Doxorubicin, Cisplatin
and Paclitaxel was investigated by MTT assay. First,
we optimized the dosage and treatment time for the
three drugs in HeLa, CaSki and C33A cells. The cells
were treated with 0, 0.1, 0.2, 0.5, 1, 5 and 10 lM of
each drug for 24 and 48 h. Notably, all the three drugs
decreased the viability of cells at 48 h as compared to
24 h (ﬁgure 1A). Furthermore, no difference in the
effect of the drugs was detected at 0.1, 0.2 and 0.5 lM,
whereas 5 and 10 lM decreased the viability sharply.
Therefore, we selected the concentrations of 0.5, 1 and
5 lM of each drug and 48 h of treatment period for
downstream studies.
We also investigated the cell proliferation ability by
BrdU assay after treatment with Doxorubicin, Cisplatin
and Paclitaxel (0.5, 1 and 5 lM each) for 48 h (ﬁgure 1B). In HeLa cells, Doxorubicin caused a maximum
decline in cell proliferation ability at 5 lM, while in the
case of C33A and CaSki cells, Paclitaxel showed a
higher reduction in cell proliferation as compared to the
untreated counterpart. All the three drugs reduced cell
proliferation at 5 lM; CaSki showed maximum sensitivity to the drugs, while C33A showed least sensitivity.
A major requirement of the anti-cancer drug to be
effective is to have an ability to induce a robust
apoptotic response in cancer cells. To evaluate the
efﬁcacy of the three drugs in apoptotic response, we
treated the three cervical cancer cell lines with Doxorubicin, Cisplatin and Paclitaxel (0.5, 1 and 5lM) for
24 and 48 h and evaluated the apoptotic population
using Annexin V-FITC/propidium iodide staining by
ﬂow cytometry. The percentage of Annexin V-FITC
stained cells was assessed after excluding the propidium iodide stained-cells (ﬁgure 1C). Doxorubicin
showed an increase in apoptosis at 0.5 lM in the HPVpositive cell lines (HeLa and CaSki). In accordance
with the cell proliferation assay, we also observed that
the rate of apoptosis was lowest in C33A cells and
highest in CaSki cells. The basal level of apoptosis was
lower in C33A cells as compared to the other two cell
lines.
Next, we found that Doxorubicin and Cisplatin
showed a signiﬁcant decline in apoptosis when treated
with different concentrations of these drugs (0.5–5
lM), whereas Paclitaxel showed a dose-dependent
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Figure 1. Dose optimization and apoptosis assay of different chemotherapeutic drugs in cervical cancer cell lines.
(A) Graphical representations of cell viability assay of HeLa, C33A and CaSki cells after treatment with different
concentrations (0.1–10 lM) of chemotherapeutic drugs (Doxorubicin, Cisplatin and Paclitaxel) for 24 and 48 h. With
increasing drug concentration cell viability decreases signiﬁcantly when treated with 0.5 lM, 1 lM and 5 lM. All data are
expressed as the mean ± standard deviation. Statistical signiﬁcance was determined by Student’s t-test (ns p [ 0.05), (*p B
0.05), (**p B0.01), (***p B0.001), (****p B0.0001). (B) Graphical representations cell proliferation assay of HeLa, C33A
and CaSki after treatment with drug concentrations 0.5, 1 and 5 lM for a time period of 24 h. Cell proliferation also decreases
signiﬁcantly with increasing concentration of chemotherapeutic drugs. All data are expressed as the mean ± standard
deviation. Statistical signiﬁcance was determined by Student’s t-test (ns p[0.05), (*p B 0.05), (**p B0.01), (***p B0.001),
(****p B0.0001). (C) Graphical representations of apoptosis assay performed in HeLa, C33A and CaSki after 24 h and 48 h
of treatment with 0.5 lM, 1 lM and 5 lM of Doxorubicin, Cisplatin and Paclitaxel by Annexin V/FITC. Cells, when treated
for 24 h, showed less early apoptotic cells as compared to treated for 48 h which increases the percentage of early apoptotic
cells in all the cervical cancer cell lines. All data are expressed as the mean ± standard deviation. Statistical signiﬁcance was
determined by Student’s t-test (ns p [ 0.05), (*p B 0.05), (**p B0.01), (***p B0.001), (****p B0.0001).

