
Abstract. Background/Aim: A wide variety of answers can
be found regarding the question of whether G-protein-coupled
estrogen receptor 1 (GPER1) is tumor supportive or tumor
suppressive. In cervical carcinoma (CC), the function of
GPER1 is poorly understood. In this work, we aimed to
clarify what role GPER1 plays in CC, tumor promoting of
tumor suppressive. Materials and Methods: Transient GPER1
silencing was conducted using RNAi and approved by RT-
qPCR. Clonogenic potential was tested by colony and sphere
formation. Expression of SERPINE1/PAI-1 was quantified by
RT-qPCR and Western blot. Morphological changes were
analyzed using Phalloidin staining. Localization of GPER1
in tumor spheres was examined by immunofluorescence.
Results: After GPER1 knockdown, more colonies formed in
HeLa and SiHa, and larger colonies formed in C33-A and
SiHa CC cells. Size of HeLa and SiHa tumor spheres was
also increased. In addition, number of HeLa tumor spheres
was elevated, and larger secondary colonies were present.
C33-A only formed tumor sphere-like clusters showing no
differences in number and size. Phalloidin staining revealed
greater cellular length-to-width ratio and increased average
filopodia length. Expression of SERPINE1/PAI-1 was
increased in HeLa and decreased in C33-A. In SiHa cells,
SERPINE1 was slightly decreased, whereas the protein PAI-
1 was increased. Strong expression of GPER1 was detectable

in peripheral areas and in sprouts of tumor spheres.
Conclusion: GPER1 appears to be tumor suppressive in CC,
as GPER1 knockdown provoked increased stem cell
properties and increased migration/invasion. EMT also
appears to be enhanced. Of interest is the increase in
SERPINE1/PAI-1 expression after GPER1 knockdown.

With around 600,000 new cases and around 340,000 deaths per
year, cervical cancer (CC) is the fourth most common cancer
in women. It is the most common gynecological tumor (1). CC
develops gradually from cervical intraepithelial neoplasia
(CIN1-3) which in turn is caused by human papillomavirus
(HPV) infection (2, 3). HPV-DNA can be detected in about
95% of invasive CCs and there is a strong association between
persistent infection with high-risk HPV types and the
development of CC (4). CCs are divided into squamous cell
carcinomas and adenocarcinomas. Squamous cell carcinomas
are represented in the majority with about 80%, while
adenocarcinomas make up 5-20% of the carcinomas (5, 6). The
origin of most CC is the transformation zone, which is located
on the surface of the portio in younger women and more
endocervically in postmenopausal women (7).

The G-protein-coupled estrogen receptor 1 (GPER1) is a
seven-transmembrane-domain receptor responsible for many
rapid estrogen-induced effects (8). GPER1 acts as a non-
genomic signal transducer, which, among other things, has
various influences on proliferation or cell cycle processes
through an increase in cAMP production, calcium
mobilization, activation of epidermal growth factor receptor
(EGFR) and participation in the MAP kinase signaling
pathway (9). GPER1 ligands include the physiologically
occurring estrogens estrone and estradiol, but also drugs such
as tamoxifen, raloxifene or bisphenol A. Another ligand that
has an agonistic effect on GPER1 is the agonist G-1, which
was first produced synthetically in 2006. G-1 is the first ligand
that binds selectively to GPER1 and not to other estrogen
receptors (10). The estrogen estriol (11) and the two
synthetically produced antagonists G15 and G36 have an

281

Correspondence to: Prof. Dr. Carsten Gründker, Department of
Gynecology and Obstetrics, Robert-Koch-Street 40, 37075
Göttingen, Germany. Tel: +49 (0)5513969810, e-mail:
grundker@med.uni-goettingen.de

Key Words: G-protein-coupled estrogen receptor 1, GPER1, cervical
carcinoma, tumor suppressor, SERPINE1/PAI-1.

CANCER GENOMICS & PROTEOMICS 20: 281-297 (2023)
doi:10.21873/cgp.20381

Knockdown of G Protein-coupled Estrogen 
Receptor 1 (GPER1) Enhances Tumor-supportive

Properties in Cervical Carcinoma Cells
SOPHIA RUCKRIEGL, JOHANNA LORIS, KATSIARYNA WERT, 

GERD BAUERSCHMITZ, JULIA GALLWAS and CARSTEN GRÜNDKER

Department of Gynecology and Obstetrics, University Medical Center Göttingen, Göttingen, Germany

This article is an open access article distributed under the terms and
conditions of the Creative Commons Attribution (CC BY-NC-ND) 4.0
international license (https://creativecommons.org/licenses/by-nc-nd/4.0).



antagonistic effect on GPER1 (9). Referring to uterine tissue,
GPER1 was found in uterine adenocarcinoma (12). But also,
in the squamous cell carcinoma of the cervix, GPER1 was
detected in the majority of carcinomas, whereby GPER1 is
present in the membrane of the cells as well as in the
cytoplasm both in adeno- and in squamous cell carcinoma of
the cervix. In most cases, the expression of GPER1 in the
membrane and the cytoplasm was measured simultaneously
(13). Especially in the HeLa, SiHa and C33-A CC cells that
are used in this work, it was shown that GPER1 is expressed
(14). Most of the knowledge on GPER1 so far is from studies
on breast cancer (15). It has been found that GPER1 plays an
important role in the progression, migration, and possible
resistance to therapies of carcinoma cells (15). Overall patient
survival has also been associated with GPER1 in ovarian,
endometrial and breast cancer (9). It is interesting that GPER1
achieves tumor supportive but also tumor suppressive effects
in a wide variety of cancer entities and even in the same tumor
entity, with a particular focus on breast cancer in the
gynecological field (15). For this reason, the focus of our
work, namely the role of GPER1 in cervical carcinoma, is of
great relevance. This is particularly true for the unclear
function of GPER1 in CC, where GPER1 expression may be
correlated with both positive (13) and negative (12) prognosis.

