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Aims: The most frequent cancers among women worldwide. The mortality of cervical cancer has declined sig-
nificantly primarily due to the widespread use of Pap smear tests as a screening test and therapeutic vaccination.
However, cervical cancer still remains a severe disease among the female population, as the prognosis of me-
tastatic cervical cancer is very poor.
Key methods: In this study, we performed 2D-DIGE and MALDI-TOF/TOF MS to analyze differentially expressed
proteins between HeLa and invasive HeLa-I5 cells..
Key findings: According to our proteomics data, 68 differentially expressed proteins between the HeLa and HeLa-
I5 cells were identified. One of these differentially expressed proteins, Progesterone receptor membrane com-
ponent 1 (PGRMC1), was selected as a candidate for further studies. To correlate the role of PGRMC1 with
cellular migration and cancer progression, small interfering RNA (siRNA) was used to knockdown the expression
of PGRMC1. Similar function of PGRMC1 was also observed in two other cervical cancer lines, CaSki and ME-
180.
Significance: PGRMC1 plays an essential role in regulating cancer progression and metastasis of cervical cancer
cells, thus serving as a potential therapeutic target for cervical cancer.

1. Introduction

On the basis of histology, cervical cancers are classified into squa-
mous cell carcinoma, adenocarcinoma, adenosquamous carcinoma, and
small cell cancer. Squamous cell carcinoma is the predominant type of
cervical cancer accounting for up to 80% of all cervical cancers [1]. It
starts in the squamous cells that cover the outer surface of the cervix.
Because of the well-defined screening programs and treatment strate-
gies (surgery, radiotherapy or chemotherapy), once the cervical cancer
is diagnosed and treated at early stage, the 5-year survival rate of pa-
tient can be up to 80%. However, the prognosis is poor if it is diagnosed
at metastatic stage. Metastasis in cervical cancer can be hematogenous
or lymphatic and occurs in lymph nodes or distant organs such as lung,
liver, bone, and brain. Due to the lack of any standard treatment for
patients with secondary site metastasis, 5-year survival rate can be
decreased up to 50% [2].

As a result, metastasis is the leading cause of cervical cancer-related
mortality. Hence, it is crucial to investigate the underlying mechanism
of metastasis in cervical cancer to develop effective treatment strate-
gies.

In general, metastasis of highly invasive tumor cells from the pri-
mary tumor site to distant organs is responsible for up to 90% of cancer-
associated mortality. During metastatic dissemination, first the primary
tumor cells invade the surrounding tissue, and intravasate the micro-
vasculature of the circulatory and lymphatic systems. Next, they
translocate through the bloodstream followed by extravasation at dis-
tant capillary beds and colonization at secondary site leading to sec-
ondary tumor formation. The epithelial-mesenchymal transition (EMT)
plays a critical role during cancer progression [3], as it allows tumor
cells to acquire the capacity to invade surrounding tissue and metas-
tasize to distant sites. During EMT, the tumor cell state changes from
epithelial to mesenchymal by altering its polarity, weakening cell-to-

https://doi.org/10.1016/j.lfs.2019.06.016
Received 22 April 2019; Received in revised form 31 May 2019; Accepted 5 June 2019

⁎ Corresponding author at: Department of Obstetrics and Gynecology, Hsinchu MacKay Memorial Hospital, Hsinchu, Taiwan.
⁎⁎ Correspondence to: H. L. Chan, Dept. of Medical Sciences & Inst. of Bioinformatics and Structural Biology, National Tsing Hua University, Hsinchu, Taiwan,

No.101, Kuang-Fu Rd. Sec.2, Hsin-chu 30013, Taiwan.
E-mail addresses: justine3@ms8.hinet.net (S.-J. Chang), hlchan@life.nthu.edu.tw (H.-L. Chan).

1 Equal contribution of these authors.

Life Sciences 231 (2019) 116541

Available online 16 June 2019
0024-3205/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2019.06.016
https://doi.org/10.1016/j.lfs.2019.06.016
mailto:justine3@ms8.hinet.net
mailto:hlchan@life.nthu.edu.tw
https://doi.org/10.1016/j.lfs.2019.06.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lfs.2019.06.016&domain=pdf


Fig. 1. Proteomic analysis between Hela and Hela-I5 cells. (A)2D-DIGE images of Hela and Hela-I5 cells were profiled by Ettan DIGE Imager. (B) Three replicate gel
images of HeLa and HeLa-I5 proteins labeled with lysine-labeled Cy dyes. (C) The differentially expressed and identified proteins between HeLa and HeLa-I5 were
annotated with spot numbers.
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cell adhesion and enhancing migratory capacity. The increased level of
the EMT-inducing transcription factors such as Snail1, Snail2, Twist,
ZEB1, ZEB2 can induce the expression of mesenchymal markers such as
N-cadherin and Vimentin, with simultaneous decrease in the expression
of epithelial marker E-cadherin [4]. During tumor progression, the
occurrence of EMT allows tumor cells to acquire the capacity to invade
surrounding tissue and metastasize to distant sites.