increase in apoptosis after 48 h of treatment. Paclitaxel
showed about 2.5-fold increase in apoptosis at 5 lM
after 48 h of treatment in HeLa and CaSki cells,
whereas C33A cells showed only a marginal change in
apoptosis. Therefore, it can be deduced that C33A
exhibits resistance towards these drugs by evading
apoptosis. The HPV-positive cell lines were observed
to be chemosensitive towards Paclitaxel as compared to
Doxorubicin and Cisplatin.
3.2 miR-214 modulates chemosensitivity
of cervical cancer cells
To determine the effects of miR-214 in drug sensitive
cervical cancer cells, we overexpressed or CRISPRknocked out miR-214 in the three cell lines (HeLa, C33A
and CaSki) that was conﬁrmed by PCR (supplementary

ﬁgure 1) and also by qRT-PCR (supplementary ﬁgure 2B). The relative expression of the three cell linesHeLa, C33A and CaSki was also measured by qRT-PCR
and represented in supplementary ﬁgure 2A. Next, we
studied the cell viability using MTT assay. These cells
were treated with Doxorubicin, Cisplatin and Paclitaxel
for 48 h. We observed that miR-214 knockout (CP)
showed decreased sensitivity towards the drugs, while
overexpression of miR-214 (OP) showed an increased
sensitivity to the drugs (ﬁgure 2A–C). We also observed
the percentage of cell viability in all the three cell lines
after transfecting them with empty vectors CV (CRISPR
empty vector) and OV (Overexpressed vector) and
treating them with Doxorubicin, Cisplatin and Paclitaxel
for 48 h. It was observed that cell viability decreased in a
dose dependent manner, but there was a sharp decline in
viability when cells were treated with 5 and 10 lM of the
drugs compared to 0.1, 0.2 and 0.5 lM treatment. The
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Figure 2. Knockdown of miR-214 increases chemosensitivity and IC50 value towards chemotherapeutic drugs in cervical
cancer cell lines. (A–B) Graphical representations of cell viability assay of HeLa, C33A and CaSki after empty vector
transfection where CV-CRISPR vector and OV-Overexpressed vector along with knockdown and overexpression of miR-214
where CP-CRISPR-mediated knockdown miR-214 plasmid and OP-Overexpressed miR-214 Plasmid. Cells were treated
with increasing concentration (0.1–10 lM) of chemotherapeutic drugs (Doxorubicin, Cisplatin and Paclitaxel) for 48 h. A
signiﬁcant increase in IC50 value was observed in miR-214 knockdown cell lines especially in Paclitaxel as compared to
vector transfected cell lines. Whereas, a signiﬁcant decrease in IC50 value was observed in miR-214-overexpressed cell lines
as compared to vector transfected cell lines. All data are expressed as the mean ± standard deviation. Statistical signiﬁcance
was determined by Student’s t-test (ns p [ 0.05), (*p B 0.05), (**p B0.01), (***p B0.001), (****p B0.0001).

assays were applied to calculate the IC50 for each cell line
and drug. As observed in Table SII, IC50 increased signiﬁcantly when miR-214 was knocked out while a signiﬁcant decline was observed upon miR-214
overexpression. In the vector transfected cells the IC50
value was almost same as that of un-transfected cells.

The IC50 value for each drug against each cell line varies
approximately between 0.3–1.4 lM. Therefore, we have
used a ﬁxed concentration of 1 lM of drug for further
experimental set up. These results indicated that miR214 can modulate the sensitivity of cervical cancer cells
towards anti-cancer drugs.
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Figure 3. Overexpression of miR-214 increases early apoptotic population in cervical cancer cells post-treatment with
Paclitaxel. (A–C) Scatter Plot representation and it’s corresponding graphical representation of early apoptotic cells after
knockdown and overexpression of miR-214 transfection where CP- CRISPR-mediated knockdown miR-214 plasmid, CVCRISPR-mediated knockdown vector only, OP-Overexpressed miR-214 Plasmid and OV-Overexpressed Vector only in
HeLa, C33A and CaSki cell lines after treatment with 1 lM Doxorubicin, Cisplatin and Paclitaxel for 48 h. Overexpressed
miR-214 cells treated with 1lM Paclitaxel showed higher early apoptotic cell percentage as compared with miR-214knockdown cells. All data are expressed as the mean ± standard deviation. Statistical signiﬁcance was determined by
Student’s t-test (ns p [ 0.05), (*p B 0.05), (**p B0.01), (***p B0.001), (****p B0.0001).
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Figure 3. continued