Materials and Methods
Cell culture. The human cervical cell lines HeLa (HPV18+), SiHa
(HPV16+) and C33-A (HPV−) were obtained from the American
Type Cell Collection (ATCC; Manassas, VA, USA) and cultured in
minimum essential medium (MEM; L0416-500, Biowest, Nuaillé,
France) supplemented with 10% fetal bovine serum (FBS; S181B-
500, Biochrom, Berlin, Germany) and 1% Penicillin/Streptomycin
(P/S; L0022-100, Biowest). To retain the identity of the cell lines,
purchased cells were expanded and aliquots were frozen in liquid
nitrogen. A new frozen stock was used every half year and
mycoplasma testing of cultured cell lines was performed routinely
using the polymerase chain reaction (PCR) Mycoplasma Test Kit
I/C (D101-02, Vazyme, Düsseldorf, Germany). All cells were
cultured in a humidified atmosphere with 5% CO2 at 37˚C.

Transfection with GPER1 small interfering ribonucleic acid
(siRNA). For reverse transfection of HeLa and SiHa cells, a cell
suspension with 147,000 cells/ml was centrifuged and the
supernatant was aspirated. Afterwards, the cells were resuspended
in a solution with 1.5 ml OptiMEM (31985-062, Gibco by Life
Technologies, Carlsbad, CA, USA) per well. Meanwhile, the
transfection mix for a 6-well plate, consisting of 500 μl OptiMEM,
3 μl GPER1 siRNA (Sc-60743) or siControl (Sc-37007) (Santa Cruz
Biotechnology, Heidelberg, Germany) and 5 μl Invitrogen
Lipofectamine RNAiMAX transfection reagent (1377 8150, Thermo
Fisher Scientific, Waltham, MA, USA) was vortexed and incubated
for 20 min at room temperature. After incubation, the transfection
mix was put in the wells with a total amount of 508 μl per well. The
cell suspension was carefully added on top. The medium was
changed after 6-12 h to normal MEM medium. The cells were either
used 24 h after transfection for functional assays or three days after

transfection for ribonucleic acid (RNA) isolation. In contrast, a
forward transfection method was used for C33-A cells, in which all
steps were similar, except that the cells were already seeded in a 6-
well plate one day before transfection and on transfection day the
medium was changed to OptiMEM. The transfection mix was added
on top of the adherent cells.

RNA isolation and complementary deoxyribonucleic acid (cDNA)
synthesis. RNA from transfected cells was isolated using the
FastGene RNA Basic Kit (FG-80250, Nippon Genetics Europe,
Düren, Germany) according to the manufacturer’s instructions.
RNA samples were diluted to a final concentration of 1 μg of RNA.
2 μl of 60 μM random primer (GeneOn, Ludwigshafen, Germany)
and 1 μl deoxyribonucleotide triphosphates (dNTPs) (110-012,
GeneOn, Ludwigshafen, Germany) were added to every sample and
the RNA was denatured by heating for 5 min to 70˚C. After cooling
the samples on ice, 4 μl of 10xM-MuL buffer (M0253L, New
England Biolabs, Frankfurt, Germany), 1μl M-MuLVRT reverse
transcriptase (M0253L, New England Biolabs), 0.2 μl RNAse
inhibitor (105-350, GeneOn) and 4.8 μl of diethyl pyrocarbonate
(DEPC) (K028.1, Carl Roth, Karlsruhe, Germany) water [0.1% (v/v)
DEPC in deionized water] were added and the mix was gently
vortexed. cDNA was synthesized with an incubation step for 5 min
at 25˚C, a heating step for an hour at 42˚C and a denaturation step
for 20 min at 65˚C. The cDNA was then stored at –20˚C.

Reverse transcription- quantitative PCR (RT-qPCR). cDNA samples
were diluted to a concentration of 5 ng/μl with deionized water and
14 μl qPCR mix [2x; 75 mM Tris-HCl (pH 8.8), 20 mM
(NH4)2SO4, 0.01% Tween 20, 3 mM MgCl2, 0.2 mM dNTPs, 0.25%
Triton X-100, 20 U/ml Taq polymerase, 1:40,000 SYBR Green I,
500 mM Trehalose], 9 μl deionized water and 1 μl primer pair mix
(10 μM) were added. The CFX Connect Optics module/RT-PCR and
the CFX Connect Real-Time system (Bio-Rad Laboratories,
Hercules, CA, USA) were used under following conditions:
denaturation for 5 min at 95˚C, 95˚C for 10 s, cooling-down to 65˚C
for 30 s and heating up to 65-95˚C. Step two and three were
repeated 39’. Gene expression was normalized to the housekeeping
gene RPLP0 (forward 5’-GAT TGG CTA CCC AAC TGT TG-3’,
reverse 5’-CAG GGG CAG CAG CCA CAA A-3’) and the samples
were quantified based on a standard curve, existing of a 1:4 serial
dilution of the cDNA. The primers used were as follows: CPA4
(forward 5’-TCT GTG TCG GGC ACT GAG TA3’, reverse 5’-
GAA GCC ATA GGT CCC GGT AT-3’), FOXL1 (forward 5’-TTT
CAA CGC TTC CCT GAT GC-3’, reverse 5’-AGA ACC GTG CCA
TTG TTT GC-3’), GPER1 (forward 5’-CCT GCT TCT GTT TCG
CGG AT-3’, reverse 5’-CAA TGA GGG AGT AGC ACA GGC-3’),
SERPINE1 (forward 5’-ACC CTC AGC ATG TTC ATT GC-3’;
reverse 5’-TCA TGT TGC CTT TCC AGT GG-3’), ZEB1 (forward
5’-GTG ACG CAG TCT GGG TGT AA-3’, reverse 5’-TTG CAG
TTT GGG CAT TCA TA-3’).

Western blot analysis. Cells were lysed in cell lytic M buffer (Sigma,
St. Louis, MO, USA) supplemented with 0.1% phosphatase-inhibitor
(C2978, Sigma) and 0.1% protease-inhibitor (P5726 and P8340,
Sigma). Isolated proteins (40 μg) were fractioned using 12% sodium
dodecyl sulfate (SDS) gel and electro-transferred to a polyvinylidene
difluoride membrane (IPVH00010, Merck Millipore, Cork, Ireland).
Primary antibodies were used against PAI-1 at 1:1,000 dilution
(13801-1-AP, Proteintech, Planegg-Martinsried, Germany) and
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GAPDH at 1:2,000 dilution (5174S, Cell Signaling, Danvers, MA,
USA). The membrane was washed and incubated in horseradish
peroxidase-conjugated secondary antibody (NA9340, Amersham,
Sigma-Aldrich). Antibody-bond protein bands were assayed using a
chemiluminescent luminol enhancer solution (XLS 30100, Cyanagen,
Bologna, Italy).