PGRMC1, a 25–28 kDa protein comprising a cytochrome b5-like
heme-binding region, belongs to the membrane-associated proges-
terone receptor (MAPR) protein family [5]. It is a multifunctional
protein with ability to regulate cholesterol synthesis by activating the
P450 protein Cyp51/lanosterol demethylase [6]. Furthermore, it is as-
sociated with DNA damage or drug mediated resistance, apoptosis
suppression, cell cycle progression, and EMT induction [7,8]. PGRMC1
is highly expressed in various types of cancers, such as breast, ovarian,
colon, lung, neck and oral [9]. According to a recent publication by
Kabe et al., PGRMC1 forms a stable dimer structure by stacking

interactions between two protruding heme molecules and this dimer-
ization is necessary for its interaction with EGFR and cytochromes
P450. They also demonstrate that the dimerization of PGRMC1 en-
hances cancer cell proliferation and chemoresistance [10].

Studies have shown that the function of PGRMC1 is regulated by
several posttranslational modifications, including phosphorylation,
ubiquitination, acetylation and SUMOylation [11]. For example,
phosphorylation of PGRMC1 at Ser181 of its Casein Kinase 2 (CK2)
domain is essential for its activation, whereas the phosphorylation at
Y113 may promote the membrane trafficking function of PGRMC1
[12]. A differential phosphorylation pattern of PGRMC1 was also ob-
served among estrogen receptor-positive and -negative breast cancers
[13]. Above observation indicates that a detailed study of PGRMC1 is
important to elucidate its biological functions and underlying me-
chanism in tumorigenesis.

In order to investigate cervical cancer-associated metastasis, we
established an invasive HeLa-I5 cell line, which was derived from HeLa

Fig. 2. Subcellular locations and functional classification of identified proteins in HeLa and HeLa-I5 cells. 68 identified proteins were classified according to their (A)
subcellular locations and (B) biological functions.
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cell line after passing it through transwell invasion assays, resulting in
cells with high migratory and proliferation abilities. Next, the pro-
teomic analysis was performed in HeLa and invasive HeLa-I5 cells and
68 differentially expressed proteins were identified. Out of 68, a me-
tastatic-related protein, PGRMC1 was selected as a candidate protein to
understand its role in cervical cancer metastasis. To verify the role of
PGRMC1 in cervical cancer metastasis, invasive CaSki-I5 and ME-180-
I5 were also established from their respective parental CaSki and ME-
180 cells, similar to HeLa-I5 cells. With this study, we aim to provide an
effective diagnostic and therapeutic target for metastatic cervical
cancer.

2. Materials and methods

2.1. Cell lines and cell culture

2.1.1. Cell lines and subculture
The human cervical adenocarcinoma cancer cell line (HeLa) and the

human cervical epidermoid carcinoma cell lines (ME-180 and CaSki)
were provided by Dr. Yung–Jen Chuang (NTHU, Taiwan). HeLa were
cultured in Dulbecco's Modified Eagle Medium (DMEM) and ME-180

and CaSki were cultured in Roswell Park Memorial Institute −1640
medium (RPMI-1640) supplemented with 10% cosmic calf serum
(CCS), 100 IU/ml penicillin, and 100 μg/ml streptomycin (all from
Gibco-Invitrogen Corp., UK) at 37 °C in a humidified atmosphere of 5%
CO2.

2.1.2. Cell selected by transwell invasion assay
HeLa-I5, Ca Ski-I5 and ME-180-I5 cells were selected by transwell

invasion assay. Transwell 6.5mm diameter inserts with 8.0 μm pore
size (Corning Incorporated) were coated with Matrigel™ (BD
Biosciences). Matrigel™ was diluted 1: 3 with chilled serum-free
medium just prior to coating. 50 μl of the chilled diluted Matrigel was
placed directly onto the center of transwell inserts and then placed the
plate into the incubator at 37 °C for 60min to allow gelling. 2× 105

cells in 100 μl serum-free medium were added to the inserts and 700 μl
complete medium were added to the lower chamber as attractant for
invading cells. The plate was incubated at for 24 h at 37 °C in a humi-
dified atmosphere of 5% CO2. The non-invading cells remaining on the
upper surface of the inserts were removed by a cotton swab. The inserts
were washed by PBS three times and the invading cells on the lower
surface of the inserts were trypsinized and resuspended in complete

Fig. 3. Validation of identified proteins between HeLa and HeLa-I5 cells by Western blot analysis. Left panels showed the representative Western blot images. Right
panels showed the protein 2D-DIGE maps (top), three-dimensional spot images (middle) and 2D ratio (bottom). (A) Annexin 2 (B) Cofilin-1 (C) GRP-78 (D) HSP60 (E)
HSP70-1A (F) KRT 8 (G) PGRMC1 (H) Prdx6 (I) Vimentin.
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medium.