3.3 Overexpression of miR-214 induces early
apoptosis after treatment with Paclitaxel in cervical
cancer cells
miR-214 is known as a tumor suppressor in different
cancers (Chandrasekaran et al. 2017). In this study, we
knocked out miR-214 in HeLa, CaSki and C33A cells
by CRISPR system. Also, we overexpressed the miR
using pCDNA3.1 vector by stable transfection as
described above. Four sets with respect to three cell
types were set as follows: CRISPR vector (CV),
CRISPR plasmid (CP), overexpressed vector (OV) and
overexpressed plasmid (OP).
All the above four sets of three different cervical
cancer cells were treated with Doxorubicin, Cisplatin
and Paclitaxel for 48 h and the rate of apoptosis was
measured by Annexin V FITC/propidium iodide
staining using a ﬂow cytometer. The ﬂuorescence
scatter plots are represented in ﬁgure 3A–C for HeLa,
C33A and CaSki cells respectively. For the graphical
representation, the percentage of early apoptotic cells
in the (Q4) quadrant of the scatter plot was taken into
consideration. Notably, Doxorubicin induced necrosis
and negligible percentage of early apoptosis in miR214-knockout and miR-214-overexpressed cells in
addition to respective vectors. In the case of HeLa
cells, knockout of miR-214 (CP) reduced apoptosis in
response to Paclitaxel as compared to vector (CV),

while overexpression of miR-214 by stable transfection
(OP) increased the apoptosis as compared to the vectortransfected cells (OV). Strikingly, cisplatin did not
exhibit any signiﬁcant change in the proportion of early
apoptotic population in miR-214-knockout and -overexpressed HeLa cells. C33A cells were found to be
chemoresistant as it showed low levels of apoptosis
although Paclitaxel treatment moderately increased the
early apoptosis. In CaSki cells, knockout of miR-214
(CP) caused about 50% reduction in early apoptotic
population in response to Cisplatin. While Paclitaxel
effectuated about 20% reduction as compared to vector
alone (CV). Moreover, the overexpression of miR-214
(OP) caused about 50% increment in apoptosis as
compared to vector-transfected cells (OV). Therefore,
these results deemed Paclitaxel as a potent
chemotherapeutic drug causing programmed cell death,
while Doxorubicin was the most ineffective
chemotherapeutic drug as it caused necrosis (ﬁgure 3A–C). We also observed that HPV-positive cell
lines such as HeLa and CaSki exhibited signiﬁcant
difference in percentage of early apoptosis between
miR-214 overexpressed and miR-214 knock out cells
after treatment with Paclitaxel. However, in case of
C33A cells (HPV-negative cell line) there is no signiﬁcant difference percentage of early apoptotic cells in
miR-214 overexpressed cells as compared to miR-214
knock out cells after paclitaxel treatment.
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Figure 4. Knockdown of miR-214 resulted in less cell migration compared to overexpression of miR-214 post 24 h treatment
with Paclitaxel. (A–C) Representative images of scratch wounds in HeLa cells, C33A cells and CaSki cells after knockdown and
overexpression of miR-214 at 0 h and 24 h after treatment with Doxorubicin, Cisplatin and Paclitaxel treatment (1 lM) where CPCRISPR-mediated knockdown miR-214 plasmid, CV-CRISPR-mediated knockdown vector only, OP- Overexpressed miR-214
Plasmid and OV-Overexpressed Vector only. Percentage cell migration in cells treated with Paclitaxel was the least as compared
to cells treated with Doxorubicin and Cisplatin. (D–F) Graphical representation of percentage cell migration after 24 h drug
treatment in knockdown and overexpressed miR-214-transfected HeLa cells, C33A cells and CaSki cells. All data are expressed
as the mean ± standard deviation. All data are expressed as the mean ± standard deviation. Statistical signiﬁcance was
determined by Student’s t-test (ns p[0.05), (*p B 0.05), (**p B0.01), (***p B0.001), (****p B0.0001).