Phalloidin staining. The cells were transfected and grown on round
coverslips. After washing with Dulbecco’s phosphate buffered saline
(DPBS) (P04-36500, PAN-Biotech, Aidenbach, Germany), cells
were fixed with 4% perfluoroalkoxy alcane (PFA) (104005.1000,
Sigma-Aldrich) at room temperature for 10 min, and permeabilized
with Triton X-100 1% (Sigma-Aldrich) in phosphate buffered saline
(PBS) for 5 min. After washing steps and blocking with 2% bovine
serum albumin (BSA) (8076.2, Carl Rothy) in PBS for 30 min, cells
were incubated with Phalloidin for staining the cytoskeleton
(1:4,000, Phalloidin CruzFluorTM 555 Conjugate, sc-363794, Santa
Cruz Biotechnology, Heidelberg, Germany) and DAPI for staining
the nuclei (1:1,000, 4’,6-Diamidin-2-phenylindol, NBP2-31156,
Novus Biologicals, Centennial, CO, USA) for 30 min in the dark.
Coverslips were mounted with Mowiol (81381, Sigma-Aldrich) and
analyzed with ImageJ 1.52a. 

Immunofluorescence staining tumor spheres. 1,000 cells per well
were seeded on a Nexcelom ULA-96U, ultra-low attachment treated
plate (Nexcelom Bioscience, Lawrence, KS, USA) and incubated
for 48 h. 50 μl of cooled Matrigel (354234, Corning Life Sciences,
Tewksburry, MA, USA) was added and after a short centrifugation,
the plate was incubated for nine days. Then, the plate was stored on
ice for 20 min to liquify the Matrigel and after that, the tumor
spheres were gently transferred to a x-well cell culture chamber
with 8-wells on PCA slides with removable frames (Sarstedt,
Nümbrecht, Germany). After careful washing steps with DPBS, the
tumor spheres were fixed for 20 min at room temperature with 3.7%
formaldehyde (104005.1000, Sigma-Aldrich Co.) in DPBS. After
further washing steps with DPBS, the permeabilization with 1%
Triton X-100 (Sigma-Aldrich Co.) in DPBS took place for 10 min.
Blocking with 0.5% BSA (8076.2, Carl Roth) in PBS was then
performed. After 60 min, the antibody against GPR30 (PA5-28647,
GPR30 polyclonal antibody, Invitrogen) with a 1:200 dilution in
0.5% BSA (Carl Roth) in PBS was added to the tumor spheres. The
tumor spheres were incubated overnight in the dark under humid
conditions at 4˚C. After aspiration of the blocking buffer and
washing steps with DPBS, two drops of the secondary antibody
[R37118, Alexa Fluor 488 donkey anti-rabbit antibody (secondary)
ReadyProbes, Invitrogen] was mixed up with 1ml fluorescence
staining solution (2% BSA and 0.25% Triton X-100 in PBS) and 
1 μl DAPI (NBP2-31156, 1:1000, 4’,6-Diamidin-2-phenylindol,
Novus Biologicals). 250 μl of this mixture were added to the tumor
spheres and they were incubated for an hour in the dark. After
washing, the slides were covered with Dako fluorescence mounting
medium (S3023, Dako North America, Carpinteria, CA, USA) and
analyzed the day after.

Colony formation assay. 500 and 1,000 cells per well were seeded
in a 6-well plate (Greiner Bio-One, Frickenhausen, Germany) one
day after transfection. Plates were incubated for at least seven days.
As soon as colonies emerged, the plate was stained with crystal
violet, photographed using the CeligoS Cell Imaging Cytometer
(Nexcelom Bioscience LLC) and analyzed with ImageJ 1.52a.

Proliferation assay. The day after transfection, 2,000 cells per well
were seeded in a 96-well plate and incubated for at least six days.
Starting with the seeding day (day 0), the wells were photographed,
and confluency was analyzed every 48 h with the CeligoS Cell
Imaging Cytometer (Nexcelom Bioscience LLC).

Tumor sphere formation assay. The day after transfection, 500 and
1,000 cells per well were seeded in a 96-well ultra-low attachment
plate with flat bottom. Beginning with day five after transfection,
the wells were photographed every 96 h until day 17 after
transfection. The tumor spheres were analyzed with ImageJ.

Tumor sphere formation assay with Matrigel. The day after
transfection, 1,000 cells per well were seeded in a Nexcelom ULA-
96U, ultra-low attachment treated plate and incubated for 48 h.
Then, 50 μl of Matrigel (354234, Corning Life Sciences) were
added and the plate was centrifuged at 300 G for 3 min at 4˚C. The
day of Matrigel addition was defined as day 0 and the wells were
photographed with the CeligoS Cell Imaging Cytometer (Nexcelom
Bioscience LLC). The tumor spheres were analyzed with ImageJ.

Statistical analysis and graph design. Data was statistically
analyzed with t-tests and Mann-Whitney U-tests using GraphPad
Prism 8.0.1. Whenever the two-tailed t-test just missed significance,
we performed the one-tailed t-test. The one-tailed t-test has a higher
power to detect an effect in a particular direction. This is appropriate
because an effect in the untested direction was not expected. All
experiments were performed in at least biological triplicates and
technical duplicates or triplicates.