2.2. Western blot analysis

Cells were washed by 0.5× PBS three times and lysed by Nonidet P-
40 (NP40) lysis buffer containing 4 μl/ml phosphotase inhibitor (Sigma-
Aldrich) and 1 μl/ml protease inhibitor (A.G. Scientific, Inc.) on ice.
Samples were pelleted by centrifugation at 13,000 rpm for 30min at
4 °C. Protein concentrations were measured using a Bradford Protein
Assay (Bio Rad). The lysates were mixed with NP40 lysis buffer and 5×
Laemmli sample buffer (60mM Tris-HCl pH 6.8, 10% (v/v) glycerol, 5%
β-mercaptoethanol, 2% (w/v) SDS, 0.01% (w/v) bromophenol blue)
boiled at 95 °C for 10min. The same amount samples of different con-
ditions were electrophoresed through 12% SDS-PAGE and transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA,
USA). The PVDF membranes were blocked with 5% non-fat milk in 1×
Tris-buffered saline with Tween 20 (1×TBST) washing buffer, probed
with primary antibody overnight at 4 °C and followed by incubation
with the horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Jackson immune Research, Inc.) for 1 h. The immunoreactive
bands on the blots were detected by an enhanced chemiluminescence
(ECL) kit (Visual Protein Biotechnology, Inc.) and scanned by LAS 4000
(GE Healthcare).

2.3. Transwell migration assay

Cells at a density of 5×104 cells in 100 μl serum-free medium were
plated into the transwell inserts and 700 μl complete medium which
contained 10% CCS were added to the lower chamber. The transwell
plate was incubated at 37 °C in a humidified atmosphere of 5% CO2.
After 20–22 h of incubation, the cells on the upper surface of the inserts
were removed by a cotton swab. The migrated cells were fixed with 4%
paraformaldehyde solution (PFA) (USB Corporation, Cleveland, OH,
USA) for 25min and stained with crystal violet for 5min. Then, the
crystal violet was dissolved in ethanol/acetic acid solution and quan-
tified.

2.4. Cell cycle analysis by flow cytometry

For cell cycle analysis, 1× 106 cells were collected by trypsinization

and washed with PBS twice, fixed in 70% alcohol at 4 °C for 30min, and
washed with PBS again. The cells were then stained with 500 μl of
propidium iodide (PI) buffer (50 μg/ml PI dye and 100 μg/ml RNase in
1×PBS), incubated in a darkroom at 4 °C for 30min, and evaluated
using a BD Accuri flow cytometer (BD Biosciences, San Jose, CA).

2.5. MTT cell proliferation assay

Prepare 3000 cells in 200 μl complete medium into 96-well plates.
The plates were incubated for 4–6 days at 37 °C in a humidified atmo-
sphere of 5% CO2. Cells were treated with MTT (USB Corporation,
Cleveland, OH, USA) solution (1mg/ml) 100 μl per well at 37 °C for 4 h
every 24 h. After 4 h incubation, 100 μl dimethyl sulfoxide (DMSO)
(TEDIA, Shanghai) was added per well to dissolve the insoluble for-
mazan. Measure the optical density (OD) values at 570 nm by ELISA
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Fig. 4. Identify the expression level of EMT markers and PGRMC1 in invasive
cervical cancer cell lines. The expression level of EMT markers and PGRMC1
were identified by Western blot analysis. β-Actin was used as loading control.
(A) Western blot analysis of EMT markers and PGRMC1 expression in HeLa and
HeLa-I5 cells. (B) Western blot analysis of EMT markers and PGRMC1 expres-
sion in ME-180 and ME-180-I5 cells.

0

2

4

6

8

10

12

14

16

18

20

Day1 Day2 Day3 Day4

ME-180

ME-180-I5

R
el

at
iv

e
pr

ol
ife

ra
to

n 
ab

ili
ty

0

2

4

6

8

10

12

14

Day1 Day2 Day3 Day4

CaSki

CaSki-I5

R
el

at
iv

e 
pr

ol
ife

ra
tio

n 
ab

ili
ty

0

1

2

3

4

5

6

Day1 Day2 Day3 Day4

Hela

Hela-I5

R
el

at
iv

e
pr

ol
ife

ra
tio

n 
ab

ili
ty

B 

C

**

***

*
*

*

***

*

**

*

*

*

**

***

Fig. 5. Proliferation abilities of the invasive cervical cancer cell lines compared
to the parental cervical cancer cell lines. MTT-based cell proliferation assays
were performed to observe the cell proliferation rate from Day 1 to Day 4. The
values of relative proliferation ability were normalized to Day 1 respectively.
(A) Relative proliferation ability of HeLa-I5 cells compared to HeLa cells. (B)
Relative proliferation ability of CaSki-I5 cells compared to CaSki cells. (C)
Relative proliferation ability of ME-180-I5 cells compared to ME-180 cells.
Error bars denote mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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reader.

