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ARTICLE INFO ABSTRACT

Keywords: The G protein-coupled estrogen receptor 1 (GPER1) is involved in the regulation of physiological processes such as
Sphingolipids cellular growth and proliferation, but also in pathophysiological processes such as tumor development. The role
Cell cycle progression of GPER1 in breast cancer is contradictory. Therefore, we investigated the influence of GPER1 overexpression on
Autophagy cellular processes in MCF-7 breast cancer cells. GPER1 overexpression leads to a cell cycle arrest in the G1 phase,
Mitochondrial stress . . . . . . .

Glycolysis induction of autophagy and reduced proliferation. Reduced proliferation was accompanied by a reduced basal

respiration and reduced glycolysis rate in GPER1 overexpressing cells. This is presumably ascribable to mito-
phagy induction following GPER1 overexpression. However, GPER1 overexpressing cells were less sensitive
against doxorubicin as compared to control cells. In previous work we showed the effect of transient GPER1
overexpression on the synthesis of several ceramide synthases (CerS) thereby influencing the sphingolipid
pathway. Therefore, we investigated CerS expression and sphingolipid level in stable GPER1 overexpressing and
control cells. Stable GPER1 overexpression strongly reduced CerS4, CerS5 and CerS6 promoter activity and
CerS5 and CerS6 mRNA expression, whereas CerS2 mRNA expression was upregulated. The GPER1 effect on
CerS5 promoter is mediated by GSK-3 signaling. In addition, other enzymes of the sphingolipid pathway were
upregulated. Our study provides new insights into the role of GPER1 and the activated sphingolipid pathways
and how GPER1 may influence cellular processes such as cancer cell survival following chemotherapy. Further
studies are needed to investigate the molecular mechanisms leading to these cellular effects. Finding new
therapeutic targets for modulating specifically GPER1 in breast tumors may improve endocrine breast cancer
therapy.

1. Introduction

In woman, breast cancer is the second leading cause of cancer death
in industrial countries (Ferlay et al., 2015). Despite early diagnosis and
therapy strategies selected by hormone receptor status breast cancer
leads to approximately 522.000 death cases per year (Ferlay et al.,
2015). Reasons are the unknown molecular mechanisms, which pro-
voke tumor genesis, tumor development and multidrug resistance
during therapy. Identifying the precise molecular signaling pathways
underlying for example tumor genesis are major goals in research to

achieve an efficient and individual breast cancer therapy. 70-78 % of
breast tumors exhibit a positive estrogen receptor (ER) status (Pujol
et al., 1994; Chu and Anderson, 2002) meaning a higher expression
level of the transcriptional more active ER subtype a as compared to
expression of ERP. ER positive tumors are declared to be hormone-re-
sponsive and therapy strategy is based either on lowering the estrogen
level of the patients for example by aromatase blockage or by inhibiting
the estrogen signaling by selective ER modulators (SERMs) such as ta-
moxifen or selective ER downregulator (SERD) such as fulvestrant (ICI
182,780).
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In 1997, an orphan seven transmembrane-domain G protein-coupled
receptor 1 (GPER1 or also termed GPR30) with high affinity to 17§-
estradiol (E2) was identified (Carmeci et al., 1997). GPER1 plays an
important role in the regulation of physiological processes such as
cellular growth and proliferation, but is also associated with patho-
physiological processes such as tumor development (reviewed in (Olde
and Leeb-Lundberg, 2009; Wang et al., 2010)). Beside E2 also other ER
modulators such as 4-hydroxytamoxifen (4-OHT), fulvestrant (Vivacqua
et al.,, 2012) and bisphenol A (BPA) (Pupo et al., 2012) can bind to
GPERI1. Overexpression of GPER1 was positively associated with breast
tumor size and the presence of metastases (Filardo et al., 2008) in-
dicating poor prognosis for these patients and evidence emerged that
targeting GPER1 would be beneficial for breast cancer therapy. It is
shown that treatment of breast cancer with 4-OHT or fulvestrant can
lead to multidrug resistance (Ignatov et al., 2010; Ignatov et al., 2011;
Giessrigl et al., 2013). GPER1 resides in membrane structures and is
responsible on the one hand for the rapid non-genomic actions of es-
trogen by activating protein kinase cascades and on the other hand for
genomic alterations meaning altered gene transcription (reviewed in
(Prossnitz et al., 2008; Wang et al., 2010)). GPER1 couples to the G
proteins Ga,, Gai o, and also to the Gy subunit thereby activating ei-
ther phospholipase C (PLC) (Ca%™) and adenylate cyclase (AC) or in-
hibiting AC activity leading to a decrease of cyclic adenosine monopho-
sphate (cAMP) concentration (reviewed in (Nilsson et al., 2011; Wang
et al., 2010)). Coupling to the GPy subunit activates the tyrosine-kinase
Src, leading to release of heparin-bound epidermal growth factor (HB-
EGF) and thereby transactivating the epidermal growth factor receptor
(EGF-R). Subsequently, the extracellular signal regulated kinase (ERK)
and phosphoinositide 3 kinase (PI3K)-AKT signaling pathways are in-
duced (reviewed in (Nilsson et al., 2011)). This shows the complexity of
the GPER1 signaling pathway. In addition, the function of GPER1 seems
to vary between cancer types. Activated GPER1 induces c-Fos expres-
sion and proliferation in SKBr3 cells (ER -) (Maggiolini et al., 2004), but
inhibits growth of ER + breast cancer cells (Ariazi et al., 2010). This
shows that the function of GPER1 depends on the ER status of the cells
and must be individually examined for each type of cancer cell line.