Results

In all assays with GPER1 knockdown described in this work,
GPER1 knockdown was carried out in HeLa and SiHa cells
by reverse transfection. Because of their sensitivity, GPER1
knockdown in C33-A cells was performed by forward
transfection.
Confirmation of successful knockdown of GPER1 in cervical
carcinoma cells using RT-qPCR. Following GPER1 knockdown,
RNA was isolated, cDNA synthesized and RT-qPCR was carried
out for the quantification of the expression of GPER1 and the
housekeeping gene RPLP0. Relative gene expression of GPER1
in HeLa cells (Figure 1A) of the GPER1 knockdown group
(M=0.31, SD=0.06, SEM=0.03) compared to the control group
(M=1.00, SD=0.05, SEM=0.03) was significantly lower
(p=0.0001). The relative gene expression of GPER1 in the C33-
A (Figure 1B) GPER1 knockdown group (M=0.54; SD=0.29;
SEM=0.17) compared to the control group (M=1.00; SD=0.18;
SEM=0.10) was significantly reduced (p=0.0401). Similarly, the
relative gene expression of GPER1 in SiHa (Figure 1C) GPER1
knockdown group (M=0.45; SD=0.09; SEM=0.05) in
comparison to the control group (M=1.00; SD=0.35; SEM=0.20)
was also significantly reduced (p=0.0281).

Increased stem cell properties of cervical carcinoma cells by
GPER1 knockdown. To investigate the effect of GPER1
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knockdown on stem cell properties, colony formation assays
were performed using HeLa, C33-A and SiHa cells. In each
case, the size and number of colonies were analyzed. The
number of colonies developed from HeLa cells was
significantly higher (p=0.0046) in the GPER1 knockdown
group (M=156.7; SD=1.53; SEM=0.88) than in the control
group (M=130; SD=7.94; SEM=4.58; Figure 2A). There was
no significant difference between the GPER1 knockdown
group and the control group in colony size (Figure 2B). When
comparing the number of colonies developed from C33-A
cells (Figure 2C) in the GPER1 knockdown and the control
group no significant difference was found. However, there
were significantly larger C33-A colonies (p=0.0224) in the
GPER1 knockdown group (M=6.68; SD=3.85; SEM=0.34)
than in the control group (M=5.68; SD=2.91; SEM=0.27;
Figure 2D). The number of colonies developed in SiHa cells
was also significantly higher (p=0.0389) in the GPER1
knockdown group (M=165.7; SD=17.01; SEM=9.82)
compared to the control group (M=133.3; SD=16.56;
SEM=9.56; Figure 2E). Significantly larger (p=0.0002) SiHa
colonies were found in the GPER1 knockdown group
(M=1.37; SD=0.76; SEM=0.03) compared to the control
group (M=1.20; SD=0.59; SEM=0.03; Figure 2F). GPER1
knockdown did not result in increased proliferation. In the
GPER1 knockdown group of HeLa cells, even significantly
lower proliferation was detectable (data not shown).

Effects of GPER1 knockdown on tumor sphere formation of
cervical carcinoma cells. To obtain information about the
invasiveness of the cervical carcinoma cells, tumor sphere
formation assay was performed using HeLa (Figure 3A, B
and Figure 4A, B), C33-A cells (Figure 3C, D and Figure
4C, D) and SiHa cells (Figure 3E, F and Figure 4E, F) with

500 seeded (Figure 4) and 1,000 seeded cells (Figure 3).
Firstly, the size of tumor spheres developed from HeLa cells
was analyzed (Figure 3A and Figure 4A). At day five,
significantly larger HeLa tumor spheres (1,000 cells seeded)
(p=0.0041) were detected in the GPER1 knockdown group
(Mdn=7577; n=44), compared to the control group
(Mdn=3075; n=16; Figure 3A). No significant differences in
the size of tumorspheres were measured between the GPER1
knockdown group and the control group on the following
nine, thirteen and seventeen days, with 1,000 seeded cells. If
500 HeLa cells were seeded (Figure 4A) there were also
significantly larger (p=0.0410) tumorspheres on day five in
the GPER1 knockdown group (Mdn=8721; n=54) compared
to the control group (Mdn=3816; n=28), but there were no
significant differences on the following days. 

The average number of tumor spheres of 1,000 seeded
HeLa cells (Figure 3B) did not yet show significant
differences between the GPER1 knockdown group and the
control group on day five, but did from day nine. On this
day, significantly more tumor spheres (p=0.0112) were
measured in the GPER1 knockdown group (M=5.50;
SD=1.87; SEM=0.76), than in the control group (M=3.00;
SD=0.63; SEM=0.26). This significant difference increased
on day thirteen, at which point the GPER1 knockdown group
(M=5.5; SD=1.38; SEM=0.56) has a difference of p=0.0032
compared to the control group (M=2.83; SD=0.98;
SEM=0.4). At day seventeen, tumor spheres were also
significantly more on average (p=0.0048) in the GPER1
knockdown group (M=4.67; SD=1.21; SEM=0.49) than in
the control group (M=2.5; SD=0.84; SEM=0.34).

The average number of tumor spheres with 500 seeded
HeLa cells was significantly greater in the GPER1 knockdown
group on all measured days (Figure 4B). On day five, the
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Figure 1. Successful knockdown of GPER1, measured by RT-qPCR. (A) Significant differences in relative gene expression of GPER1 in the GPER1
knockdown group and in the control group in HeLa, (B) C33-A and (C) SiHa cells. Mean with standard error, n=3, two-tailed t-test in (A), one-
tailed t-test in (B, C). Normalized to housekeeping gene RPLP0. *p<0.05 and ****p<0.0001.
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Figure 2. Colony formation after GPER1 knockdown. Colony formation of HeLa (A, B), C33-A (C, D) and SiHa (E, F) cervical carcinoma cells
after knockdown of GPER1 compared with siRNA control. Number of colonies from HeLa (A), C33-A (C) and SiHa (E) cervical carcinoma cells.
Size of colonies from HeLa (B), C33-A (D) and SiHa (F) cells. Mean with standard deviation, n=3, two-tailed t-test (A-D, F), one-tailed t-test (E).
*p<0.05, **p<0.01 and ***p<0.001.
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Figure 3. Tumor sphere formation after GPER1 knockdown. Tumor sphere formation assay with 1000 seeded cells. Size (A, E) and number (B, F) of
tumor spheres formed by HeLa (A, B) and SiHa (E, F) cells. Size (C) and number (D) of tumor sphere-like cell clusters formed by C33-A cells. (A, C, E)
median, n=3, Mann-Whitney-U test. (B, D, F) mean with standard deviation, n=3, two-tailed t-test. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.