2.6. siRNA transfection

Specific knockdown was achieved by transfecting cells with siRNAs
against PGRMC1. The targeting sequences 5′-AAU UUG CGG CCU UUG
GUC ACA UCG A-3′ and 5′-AGU GAA CUG AGA CUC CCA GUC ACU C-

3′ against PGRMC1 were synthesized by Invitrogen (Invitrogen). Cells
were transfected with 25 nM siRNA using Lipofectamine® LTX
(Invitrogen) according to the manufacturer's instructions in serum free
medium for 4 h followed by recovering in complete medium which
contained 10% CCS for 24 h and repeated the steps twice.
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Fig. 6. Reveal cell cycle regulation in invasive cervical cancer cell lines compared to the parental cervical cancer cell lines. Cell cycle analysis by flow cytometer. Cells
were stained with PI buffer, incubated in a darkroom at 4 °C for 30min, and evaluated by flow cytometer to analyze DNA content. The percentage of cells in the G1, S,
and G2/M phases were displayed on the FL2-A fluorescent channel of the flow cytometer. (A) Representative plots of cell cycle analysis in HeLa and HeLa-I5 cells. (B)
Representative plots of cell cycle analysis in CaSki and CaSki-I5 cells. (C) Western blot analysis of cell cycle regulatory proteins in HeLa and HeLa-I5 cells. β-Actin was
used as loading control. (D) Western blot analysis of cell cycle regulatory proteins in CaSki and CaSki-I5 cells. β-Actin was used as loading control. (E) Western blot
analysis of cell cycle regulatory proteins in ME-180 and ME-180-I5 cells. β-Actin was used as loading control.
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3. Results

3.1. Comparison of proteomics data between the invasive and the parental
cervical cancer cells

In order to elucidate the mechanism of cervical cancer metastasis,
we established an invasive cervical cancer cell line HeLa-I5, which was
derived from HeLa cells by selecting the cells, which underwent the
transwell invasion assay. Next, we performed two-dimensional

differential in-gel electrophoresis (2D-DIGE) and matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS/MS) to identify the differentially expressed proteins among HeLa
and HeLa-I5 cells. The 2D-DIGE images of differentially expressed
protein in HeLa and HeLa-I5 cells were profiled by Ettan DIGE Imager,
followed by analysis using DeCyder software version 7.0. Dust and
background were filtered out on the basis of spot slope, volume, and
area. Total 122 protein spots were found to be differentially expressed
within the average ratio of “≥1.2-to-≤−1.2 fold”, at p≤ 0.05 (t-test),
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Fig. 7. PGRMC1 expression in tissue array speci-
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images of squamous cell carcinoma with im-
munohistochemical staining for PGRMC1 by tumor
grade and the quantified bar graphs presented the
percentage of negative and positive staining for
PGRMC1 of grade 1, 2, and 3 compared to normal
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out of which 119 spots were picked for further identification
(Fig. 1A–C). Next, the spots were digested by trypsin to cleave protein
chain at the carboxyl side of arginine, followed by peptide mass fin-
gerprint (PMF) analysis using MALDI-TOF MS/MS. Finally, 68 proteins

were identified and classified according to their subcellular localization
and biological functions (Fig. 2A and B and Table 1). Up to 70% of the
total proteins were cytosolic having biological roles in glycolysis, pro-
tein folding, redox regulation protein degradation and cytoskeleton-
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organization. Furthermore, Western blot analyses were performed to
validate the differential expression of identified proteins between HeLa
and HeLa-I5 cells (Fig. 3A–I).

Among selected proteins, PGRMC1 was found to be up-regulated in
invasive HeLa-I5 cells as compared to HeLa cells (Fig. 3G). Studies have
shown an up-regulation in the protein and mRNA level of PGRMC1 in a
variety of tumors including lung, thyroid, colon, breast and so on. The
upregulation of PGRMC1 is correlated to cancer progression, che-
motherapy resistance and cancer metastasis. However, the correlation
between PGRMC1 and cervical cancer metastasis has not been studied
thoroughly. In present study, PGRMC1 was selected as a potential
candidate for further investigation of its role in cervical cancer metas-
tasis.

3.2. Establishment of invasive cervical cancer cell lines

To demonstrate the mechanism of cervical cancer metastasis, we
established two more invasive cervical cancer cell lines, CaSki-I5 and
ME-180-I5. These invasive cell lines were also derived from parental
CaSki and ME-180 lines by the selecting the cells after transwell inva-
sion assays. The transwell migration assays were also performed to
confirm the differential migration abilities of parental and the invasive
cervical cancer cell lines. HeLa-I5 cells showed around 2-fold increase
in migration than that of HeLa cells, whereas CaSki-I5 and ME-180-I5
cells respectively showed 3.1- and 8.6-fold increase in migration than
that of their parental cells (data not shown).