3.4 Paclitaxel attenuates cellular migration
in miR-214-overexpressed cervical cancer cells
The ability of the cancer cell to invade surrounding tissues
and migrate to distant organs is a key hallmark for
advanced-stage cancer. The process of EMT is downregulated by miR-214 (Zhao et al. 2018). In the present study,
we evaluated the efﬁcacy of the three drugs to affect the
cellular migration after overexpression and knockout of
miR-214 in cervical cancer cells (ﬁgure 4). Wound healing
assay was performed by making a scratch on the monolayer
of conﬂuent cells and monitoring the cellular migration for
24 h after the drug treatment. The wound closure was termed as the migration potential of the cancer cells. The
representative images of wound closure are provided for
miR-214-overexpressed and -knockout HeLa, C33A and
CaSki cells after treatment with 1 lM of each of the three
drugs (ﬁgure 4A–C). Figure 4D–F showed that a complete
closure of the wound in untreated cervical cancer cells
irrespective of miR-214 overexpression and knockout

status. Interestingly, Doxorubicin and Cisplatin exerted a
similar effect on cellular migration irrespective of the
expression level of miR-214 in the three cell lines. Conversely, Paclitaxel exhibited a marked reduction in cellular
migration of the cells as compared to the other two drugs.
Also, in miR-214-overexpressed cervical cancer cells, the
wound closure was minimal after treatment with Paclitaxel.
Thus, it can be concluded that Paclitaxel exerts signiﬁcant
attenuation of cellular migration in miR-214-overexpressed
cervical cancer cells.

3.5 Overexpression of miR-214 increases
the production of ROS after Paclitaxel treatment
A previous study reported that miR-214 played role in
tumor suppression; hence, we investigated whether it can
induce the production of ROS, which was previously
known as an inducer of apoptosis (He and Jiang 2016).
Herein, we performed ﬂow cytometric analysis to deduce
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Figure 5. Overexpression of miR-214 increases ROS-positive cells in cervical cancer cells post paclitaxel treatment. (A–C)
Scatter Plot representation and it’s corresponding graphical representation ROS producing cells after knockdown and
overexpression of miR-214 transfection where CP- CRISPR-mediated knockdown miR-214 plasmid, CV-CRISPR-mediated
knockdown vector only, OP- Overexpressed miR-214 Plasmid and OV-Overexpressed Vector only in HeLa, C33A and CaSki
cell lines after treatment with 1 lM Doxorubicin, Cisplatin and Paclitaxel for 48 h. Overexpressed miR-214 cells treated with
1lM Paclitaxel showed higher ROS-positive cells as compared with miR-214 knockdown cells. All data are expressed as the
mean ± standard deviation. Statistical signiﬁcance was determined by Student’s t-test (ns p [ 0.05), (*p B 0.05),
(**p B0.01), (***p B0.001), (****p B0.0001).

the percentage of ROS-positive cells in miR-214-knockout
and -overexpressed HeLa, C33A and CaSki cells, with or
without drug treatments for 24 h, followed by staining with

H2DCFDA. The representative ﬂuorescence scatter plots
are illustrated in ﬁgure 5A–C. The lower right quadrant of
the scatter plot represented the ROS-positive cells.
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Figure 5. continued

HeLa and CaSki cells demonstrated that treatment
with Doxorubicin did not induce ROS production in
both miR-214-overexpressed and -knockout cells.
Conversely, Cisplatin and Paclitaxel signiﬁcantly
induced the production of ROS. In addition, Paclitaxel
signiﬁcantly increased the percentage of ROS-positive
cells in miR-214-overexpressed cells as compared to
miR-214-knockout cells. In C33A, we did not observe
ROS-positive cells in miR-214-overexpressed and knockout cells after Doxorubicin treatment. In contrast,
Cisplatin and Paclitaxel increased the percentage ROSpositive cells in miR-214-overexpressed and -knockout
cells; however, the effect was not signiﬁcant as
observed in case of HeLa and CaSki cells. It was also
observed that Paclitaxel exerted a moderately increased
ROS production in miR-214-overexpressed cells as
compared to miR-214-knockout cells. Hence, it can be
inferred that Paclitaxel exerts signiﬁcant induction of
ROS in miR-214-overexpressed cells. It can be speculated that miR-214 modulates ROS production
depending on its expression level when the cervical
cancer cells were under chemotherapeutic stress.