GPER1 knockdown group (M=9.00; SD=3.46; SEM=1.41)
had significantly more tumor spheres compared to the control
group (M=4.67; SD=2.50; SEM=1.02) with p=0.0323. On day
nine, the difference between the GPER1 knockdown group
(M=9.33; SD=3.98; SEM=1.63) and the control group
(M=4.50; SD=2.07; SEM=0.85) was significant with
p=0.0249. At day thirteen, the significance of the difference
(p=0.009) of the GPER1 knockdown group (M=6.00;
SD=2.28; SEM=0.93) increased even further compared to the
control group (M=2.83; SD=0.75; SEM=0.31). Finally, at day
seventeen, the mean number of tumor spheres was also
significantly increased in the GPER1 knockdown group
(M=6.50; SD=2.35; SEM=0.96) compared to the control
group (M=2.83; SD=0.75; SEM=0.31) (p=0.0045). 

C33-A cells (Figure 3C, D and Figure 4C, D) did not form
solid tumor spheres, but rather tumor sphere-like cell
clusters, but these were analyzed similarly to tumor spheres.
The size of the tumor sphere-like cell clusters did not show
a significant difference neither with 1,000 (Figure 3C) nor
with 500 (Figure 4C) seeded C33-A cells on any of the
measured days. The number of tumor sphere-like C33-A cell
clusters with 1,000 seeded cells (Figure 3D) and with 500
seeded cells (Figure 4D) also did not remain significant
across all days.  

The analysis of the size of tumor spheres developed from
SiHa cells with 1000 seeded cells, showed significantly larger
tumorspheres in the GPER1 knockdown group through all
measured days (Figure 3E). On day five, significantly larger
(p=0.0003) tumorspheres were found in the GPER1
knockdown group (Mdn=53,459; n=42) compared to the
control group (Mdn=19,162; n=72). This significant difference
in the size of the tumorspheres (p<0.0001) of the GPER1
knockdown group (Mdn=137,540; n=32) compared to the
control group (Mdn=19,523; n=67), increased even more on
day nine. On day thirteen there were also significantly larger
(p=0.0003) tumor spheres in the GPER1 knockdown group
(Mdn= 200,102; n=27) compared to the control group
(Mdn=36,180; n=66). Finally with the measurement on day
seventeen the same significant difference (p=0.0094) by
comparing the tumorsphere size of the GPER1 knockdown
group (Mdn=238,109; n=30) to the control group
(Mdn=61,830; n=63) was shown. If 500 SiHa cells were
seeded, the analysis of the size of tumor spheres showed no
significant differences between the GPER1 knockdown and
the control group across all days (Figure 4E). 

SiHa cells showed neither with 1000 (Figure 3F) nor with
500 (Figure 4F) seeded cells significant differences in the
number of tumor spheres between the GPER1 knockdown
group and the control group. 

GPER1 knockdown leads to changed expression of
SERPINE1/PAI-1 in cervical carcinoma cells. RT-qPCR was
used to analyze expression of CPA4, FOXL1, SERPINE1,

ZEB1 genes after GPER1 knockdown in HeLa cells (Figure
5A). Relative gene expression of CPA4, FOXL1 and ZEB1
was not significantly changed in the GPER1 knockdown
group compared with the control group. SERPINE1 gene
expression was significantly increased (p=0.0343) in the
GPER1 knockdown group (M=1.77; SD=0.22; SEM=0.13)
compared to the control group (M=1.00; SD=0.36;
SEM=0.21). The relative gene expression of SERPINE1 on
C33-A cells (Figure 5B) was decreased (p=0.0417) in the
GPER1 knockdown group (M=0.48; SD=0.12; SEM=0.07)
compared to the control group (M=1.00; SD=0.38;
SEM=0.22). In SiHa cells (Figure 5C) the relative gene
expression of SERPINE1 was not significantly changed in the
GPER1 knockdown group compared to the control group.

Subsequently, the expression the SERPINE1 gene product
PAI-1 was checked using Western blot analysis. The relative
PAI-1 expression on HeLa cells (Figure 5D, left) was
significantly increased (p=0.0270) in the GPER1 knockdown
group (M=1.60; SD=0.33; SEM=0.19) compared to the
control group (M=1.00; SD=0.20; SEM=0.12). The relative
expression of PAI-1 on C33-A cells (Figure 5D, middle) was
decreased (p=0.2011) in the GPER1 knockdown group
(M=0.37; SD=0.04; SEM=0.03) compared to the control
group (M=1.00; SD=0.72; SEM=0.41). However, this
difference was not significant. In SiHa cells (Figure 5D,
right) the relative expression of PAI-1 was significantly
increased (p=0.0242) in the GPER1 knockdown group
(M=2.22; SD=0.40; SEM=0.23) compared to the control
group (M=1.00; SD=0.44; SEM=0.26).

Effects of GPER1 knockdown on tumor sphere formation of
cervical carcinoma cells in Matrigel. To further investigate the
invasiveness of HeLa cervical carcinoma cells, a tumor sphere
formation assay was performed using Matrigel. Day zero was
defined as the day of Matrigel addition, which corresponds to
the third day after transfection. We could demonstrate that
knockdown of GPER1 expression was significantly effective
even on day eight (p=0.0283) with a significant decrease of
the relative gene expression of GPER1 in the GPER1
knockdown group (M=0.51; SD=0.78; SEM=0.06) compared
to the control group (M=1.00; SD=0.16; SEM=0.11) (Figure
6A). The main sphere is the largest tumor sphere seen and the
subsidiary colonies are smaller colonies that have no contact
with the main sphere. Sprouts are cells that extend from the
main sphere toward the periphery. For better visualization
tumor spheres without (Figure 6B) and with GPER1
knockdown (Figure 6C) were shown. The size of the main
spheres was not significantly changed between the two groups
on any of the days measured (Figure 6D). The sprouts did not
appear until day two. No significant size differences between
the GPER1 knockdown group and the control group could be
measured over these days (Figure 6E). There was no
significant difference in number of sprouts in any of the
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Figure 4. Tumor sphere formation after GPER1 knockdown. Tumor sphere formation assay with 500 seeded cells. Size (A, E) and number (B, F) of
tumor spheres formed by HeLa (A, B) and SiHa (E, F) cells. Size (C) and number (D) of tumor sphere-like cell clusters formed by C33-A cells. (A,
C, E) median, n=3, Mann-Whitney-U test. (B, D, F) mean with standard deviation, n=3, two-tailed t-test. *p<0.05 and **p<0.01.