3.3. Correlation between the expression level of EMT markers and PGRMC1
in invasive cervical cancer cell lines

After confirming the higher migration ability of HeLa-I5, CaSki-I5
and ME-180-I5 cells, we wondered if the parental-to-invasive cell type
transition is because of epithelial-mesenchymal transition of cells. To
test this, the expression level of EMT markers such as SIP, Snail, Twist,
N-cadherin, Vimentin and E-cadherin in HeLa, HeLa-I5, ME-180 and
ME-180-I5 lines were examined by Western blot. Differential expres-
sions of the markers were observed between parental and invasive cell
lines. In Hela-I5 cells, the expression of E-cadherin was decreased with
concomitant increase in ZEB2, Snail, Twist, N-cadherin, and Vimentin
levels (Fig. 4A). Similarly, in ME-180-I5 cells, expression of Twist, N-
cadherin, and Vimentin were high accompanied by low levels of E-
cadherin (Fig. 4B). In summary, all three invasive cell lines were found
to have EMT characteristic. In addition to the expression of EMT mar-
kers, the expression of PGRMC1 was also upregulated in invasive cell
lines as compared to their parental cells (Fig. 4A and B).

3.4. Comparison of cell viability between invasive and parental cervical
cancer cell lines

Further, the MTT assays were performed for 4 days to evaluate the
difference in cell viability among invasive (HeLa-I5, CaSki-I5 and ME-
180-I5) and their respective parental cell lines. The relative viability
was calculated by normalizing the data to viability of the cells at Day 1.
The viability rate was significantly higher in HeLa-I5 cells as compared
to HeLa cells (Fig. 5A). The same pattern was also observed in CaSki-I5
cells (Fig. 5B) and ME-180-I5 cells (Fig. 5C). The data indicated that

invasive cell lines exhibited higher viability than their respective par-
ental lines.

3.5. Analysis of cell cycle regulation in invasive cervical cancer cell lines

Next, we performed cell cycle analysis using flow cytometry to
compare the cell cycle regulation between HeLa-I5 and HeLa cells. The
cells were stained with propidium iodide (PI) to analyze DNA content.
The cell cycle analysis plot showed a decreased percentage of cells in
G1 phase (49.8%) with simultaneous increase in S (15.7%) and G2/M
(23.5%) phases in HeLa-I5 cells as compared to HeLa cells (G1 phase:
63.2%, S phase: 12.5%, G2/M phase: 16.4%) (Fig. 6A). A similar pat-
tern was also observed between CaSki and CaSki-I5 cells. CaSki-I5 cells
showed a decreased percentage of cells in G1 phase (57.5%) with an
increase in S (13.7%) and G2/M (24%) phases as compared to CaSki
cells (G1 phase: 72.5%, S phase: 11.6%, G2/M phase: 14.7%) (Fig. 6B).
Furthermore, the expression of cell cycle regulatory proteins was ex-
amined by Western blot. The expression level of CDK6 and E2F1 were
up-regulated, whereas the levels of p14ARF and p21Cip1 were down-
regulated in HeLa-I5 cells as compared to HeLa cells (Fig. 6C). Similar
results were observed in CaSki-I5 and ME-180-I5 cells (Fig. 6D and E),
where the expression of CDK6 was up-regulated with simultaneous
down-regulation in p14ARF and p21Cip1 expressions. CDK4 was not
differentially expressed between invasive and their respective parental
cell lines. CDK6, E2F1, p14ARF and p21Cip1 proteins play important
role in regulating cell cycle progression especially in G1 phase. This
suggests that the increased proliferation rate in invasive cervical cancer
cells might be due to the involvement of G1 phase regulatory proteins.

3.6. The expression of PGRMC1 differed between various grades of cervical
cancer

We performed immunohistochemistry (IHC) of cervical cancer
tissue array (Biomax, USA) to examine the PGRMC1 expression level in
different grade of cervical cancer. The specimens were stained with
PGRMC1 antibody (Abcam # ab80941, USA), followed by quantifica-
tion of expression on the basis of staining intensity and the percentage
of positively stained cells. The staining intensity was scored as either
non-existent (0), weak (1), moderate (2) or strong (3), whereas the
number of stained cells was scored as either no cells stained (0),< 10%
(1), 10–50% (2), 50–80% (3) or> 80% cells stained (4). The final score
was calculated by multiplying these two variables. A score of 0–5 was
considered negative indicating no over-expression of PGRMC1, whereas
a score higher than 6 was considered positive indicating PGRMC1
overexpression [14]. he data revealed that The all the subtypes of
cervical cancer, squamous cell carcinoma (Fig. 7A), cervical adeno-
carcinoma (Fig. 7B) and metastatic cervical cancer (Fig. 7C), PGRMC1
was over-expressed in grade 3 as compared to normal, grade 1 and
grade 2 tumors.

3.7. siRNA-mediated knockdown of PGRMC1 inhibited the migration
ability of cervical cancer cells

According to our proteomics and Western blot data, PGRMC1 ex-
pression was found to be up-regulated in HeLa-I5, CaSki-I5 and ME-
180-I5 cells as compared to their respective parental lines. Studies have