In previous work, we showed an upregulation of ceramide synthases
(CerS) in breast cancer cells by estrogen (Wegner et al., 2014). CerS are
key enzymes in the sphingolipid pathway and are important for cell
proliferation. CerS are responsible for the production of ceramide,
which is involved in physiological and pathophysiological processes
such as apoptosis or autophagy following stress stimuli (reviewed in
(Wegner et al., 2016), (Yamane et al., 2011; Fitzgerald et al., 2015;
Brachtendorf et al., 2018)). Previously, we observed a GPER1-depen-
dent transcriptional regulation of CerS (Wegner et al., 2014). This effect
is estrogen-independently induced and is mediated by a transcription
factor complex consisting of c-Fos and Fra-1 at the AP-1 binding site of
the CerS promoter.

Here, we investigated the cellular effects of long term GPER1
overexpression. Our data indicate that GPER1 overexpressing cells
(MCF-7/GPER1) exhibit a reduced cell cycle progression, enhanced
autophagy and reduced ability for energy production. In addition, MCF-
7/GPER1 cells are less sensitive against doxorubicin treatment, but
more sensitive to the short-term cytotoxic effect of cyclophosphamide
as compared to control cells. Fulvestrant treatment enhanced the cy-
totoxic effect of both substances in GPER1 overexpressing cells. Our
study provides new insights into the cellular effects of GPER1 on breast
cancer cell physiology and survival after chemotherapy.

2. Material and methods
2.1. Cell culture and treatment
The human breast adenocarcinoma cell line MCF-7 was purchased

from the Health Protection Agency (European Collection of Cell
Cultures, ECACC, Salisbury, UK) and was cultured in phenol-red free
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Dulbecco‘s Modified Eagle‘'s Medium (DMEM) containing 4.5 g/L D-
glucose, 5% charcoaled fetal bovine serum (FBS), 100 U/ml penicillin G
and 100pg/ml streptomycin, 5mM sodium pyruvate and 1%
GlutaMAX. G418-resistant cell selection was performed for 6 weeks and
G418 sulfate was added in the culture media in a concentration of
200 pg/ml. Cells were incubated at 37 °C, in an atmosphere containing
5% CO,. Fulvestrant was purchased from Sigma-Aldrich
Laborchemikalien GmbH (Steinheim, Germany) and used in a con-
centration of 20 nM. Tocris Bioscience (Minneapolis, USA) provided the
GPER1 agonist Gl (( = )-1-[(3aR*,4S*,9bS*)-4-(6-Bromo-1,3-benzo-
dioxol-5-y1)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-
ethanone) (1 uM) and the GPER1 antagonist G15 ((3aS*,4R*,9bR*)-4-
(6-Bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H cyclopenta[c]quinoline)
(2.5 uM). Chloroquine (Merck, Darmstadt, Germany) was applied at 20
uM. The GSK-3f inhibitor SB-216763 (Santa Cruz Biotechnology,
Dallas, Texas, USA) was added to transfected cells for luciferase re-
porter gene assay for 16 h at 10 pM.

2.2. Plasmid constructs and stable transfection

The GPER1 expression plasmid (GPER1-cDNA-pcDNA3.1) was pur-
chased from cDNA Resource Center (Missouri University of Science &
Technology, Rolla, USA) and the pTarget empty vector was purchased
from OriGene Technologies Inc. (Rockville, USA). Plasmids were
transfected using Lipofectamine® 2000 Reagent (Invitrogen, Thermo
Fisher Scientific, Inc., Waltham, Massachusetts, USA) according to the
manufacturer’s protocol.

2.3. Immunocytochemistry

MCF-7/naiv, MCF-7/pTarget, and MCF-7/GPER1 cells were fixed in
4% paraformaldehyde, blocked with 5% Odyssey” Blocking Buffer (LI-
COR Biotechnology, Lincoln, NE, USA), and incubated over night with
anti-GPER1 and anti-PDI (Abcam, Cambridge, UK) primary antibody.
Subsequently, cells were incubated with fragment cy3- (Sigma-Aldrich,
St. Louis, Missouri, USA) and Alexa Fluor~ 488- (Life Technologies,
Carlsbad, CA, USA) conjugated secondary antibodies and examined
with an Axio Observer Z1 microscope (Carl Zeiss AG, Oberkochen,
Germany).

2.4. Cell size determination

Transmitted light image acquisition was used to determine the cell
size by measuring the horizontal and vertical length of the cell by
AxioVision software (Carl Zeiss AG, Oberkochen, Germany). Fifteen
cells per cell line were analyzed and repeated at eight different cell
passages.