measured days (Figure 6F), while the length of the sprouts
was not significantly changed on any of the measured days
(Figure 6G). Analysis of the size of subsidiary colonies began
from day four (Figure 6H). On this day and on day six, the
size of the subsidiary colonies of the GPER1 knockdown

group  were not significantly changed compared to those of
the control group. However, on day eight, there were
significantly larger subsidiary colonies (p=0.0016) in the
GPER1 knockdown group (Mdn=2673; n=523) than in the
control group (Mdn=2235; n=494). This significant difference
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Figure 5. Relative gene expression of CPA4, FOXL1, SERPINE1, ZEB1 in HeLa cells (A) and SERPINE1 in C33-A (B) and SiHa (C) cells after
GPER1 knockdown. Mean with standard error, n=3, two-tailed t-test (A, C) or one-tailed (B). Normalized to RPLP0. Relative expression of
SERPINE1 gene product PAI-1 (D) in HeLa, C33-A and SiHa cells after GPER1 knockdown. PAI-1 band intensity was quantified by densitometry
and normalized to GAPDH. Mean with standard error, n=3, one-tailed t-test (HeLa), two-tailed t-test (SiHa). *p<0.05.



in subsidiary colony size between the GPER1 knockdown
group (Mdn=4048; p=519) and the control group (Mdn=3492;
n=523) increased further on day ten (U=117492; p=0.0002).
The average number of subsidiary colonies did not remain
significantly changed across all days (Figure 6I). 

Morphological changes after GPER1 knockdown in cervical
carcinoma cells. To study cell morphology, HeLa cells were
stained with DAPI and phalloidin (Figure 7). The morphology
of the cells was analyzed by the ratio of length to width (Figure
7C). The cells from the GPER1 knockdown group (Mdn=2,883;
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n=133) had a significantly larger length to width ratio (p=0.0119)
than those from the control group (Mdn=2,338; n=138). Thus,
they were longer and narrower on average than those of the
control group. The filopodia of the cells were analyzed in their
length (Figure 7D) and number (Figure 7E). The filopodia from
the GPER1 knockdown group (M=267.1; SD=32.99;
SEM=19.05) were significantly longer (p=0.0169) than those of
the control group (M=181.4; SD=18.03; SEM=10.41). The
average number of filopodia in the GPER1 knockdown group
was similar to that of cells in the control group.

Localization of GPER1 in tumor spheres of cervical
carcinoma cells. To localize GPER1 within the tumor
spheres, HeLa tumor spheres were grown in Matrigel,
GPER1 was stained by immunofluorescence, fixed on slides
and analyzed under an Olympus IX83 microscope using the
CellSensDimension software (Olympus Europe, Hamburg,
Germany). Biological triplicates, each with a control staining
without anti-GPER1 antibody but with DAPI and the
secondary antibody, and three to four stainings with anti-
GPER1 antibody per cell passage were performed. In all
tumor spheres examined with anti-GPER1 antibody, there
was a marked increase in localization of GPER1 in the
periphery and sprouts of the tumor spheres (Figure 7F).

Discussion

As an important ubiquitous receptor that is responsible for
rapid estrogen-induced effects via various signaling cascades

(9), the role of GPER1 in cervical carcinoma has been poorly
studied. The current state of research is largely based on studies
in breast carcinoma. In various cancer entities, GPER1 appears
to play tumor suppressive as well as tumor supportive roles (9).
Interestingly, this diversity exists even within the same tumor
entity (15). The purpose of this work was therefore to find out
how GPER1 behaves in cervical carcinoma. 

To gain initial insight into the stem cell properties of the
cells, a colony formation assay was performed using HeLa,
C33-A and SiHa CC cells. Stem cell properties of tumor
cells are a large factor in why tumors metastasize and recur
(16). In MCF-7 breast cancer cells, it was found that under
estrogen administration, GPER1 led to increased formation
of colonies (17), which is contrary to the results shown in
cervical carcinoma cells in this work. Here, analysis of the
number and size of colonies revealed that there was an
increased number of colonies in HeLa and an increased size
of colonies in C33-A cells in the GPER1 knockdown group.
In SiHa cells both the number and the size of the colonies
were increased. It is this difference in the behavior of
different tumor entities that shows the relevance of learning
more about the role of GPER1 in CC. The colony formation
assay shows the ability of a single cell to grow into a colony
and thus represents stem cell characteristics. Measurement
of colony size provides additional information. Long-lasting
promotion of cell proliferation can be observed based on
increased colony size. Consequently, the findings of the
colony formation assays performed in this work lead to the
conclusion that GPER1 seems to have an inhibitory effect on
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Figure 6. Tumor sphere formation in Matrigel after GPER1 knockdown in tumor spheres developed from HeLa cervical carcinoma cells. Day 3 after
transfection is defined as day 0. The main sphere is the largest tumor sphere forming from day 0. Sprouts start from main sphere to periphery. Subsidiary
colonies are smaller colonies formed without contact with a main sphere. Evidence of successful knockdown of GPER1 on day eight using qPCR. Relative
gene expression of GPER1 in HeLa cells after GPER1 knockdown. (A). Control spheroid (B): arrow 1 = main sphere, arrow 2 = sprouts, arrow 3 =
subsidiary colonies; spheroid after GPER1 knockdown (C). Size of main sphere (D), size of sprouts (E), number of sprouts (F), length of sprouts (G),
size of subsidiary colonies (H), number of subsidiary colonies (I). Mean with standard error, n=2, one-tailed t-test, normalized to RPLP0 (A). Median,
n=3, Mann-Whitney U test (D, E, G, H). Mean with standard error, n=3, two-tailed t-tests (F, I). *p<0.05, **p<0.01 and ***p<0.001.



stem cell properties of HeLa and SiHa cervical carcinoma
cells and, thus, suppresses the degenerative behavior of the
tumor. However, further research is needed to confirm the
inhibition of stem cell properties. In contrast, in C33A cells,
GPER1 seems to affect mainly cell growth, as it only
affected colony size.