Fig. 8. siRNA-mediated PGRMC1 knockdown inhibit the migration ability in cervical cancer cell lines. HeLa, HeLa-I5, CaSki and CaSki-I5 cells were transfected with
25 nM siRNAs against PGRMC1 for 4 h followed by recovering in complete medium for 24 h. The migration abilities were monitored by transwell migration assays.
(A) Representative images of transwell migration assay were viewed under microscope at 20× magnification showed the HeLa-Mock, HeLa-siPFFRMC1, HeLa-I5-
Mock and HeLa-I5-siPGRMC1 cells that migrated through the filters of transwell inserts. (B) The migrated cells were quantified by ELISA reader. The value of the
relative migration ability was normalized to the HeLa-Mock cells. Both HeLa-siPGRMC1 cells and HeLa-I5-siPGRMC1 cells showed significantly lowered migration
ability than HeLa-Mock cells and HeLa-I5-Mock cells respectively. Error bars denote mean ± SEM. **p < 0.01, ***p < 0.001. (C, D) Representative images and
quantitative analysis of transwell migration assay for CaSki-Mock, CaSki-siPGRMC1, CaSki-I5-Mock and CaSki-I5-siPGRMC1 cells. CaSki-I5-siPGRMC1 cells showed
significantly lowered migration ability than CaSki-I5-Mock cells. Error bars denote mean ± SEM. **p < 0.01, ***p < 0.001. (E) Western blot analysis of Snail and
PGRMC1 expression in siRNA-mediated PGRMC1 knockdown HeLa and HeLa-I5 cells. β-Actin was used as loading control.
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shown that PGRMC1 is over-expressed in a various cancers such as
breast, ovarian and lung cancers and promotes cancer cell proliferation,
chemotherapy resistance, angiogenesis and metastasis. It led us to

speculate a causative role of PGRMC1 in cervical cancer progression
also. To confirm this, firstly a siRNA-mediated PGRMC1 knockdown
was performed and migration ability of cervical cancer cells was

0

1

2

3

4

5

6

Day1 Day2 Day3 Day4

HeLa-Mock

HeLa-siPGRMC1

R
el

at
iv

e
pr

ol
ife

ra
tio

n 
ab

ili
ty

0

1

2

3

4

5

6

Day1 Day2 Day3 Day4

HeLa-I5-Mock

HeLa-I5-siPGRMC1

R
el

at
iv

e
pr

ol
ife

ra
tio

n 
ab

ili
ty

0

1

2

3

4

5

6

Day1 Day2 Day3 Day4

CaSki-Mock

CaSki-siPGRMC1

R
el

at
iv

e 
pr

ol
ife

ra
tio

n
ab

ili
ty

0

1

2

3

4

5

6

Day1 Day2 Day3 Day4

CaSki-I5-Mock

CaSki-I5-siPGRMC1

R
el

at
iv

e
pr

ol
ife

ra
tio

n 
ab

ili
ty

0

1

2

3

4

5

6

7

Day1 Day2 Day3 Day4

ME-180-Mock

ME-180-siPGRMC1

R
el

at
iv

e
pr

ol
ife

ra
tio

n 
ab

ili
ty

BA

C
D

E

*
**

***

*****
*

****
*

* *
* *

*

***

***

***
*

*

*
*

*
***

***

***

Fig. 9. siRNA-mediated PGRMC1 knockdown inhibit the proliferation ability in cervical cancer cell lines. HeLa, HeLa-I5, CaSki, CaSki-I5 and ME-180 cells were
transfected with 25 nM siRNAs against PGRMC1 for 4 h followed by recovering in complete medium for 24 h. MTT-based cell proliferation assays were performed to
observe the cell proliferation rate from Day 1 to Day 4. The values of relative proliferation ability were normalized to Day 1 respectively. (A) Relative proliferation
ability of HeLa-siPGRMC1 cells compared to HeLa-Mock cells. (B) Relative proliferation ability of HeLa-I5-siPGRMC1 cells compared to HeLa-I5-Mock cells. (C)
Relative proliferation ability of CaSki-siPGRMC1 cells compared to CaSki-Mock cells. (D) Relative proliferation ability of CaSki-I5-siPGRMC1 cells compared to
CaSki-I5-Mock cells. (E) Relative proliferation ability of ME-180-siPGRMC1 cells compared to ME-180-Mock cells. Error bars denote mean ± SEM. *p < 0.05,
**p < 0.01, ***p < 0.001.
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estimated. Both HeLa-I5 and HeLa cells showed significantly reduced
migration ability after PGRMC1 knockdown (Fig. 8A and B). A similar
result also observed in CaSki-I5-Mock and CaSki-I5-siPGRMC1 cells
(Fig. 8C and D). We further examined the expression level of EMT
markers in siPGRMC1 knockdown cells by Western blot analysis. The
data revealed a significantly decreased expression of Snail in HeLa-
siPGRMC1 cells and HeLa-I5-siPGRMC1 (Fig. 8E) as compared to re-
spective mock cells, suggesting that PGRMC1 might promote cervical
cancer cell migration via regulating EMT proteins such as Snail.