3.6 Anti-cancer drugs arrest the cervical cancer
cell cycle
To evaluate the cell cycle proﬁle of the miR-214 modiﬁed
cervical cancer cells, we used the DNA binding dye, propidium iodide. Cell cycle analysis showed that a

signiﬁcantly high proportion of cells was arrested at the G0/
G1 phase in miR-214-overexpressed cells following the
drug treatment. Figure 6A–B shows the histograms of cell
cycle proﬁles for C33A and CaSki cells. Figure 6C–D
illustrates the percentage of population of cells in G0/G1
phase for different samples. The results demonstrated that
approximately 70% of miR-214-overexpressed cells in the
presence of Paclitaxel are in G0/G1 phase, which indicates
that these cells are undergoing apoptosis.
Next, we investigated the levels of some of the protein
markers for apoptosis (PARP, BAX, Bcl-xL, PI3-K,
p-Akt) and autophagy (Beclin-1, LC-3B, UCP-2).
Western blot of proteins in C33A cells post-Paclitaxel
treatment at 0, 30, 60 and 120 min is represented in
ﬁgure 7A and CaSki cells in ﬁgure 7B. Overexpressed
miR-214 plus Paclitaxel (OP Pac) led to an increase in
pro-apoptotic markers- PARP and BAX levels with
increase in time from 0 minute to 120 minutes and a
decline in anti-apoptotic marker Bcl-xL. It also
decreased the level of cell survival pathways PI3-kinase
and p-Akt as compared to that in miR-214-knockout (CP
Pac) and control cells. High level of PARP were detected
in miR-214-overexpressed cells. Interestingly, OP Pac
cells showed a sharp decline in UCP2 levels as compared
to the other two samples; LC-3B showed a gradual
decline in OP Pac cells. Beclin-1 did not show any
speciﬁc increase/decrease in any of the three samples.
These results showed that OP Pac combination modulates the apoptotic markers but did not exert any significant effect on autophagy markers.
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Figure 6. Overexpression of miR-214 cells treated with Paclitaxel results in the increases of the percentage apoptotic cells
(Sub G0) phase in cell cycle. (A–B) Scatter Plot representation of percentage apoptotic cells (Sub-G0) after knockdown and
overexpression of miR-214 transfection where CP- CRISPR-mediated knockdown miR-214 plasmid and OP- Overexpressed
miR-214 Plasmid in C33A and CaSki cell lines after treatment with 1 lM Doxorubicin, Cisplatin and Paclitaxel for 48 h. (C–
D) Graphical representations of percentage apoptotic cells (Sub-G0) cells in C33A and CaSki after knockdown and
overexpression of miR-214 transfection post treatment with 1 lM Doxorubicin, Cisplatin and Paclitaxel for 48 h.
Overexpressed miR-214 cells treated with 1lM Paclitaxel showed the shift to Sub-G0 phase more cells as compared with
miR-214 knockdown cells. All data are expressed as the mean ± standard deviation. Statistical signiﬁcance was determined
by Student’s t-test (ns p [ 0.05), (*p B 0.05), (**p B0.01), (***p B0.001), (****p B0.0001).

4. Discussion
Several studies have described the role miR-214 in
response to apoptosis, cell invasion and other signaling
pathways (Penna et al. 2015; Wang et al. 2017b; Li et al.
2017). Chemoresistance is one of the major reasons for
treatment failure in cancer therapy (Sharma 2017).
Intriguingly, different mechanisms are adopted by cancer
cells to promote chemoresistance. One of the crucial
mechanisms adapted by the cancer cells as a response to
chemotherapeutic stress is evasion from apoptosis (Robichaud and Sonenberg 2017). Chemotherapeutic drugs
primarily promote apoptosis by dysregulating the cell
cycle machinery (Hientz et al. 2017; Adams and Cory
2018). Therefore, in the present study, for the ﬁrst time,
we aimed to investigate the role of miR-214 in modulating apoptosis depending on its expression level after
treatment with conventional chemotherapeutic drugs.
Hitherto, the role of HPV in chemoresistance/sensitivity in cervical cancer cells is yet unknown. It could
be hypothesized that HPV induces malignant transformation in epithelial cells; however, some of these cells
which arise from the original tumor cell might lose the
HPV DNA and become HPV-negative. These HPV-