In ovarian cancer cells, activation of GPER1 by its agonist
G-1 resulted in decreased proliferation (18). This fits with a
study showing that GPER1 expression is significantly lower
in ovarian cancer than in benign and low-grade malignant
ovarian tumors. Additionally, GPER-1 expression correlated
with favorable clinical outcome in ovarian cancer (19). Also
in renal cell carcinoma, activation of GPER1 with the
GPER1 agonist G1 has shown an antitumor activity (20).
However, a study of GPER1 in breast carcinoma showed that
cells treated with tamoxifen, which is an agonist on GPER1,
had significantly greater proliferation compared with the
control group (21). Furthermore, in triple-negative breast
carcinoma cells, GPER1 knockdown appeared to result in
decreased cell growth (22). Another study showed that
knockdown of GPER1 reduced the metastatic behavior of
triple-negative breast carcinoma cells, improved the anti-
invasive efficacy of selective ERβ agonists, and sensitized
the cells to 4OH-tamoxifen (23). Based on these diverse
findings, the question arose as to how cervical carcinoma
cells change in their proliferative behavior, as a result of
GPER1 knockdown. In cervical carcinoma cells, no
increased proliferation was detectable in the appropriate
GPER1 knockdown groups. However, significantly less
proliferation was found in HeLa cells in the GPER1
knockdown group. Opposite effects on proliferation of
different cell lines of one tumor entity were also described
by Hernández-Silva et al. (9) with regards to the ovarian
cancer cell lines OVCAR5 and SKOV-3, among others. In
OVCAR5 cells, activation of GPER1 by G-1 seems to lead
to increased proliferation and in SKOV-3 cells to decreased
proliferation (9). The reason why there is significantly
decreased proliferation in HeLa cells with GPER1
knockdown could perhaps underlie activation of possibly
other proliferation-inhibiting signaling cascades triggered by
GPER1 knockdown. For example, the transcription factor
FOXO3a inhibits proliferation in breast carcinomas (24).
GPER1, in turn, induces degradation of FOXO3a via EGF-
R (25). However, if FOXO3a is degraded less in GPER1
knockdown cells, more FOXO3a is present in the nucleus,
and this could lead to increased suppression of proliferation.
This could be an explanation for the significant difference in
relative confluence between the GPER1 knockdown and
control groups in HeLa cells. On the other hand, it was
shown that activation of GPER1 by G-1 leads to decreased
proliferation in cervical carcinoma cells (14).

The ability of single cells to form tumor spheres reveals
other properties of stem cells that are indispensable for the

subsequent metastasis of tumors in the human body (26).
Here, on day five, HeLa cells showed significantly larger
tumor spheres in the GPER1 knockdown group compared to
the control group, further suggesting a tumor suppressive
effect of GPER1 in cervical carcinoma cells. However, from
day five, a stagnation in the growth of tumor spheres in the
GPER1 knockdown group, to a shift to larger tumor spheres
in the control group, was observed. One explanation for this
behavior could be, on the one hand, that GPER1 knockdown
is no longer effective from day five and therefore the cells
are inhibited in their further tumor growth by GPER1. To test
this, the relative gene expression of GPER1 in GPER1
knockdown cells was measured by qPCR and compared with
that of the control group. This was still significantly
decreased in the GPER1 knockdown group even at day eight.
Therefore, this cause can be excluded. A second cause could
be that the cells of the control group grow steadily, but due
to the lack of tumor suppressive effect of GPER1 in the
GPER1 knockdown group, there is an activation of other
tumor suppressive factors after a few days, which influence
the growth behavior of the tumor spheres. On one hand, this
could be an activation of a tumor suppressor that attenuates
further growth; on the other hand, apoptosis or autophagy
inducing factors could lead to reduced growth. Kindlin-2
appears to positively influence cell autophagy via inhibition
of the AKT/mTOR pathway, leading to reduced migration
behavior (27). GPER1 also stimulates Akt via EGF-R and
PI3K. Possibly, there could be a link here by which lack of
GPER1 leads to increased activity of Kindlin-2 or decreased
activity of the Akt/mTOR pathway and thus slowed tumor
sphere growth. However, the number of tumor spheres was
significantly greater in the GPER1 knockdown group
compared to the control group across all days. Thus, there
was increased migration and invasion behavior of HeLa cells
with GPER1 knockdown in this assay.

SiHa cells showed significantly larger tumor spheres in the
GPER1 knockdown group compared to the control group across
all days. However, the number of tumor spheres in the GPER1
knockdown group was tendentially but not significantly
reduced. C33-A cells did not form tumor spheres true to
definition, which is why they are called tumor sphere-like cell
clusters in this work. A tumor sphere is characterized by the fact
that it is not possible to discern individual cells in the tumor
sphere (28). However, this is exactly what was possible with
C33-A cells. In general, they showed a different behavior than
HeLa cells, but without significant differences between the
GPER1 knockdown group and the control group. The tumor
sphere-like cell clusters of the GPER1 knockdown group tended
to be larger than those of the control group on some days, but
smaller in number on all days. This partly contrary behavior of
the C33-A cells compared with that of HeLa cells could be
attributed to the lack of formation of stable tumor spheres. The
tumor sphere-like cell clusters of the C33-A cells appeared
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Figure 7. Morphological changes after GPER1 knockdown in HeLa cervical carcinoma cells. Control group (A) and GPER1 knockdown group (B)
stained with DAPI (blue) and Phalloidin (red). Length/width ratio of the cells (C), length of filopodia (D), number of filopodia (E). Median, n=3,
Mann-Whitney U test (C), mean with standard error, n=3, two-tailed t-test (D, E). *p<0.05. (F) Localization of GPER1 in tumor spheres developed
from HeLa cervical carcinoma cells. HeLa cell tumor spheres stained with DAPI (blue) and anti GPER1 antibody (green). DAPI (left), GPER1
(middle) and combination of both (right). 



much more unstable than tumor spheres of the HeLa cells,
making a concrete comparison between C33-A and HeLa cells
in terms of tumor sphere growth difficult. Establishing a
functional knockdown was also more difficult with C33-A cells,
as the majority of these did not survive reverse transfection.