3.8. siRNA-mediated PGRMC1 knockdown reduce cell proliferation of
cervical cancer cell lines

To determine the role of PGRMC1 on cellular proliferation, siRNA-
mediated PGRMC1 knockdown was performed, followed by MTT-based
cell proliferation assay. The relative proliferation ability was re-
presented as a value normalized to the viability at Day 1. A significant
inhibition of cell growth was observed in the cervical cancer cells
transfected with siPGRMC1. The proliferation ability was significantly
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Fig. 10. Investigate cell cycle regulation in siRNA-
mediated PGRMC1 knockdown cell lines. (A)
Representative plots of cell cycle analysis by flow
cytometer. ME-180 and ME-180-siPGRMC1 cells
were stained with PI buffer, incubated in a darkroom
at 4 °C for 30min, and evaluated by flow cytometer
to analyze DNA content. The percentage of cells in
the G1, S, and G2/M phases were displayed on the
FL2-A fluorescent channel of the flow cytometer. (B,
C, D) Western blot analysis of cell cycle regulatory
proteins. The expression of cell cycle regulatory
proteins was differentially expressed in siRNA-
mediated PGRMC1 knockdown cell lines compared
to si-Mock cell lines. β-Actin was used as loading
control.
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decreased in HeLa-siPGRMC1 cells compared to HeLa-Mock cells
(Fig. 9A). A similar phenomenon was also observed in HeLa-I5-
siPGRMC1, CaSki-siPGRMC1, CaSki-I5-siPGRMC1, and ME-180-
siPGRMC1 cells (Fig. 9B–E). The data suggested that the down-regula-
tion of PGRMC1 could significantly inhibit the proliferation of cervical
cancer cells.

3.9. Analysis of cell cycle regulation in siPGRMC1 cells

To further determine the effect of PGRMC1 knockdown on cell cycle
regulation of cervical cancer lines, cells were stained with PI and the
DNA content was analyzed by flow cytometry. An increased percentage
of cells in G1 (78.9%) with concomitant decrease in S (7.9%) and G2/M
phases (11.6%) was observed in ME-180-siPGRMC1 cells as compared
to ME-180-Mock cells (Fig. 10A). The expression of cell cycle regulatory
proteins was also examined by Western blot analysis. The data showed
a decreased expression of CDK6 and E2F1 in siPGRMC1 transfected
HeLa, CaSki and ME-180 cells as compared to mock cells with si-
multaneous increase in p21Cip1 expression (Fig. 10B–D). CDK4 ex-
pression remained unchanged in siPGRMC1 transfected cell lines. This
suggested that PGRMC1 might promote cell proliferation by increasing
the expression of G1 phase regulatory proteins with parallel suppres-
sion of cyclin-dependent kinase inhibitor expression (Fig. 11).

4. Discussion

Cancer metastasis, a hallmark of malignancy, is the leading cause of
mortality in patients with malignant tumors. In case of cervical cancer,
prognosis drops dramatically when patients are diagnosed at later stage
with lymph node metastasis or local invasion. Therefore, understanding
the molecular mechanism of cervical cancer metastasis is critical for
developing effective treatment and improving the survival rate.

To investigate the molecular mechanism of cervical cancer metas-
tasis, we established three invasive cervical cancer cell lines HeLa-I5,
CaSki-I5 and ME-180-I5 cells which were derived from HeLa, CaSki and
ME-180 cells respectively, by selection of cells after transwell invasion
assay. Higher rates of migration and proliferation were observed in
invasive cells as compared to the respective parental cervical cancer
cells. These established invasive cell lines provided a model system to
examine cancer metastatic mechanism and to identify potential ther-
apeutic targets.

On the basis of our proteomics data, we demonstrated that PGRMC1
was up-regulated in invasive HeLa-I5 cells compared to HeLa cells.
Furthermore, our Western blot data also validated the higher expression

of PGRMC1 in invasive CaSki-I5 and ME-180-I5 cells as compared to
CaSki and ME-180 cells respectively.

PGRMC1 is a multifunctional, single transmembrane heme-binding
protein. It plays a role in several biological processes such as tumor
progression, metabolic regulation, and viability control of nerve cells.
PGRMC1 is highly expressed in various types of cancers such as lung,
breast, ovarian, colon and so on, and facilitates cancer proliferation and
promotes chemoresistance. In this study, PGRMC1 was also found to be
upregulated in all invasive cervical cancer cell models.

Additionally, to demonstrate the correlation between PGRMC1 ex-
pression level and tumor grade, IHC staining of tissue array was per-
formed. Results indicated that higher percentage of PGRMC1 expres-
sion was associated with high-grade tumors of all cervical cancer
subtypes such as squamous cell carcinoma, cervical adenocarcinoma
and metastatic cervical cancer. In general, tumors are graded as 1, 2, 3
or 4 based on the degree of cell differentiation and the rate of cell
proliferation. It is an indicator of how quickly a tumor is likely to grow,
divide and spread. The low-grade tumors (grade 1 and grade 2) are
well-differentiated and have an appearance similar to normal cells in-
dicating a better prognosis, whereas the high-grade tumors (grade 3 and
grade 4) are usually poorly- or un-differentiated and look distinctly
abnormal. Besides the different degree of differentiation, the high-grade
tumors usually grow faster and spread earlier than low-grade tumors
implying that the upregulation of PGRMC1 might be correlated with
cervical cancer progression and poor prognosis.