negative cells have a high chance of survival against a
chemotherapeutic regime and subsequent relapse of the
tumor. This phenomenon could be attributed to the lack
of expression of viral products by HPV-negative cells,
which in turn, do not activate the immune cells to full
potential. Consequently, the survival of the cells and
drug resistance is enhanced.
Previous studies reported that in different cancers,
miR-214 acts as a tumor suppressor depending on its
expression level. In case of cervical cancer cells, the
basal level of expression of miR-214 was low (Penna
et al. 2015; Wang and Chen 2019). Thus, understanding the role of mR-214 by modulating its expression
level would signiﬁcantly contribute towards a better
understanding of the disease and development of new
therapeutic strategies to treat cervical cancer.
The increase in apoptosis in response to
chemotherapeutic drugs is associated with decreased
migration ability of cancer cells and increased production of ROS (Prasad et al. 2017). Thus, we performed the wound healing assay to study cellular
migration as well as to detect the ROS-positive cells,
by ﬂow cytometry, in miR-214-overexpressed and knockout cells after treatment with different drugs. The
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Figure 7. Paclitaxel treatment increases apoptosis and decreases autophagy in miR-214-knockout and -overexpressed
cervical cancer cell lines. (A–B) Relative protein expression and its corresponding graphical representation of C33A and
CaSki un-transfected, CP and OP cell line shows decrease in UCP2, Bcl-xL, p-AKT, PI3K markers with increase in time
(0–120 min). Apoptotic marker PARP and BAX showed increase in its expression with time (0–120 min) in OP and decrease
in its expression in CP compared to C33A and CaSki normal cell line with the same increase in time point. Whereas,
autophagy markers LC3B-II and Beclin-1 expression decreases with increase in time point (0–120 min) in OP signiﬁcantly
compared to CP and normal C33A CaSki. All data are expressed as the mean ± standard deviation. Statistical signiﬁcance
was determined by Student’s t-test (ns p [ 0.05), (*p B 0.05), (**p B0.01), (***p B0.001), (****p B0.0001).

CRISPR-mediated knockdown of miR-214 modulates cell fate

cell migration study showed that Paclitaxel was the
most effective among the three drugs followed by
Cisplatin. It was also observed that the overexpression
of miR-214 signiﬁcantly attenuated the cellular
migration of cervical cancer cells post-Paclitaxel
treatment as compared to miR-214-knockout cells.
Speculatively, that miR-214 could prevent EMT
depending on its expression level. We found that the
overexpression of miR-214 also signiﬁcantly increases
the ROS-positive cells after Paclitaxel treatment as
compared to miR-214-knockout cervical cancer cells.
Thus, a combination of miR-214 overexpression and
Paclitaxel treatment might be more effective in the
treatment of cervical cancer than Paclitaxel alone.
In conclusion, the current study evaluated several
combinatorial approaches for effective treatment of
cervical cancer. It could be concluded that the overexpression of miR-214 in combination with Paclitaxel
was most effective in inducing apoptosis in cervical
cancer cells, which in turn, controls the cancer progression in early stages. During the transition of CINIII to Squamous cell carcinoma (SCC) stage, miR-214
overexpression in with the presence of Paclitaxel
would control the tumor cell migration. The major
oncogenes of HPV are E6 and E7 genes, which encode
oncoproteins; these are responsible for the transformation of host cells (Ganguly and Parihar 2009). The
oncogenic proteins E6 and E7 of HPV initiate the
dysregulation of cellular proliferation and apoptotic
machinery by targeting tumor suppressor proteins, such
as p53 and retinoblastoma (Rb) (Sen et al. 2017).
Reportedly, high-risk HPV-16 E6 protein prevents
apoptosis in cancerous cells (Magal et al. 2005). The
presence of HPV-16 E7 affects the cell adhesion
molecule E-cadherin in cervical keratinocyte cells by
downregulating the expression of the protein (Caberg
et al. 2008). In the current preliminary study, we
observed that the presence of HPV DNA sensitizes the
cells towards anti-cancer drugs when miR-214 is
overexpressed, whereas the sensitization is low when
HPV DNA is absent. Thus, we can hypothesize that
when the HPV DNA integrates with the host cell DNA,
it alters the cell cycle, resulting in the modulation of
apoptosis. MiR-214 is a tumor suppressor and in
combination with anti-cancer drugs, it is effective in
inducing cell death. Since Paclitaxel can directly affect
the mitotic phase of the cell cycle, the combination of
overexpressed miR-214 with Paclitaxel is maximally
effective in countering cell cycle modulation by HPV
DNA products. C33A is an HPV DNA-negative cell
line, which lacks the HPV proteins; therefore, Paclitaxel is deemed as ineffective in inducing apoptosis in

Page 15 of 17

80

C33A. Taken together, further insight into the signaling
pathways would provide the mechanisms for
chemoresistance in cervical cancer cells, thereby
establishing a correlation between the HPV status and
miR-214 expression level.
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