The unique feature of the tumor sphere formation assay
with Matrigel is that it does not allow the cells to adhere to
the bottom of the well plate. Matrigel also prevents the
tumor spheres from moving freely and fusing with other
tumor spheres (26). The size of the main spheres of HeLa
cells showed no significant difference between the GPER1
knockdown group and the control group, but a slight
tendency towards larger main spheres in the GPER1
knockdown group. The same was seen for the size of the
sprouts. In addition, there was a significant difference in the
size of the subsidiary colonies. The subsidiary colonies of
the GPER1 knockdown group were significantly larger than
those of the control group on day eight and ten. This
suggests a higher invasiveness of the cells with reduced
GPER1 expression, since if hypothetically applied to the
human body, the subsidiary colonies would behave like
metastases. However, when GPER1 is considered in other
systems, opposite behavior has been observed; gastric cancer
cells lacking GPER1 appear to exhibit less invasion and
migration behavior (29). However, according to the evidence
found in this work by the tumor sphere formation assay
using Matrigel, the increased size of the subsidiary colony
size of the GPER1 knockdown group suggests that GPER1
knockdown in CC cells leads to increased invasive behavior.

After GPER1 knockdown, there was a significant increase
in the relative gene expression of SERPINE1 in HeLa cells.
The gene product of SERPINE1, also referred to as PAI-1, is
a plasminogen activator inhibitor, meaning that the
degradation of fibrin is inhibited by the SERPINE1 gene
product, among other factors (30), was also increased. In
addition, SERPINE1 induces angiogenesis and plays a role
in cell mobility and extracellular matrix homeostasis. In
cervical carcinomas, an association between SERPINE1 and
poor overall or disease-free survival has been found (31).
SERPINE1 is expressed in many tumors and shows worse
overall survival in breast carcinomas, among others.
Increased tumor metastasis and poor response to
chemotherapy in breast carcinomas also appear to be
attributable to SERPINE1 (30). Thus, if GPER1 is decreased
by knockdown, the gene and protein expression of
SERPINE1 in HeLa cells is significantly increased compared
to the control group. A conclusion of this would be that in
HeLa cells GPER1 inhibits the expression of SERPINE1 and
consequently its suppression increases it. This further
confirmed the hypothesis that GPER1 has a tumor
suppressive effect in HeLa cervical carcinoma cells. In SiHa
cells, SERPINE1 gene expression remained unchanged after
GPER1 knockdown whereas expression of the SERPINE1

gene product PAI-1 was also increased. The decrease in
SERPINE1 gene and protein expression in C33-A cells after
GPER1 knockdown is interesting, especially since these cells
did not show significant tumor sphere formation. It is
striking that SERPINE1/PAI-1 is downregulated in an HPV-
negative CC cell line. However, we cannot say whether there
is a correlation here. For this, further HPV-positive, as well
as HPV-negative CC cell lines have to be compared.

While comparing the GPER1 knockdown group and the
control group, the relative gene expression of FOXL1 and
ZEB1 showed no significant changes. FOXL1 has tumor
suppressive effects in breast cancer (32), and a negative
prognosis was noted for patients with CC when ZEB1 was
increased (33). However, based on our results a GPER1
knockdown does not influence the expression of FOXL1 and
ZEB1 in any direction.

Epithelial-mesenchymal transition (EMT) refers to the
transition from epithelial to mesenchymal cells. These
mesenchymal cells are able to move through the extracellular
matrix and, in contrast to epithelial cells, have spindle-shaped
cell bodies with pseudo- or filopodia. All of this is for cell
motion, invasiveness and metastasis of the tumor (34). In a
study on breast carcinomas, it was found that inhibition of
GPER1 by its antagonist G15 resulted in decreased EMT (35).
The morphology of HeLa cells clearly changed after GPER1
knockdown. The cells in the GPER1 knockdown group had
more stress fibers and a larger length-to-width ratio than cells
of the control group. Spindle-shaped cells are more likely to
be mesenchymal (34), which means that after knockdown of
GPER1, EMT seems to be increased in cervical carcinoma
cells. Further evidence for this was provided by analysis of the
cells’ filopodia. Filopodia are protrusions of the cell membrane
(36) that contain actin and are thus able to support cell
motility and tumor metastasis (37). While the cells in the
GPER1 knockdown group had approximately the same
average number of filopodia as the cells in the control group,
they had significantly longer filopodia. Thus, the cells with
GPER1 knockdown showed mesenchymal features with
longer filopodia than those of the control group, which
appeared more epithelial. GPER1 knockdown may lead to
increased EMT in cervical carcinoma cells, and therefore
GPER1 appears to have a tumor suppressive effect. To make
more precise statements, further studies on mesenchymal
markers and morphology are necessary.

To learn more about the role of GPER1 in cervical
carcinoma, it is interesting to find out where GPER1 in its
physiological form is localized in the tumor sphere. Using
immunofluorescence, GPER1 was shown to be localized more
in the sprouts and peripheral portions of the tumor sphere. A
tumor sphere can be divided into three areas, which, starting
from the center of the tumor sphere, represent the necrotic, the
quiescent and the proliferating zone. The quiescent zone
contains quiescent cells, which are not in their proliferating
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phase (38). Since GPER1 was mainly detected in the
peripheral areas and the sprouts of the tumor spheres, GPER1
seems to be more abundant in the proliferative zone,
accordingly in the invasive front of the tumor. In order to
support this, the fluorescence signal along the axes of the
spheres must be evaluated in further investigations.

Conclusion

GPER1 appears to have a tumor suppressive role in cervical
carcinoma, as GPER1 knockdown provoked increased stem
cell properties in colony formation assay as well as increased
invasive behavior in tumor spheres formation assay.
Furthermore, there was an increased expression of the
oncogene SERPINE1 due to GPER1 knockdown. Epithelial-
mesenchymal transition also appears to be enhanced in cells
of reduced GPER1 expression. The findings of this work form
a basis for further research and contribute to a better
understanding of the disease. In addition, for further studies
and especially for therapeutic application, it is important to
develop new, effective agents, agonists as well as antagonists.
It should be noted that the efficacy exclusively at GPER1 is
strongly dependent on their chemical structure (39). On the
other hand, substances are also needed that do not act at
GPER1 but can be used, for example, in the treatment of
menopausal problems (39).
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