We observed that all invasive lines, HeLa-I5, CaSki-I5 and ME-180-
I5 exhibited higher migration ability than their respective parental. In
order to metastasize, EMT process augments the tumor cell invasive-
ness, which promotes the cell intravasation by losing cell–cell adhesion
and cell motility that leads to the dissemination of tumor cells from its
primary site [15]. Moreover, EMT might also contribute towards tumor
resistance and cancer cell stemness [16]. In our results, all invasive
cervical cancer cells showed decreased expression of epithelial markers
with concomitant up-regulation of mesenchymal markers. To further
demonstrate the correlation between PGRMC1 and cervical cancer
metastasis, siRNA-mediated PGRMC1 knockdowns were performed.
After knockdown of PGRMC1, cells showed significant decrease in
migration and the expression of EMT markers such as Snail. Snail, a
pro-metastatic transcription repressor, is one of the earliest EMT reg-
ulators that suppress the expression of epithelial markers. Its expression
in tumor is strongly associated with cancer metastasis [17].

Our finding indicates that PGRMC1 might modulate cancer cell
migration through EMT regulatory proteins.

Besides showing higher migration ability, HeLa-I5, CaSki-I5 and
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Fig. 11. Schematic depicting the possible mechanism of PGRMC1 on cervical cancer metastasis. PGRMC1 might promote cancer metastasis via increasing the
expression of Snail which is an EMT transcription factor and promote cancer cell progression through modulating the cell cycle G1/S phase regulatory proteins.
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ME-180-I5 cell also showed better proliferation than their respective
parental cells. Cell cycle analysis revealed a decrease in percentage of
cells in G1 phase (49.8%) with parallel increase in S (15.7%) and G2/M
(23.5%) phase in HeLa-I5 as compared to HeLa cells. Similarly CaSki-I5
cells also showed a decreased percentage of cells in G1 phase (57.5%)
with concomitant increase in S (13.7%) and G2/M (24.0%) phase as
compared to CaSki cells. According to our Western blot analysis of cell
cycle regulatory proteins, the expressions of CDK6 and E2F1 were up-
regulated while p14ARF and p21Cip1 were down-regulated in HeLa-I5
cells as compared to HeLa cells. In CaSki-I5 cells, both p14ARF and p21
Cip1 were down-regulated, while in ME-180-I5 cells only p14ARF was
down-regulated with no change in p21Cip1 expression. CDK4 was not
differentially expressed among these cell lines. Cyclin-dependent ki-
nases such as CDK4 and CDK6 are essential for the controlling the cell
transition from G1 to S phase and their aberrant expression is also a
hallmark of cancer, which makes them attractive targets for cancer
therapy [18]. A cyclin-dependent kinase inhibitor, p14ARF is an up-
stream regulator of p53 and act as a tumor suppressor. It induces the
premature senescence by activating the p21Cip1 dependent pathway
[19]. Some studies suggested that p14ARF is down-regulated in several
solid tumors, including breast, urinary bladder, pancreatic and eso-
phageal carcinomas and gliomas [20]. In our study, the down-regula-
tion of p14ARF in invasive cervical cancer cells might promote the cell
cycle progress from G1 to S phase. p21Cip1 is also a cyclin-dependent
kinase inhibitor and its reduced expression is reported to promote
tumor progression in various types of malignant carcinoma [21].

In our case, the decreased expression of p21Cip1 in invasive cervical
cancer cells might cause the higher proliferation of the cells. In sum-
mary, either up- or down-regulation of G1 phase regulatory proteins
and cyclin-dependent kinase inhibitors respectively, might augment the
G1 to S and G2/M phase transition of HeLa cells.

siRNA-mediated knockdown of PGRMC1 was performed to gain
further insight into its role in cervical cancer progression. Decreased
expression of PGRMC1 significantly diminished cell proliferation ability
in both parental and invasive cervical cancer cells. In the cell cycle
regulation analysis, an increased percentage of cells in G1 phase
(78.9%) with a decrease percentage in S (7.9%) and G2/M phase
(11.6%) were observed in ME-180-siPGRMC1 cells as compared to ME-
180-Mock cells, indicating an arrest of cell cycle in G1 phase [22].

The expression of cycle regulatory proteins corroborated with cell
cycle progression data. Knockdown of PGRMC1 was correlated to de-
creased levels of CDK6 and E2F1 with increased expression of p14ARF
and p21Cip1, indicating that PGRMC1 probably modulated cervical
cancer progression by regulating the activity of G1 phase regulatory
proteins. However, more cell cycle regulatory proteins should be ex-
amined to clarify the detail mechanism of cervical cancer progression
and metastasis.

In conclusion, our findings provide evidences for an up-regulation of
PGRMC1 in both invasive cervical cancer cell lines and high-grade
cervical tumors. Furthermore, the data also suggest that PGRMC1 might
promote cancer progression and metastasis by modulating the activities
of EMT markers and G1 to S phase transition of cell cycle. We propose
that PGRMC1 might be a critical diagnostic biomarker and therapeutic
target for the treatment of metastatic cervical cancer.
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