2.5. cAMP level determination

MCF-7/pTarget and MCF-7/GPER1 were seeded at a density of
15.000 cells/well. After 16 h cells were harvested in 100 pl methanol.
cAMP was isolated by methanol-extraction and determined by liquid
chromatography tandem mass spectrometry using an Atlantis T3
column (100 mm x 2.1 mm LD., 3um particle size; Waters, Eschborn,
Germany).

2.6. Colony forming assay

Colony Forming Assay was performed to determine the effect of
cyclophosphamide (CP) and doxorubicin (Doxo) on the proliferation of
MCF-7/pTarget and MCF-7/GPER1 cells. Cells were treated with 10 pM
CP and 20 nM Doxo and cultured for 10 days at 37 °C and 5% CO,.
Colonies were stained using 0.05% (w/v) crystal violet and the number
of the colonies was calculated by ImageJ (National Institutes of Health,
Bethesda, MD).
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2.7. Cell viability assay

MCEF-7/pTarget and MCF-7/GPER1 cells were seeded in 96-well
plates at a density of 1 X 10* cells/well and treated with 0, 0.5, 1, 2, 5
and 9 uM Doxo and with 0, 80, 500, 1000, 2000 uM CP for 48 h. Water
soluble tetrazolium (WST)-1 reagent (Roche Diagnostics, Rotkreuz,
Switzerland) was added 1:10 (v/v). After 60 min incubation at 37 °C,
absorbance was measured by Infinity® 200 PRO reader (Tecan Group,
Maénnedorf, Switzerland) at a wavelength of 450 nm and 620 nm as
reference.

2.8. Analysis of mitochondrial respiration and glycolysis

Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) in MCF-7/pTarget and MCF-7/GPER1 cells were analyzed using
the Seahorse XFe Analyzer (Agilent, Technologies, Santa Clara, USA).
Briefly, 1 X 10* cells/well were seeded in Seahorse 96-well cell culture
plates. 1h before the measurement cells were equilibrated in Krebs
Henseleit buffer (111 mM NaCl, 4.7 mM KCI, 1.25mM CaCl,, 2 mM
MgSO4, 1.2mM Na,HPO,) supplemented with 25 mM r-glucose and
3mM t-glutamine. To block ATP-coupled respiration 2.5 pM oligo-
mycin (Sigma-Aldrich, St. Louis, Missouri, USA) was added. Cells were
treated with 1 pM carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(Sigma-Aldrich, St. Louis, Missouri, USA) to uncouple the respiratory
chain and 1 uM rotenone (Sigma-Aldrich, St. Louis, Missouri, USA) and
1 pg/ml antimycin A (Sigma-Aldrich, St. Louis, Missouri, USA) to block
mitochondrial respiration.

2.9. Quantitative real-time-PCR

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Venlo,
Netherlands). ¢cDNA was synthesized from 300ng total RNA using
VERSO" c¢DNA Kit (Thermo Fisher, ABgene, Epsom, UK). Gene-specific
PCR products were assayed using Maxima Evergreen qPCR Master Mix
on a 7500fast quantitative PCR system (TagMan®, Life Technologies,
Darmstadt, Germany). Relative gene expression was determined using
the comparative cycle threshold method, normalizing relative values to
the expression level of RPL37A as a housekeeping gene. The primer
mixes of nSMasel, 2 and 3 were purchased from GeneCopeia
(Rockville, USA) and the GPER1-primermix from Realtimeprimers
(Elkins Park, Philadelphia, USA) (Table 1). Primer for RPL37A, CerSX,
SPHK1, CERK, ASAH1, aSMase, MFN1 and 2, Parkin, Fisl and PINK
were purchased from Eurofins Genomics (Ebersberg, Germany).
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2.10. Western blot analysis

For protein analysis by western blot, total protein was isolated. Cells
were harvested and resuspended in PhosphoSafe™ buffer (EMD
Chemicals, Inc. La Jolla, USA), 2mM DTT (AppliChem GmbH,
Darmstadt, Germany), 1x Roche Complete (Roche, Mannheim,
Germany), pH 7.4. The solution was sonicated and centrifuged (14,000
x g, 10 min, 4 °C). For determination of total protein concentration the
Bradford method was used. 60pug proteins was separated electro-
phoretically by 12% SDS-PAGE and then transferred onto nitrocellulose
membranes and blocked for 90 min at room temperature in Odyssey
blocking reagent (LI-COR Biosciences, Bad Homburg, Germany) diluted
1:1 in PBS. Membranes were incubated overnight at 4 °C with primary
antibody against GPER1 (rabbit) (Abcam, Cambridge, UK), HA-Tag
(Abcam, Cambridge, UK), p62 (mouse) (Abcam, Cambridge, UK) or
LC3B (rabbit) (Cell Signaling Technology, Danvers, Massachusetts,
USA) and Hsp90 (BD, Franklin Lakes, New Jersey, USA) was used as
loading control. Densitometric analysis of the Blots was performed with
Image Lite Software (LI-COR, Biosciences, Lincoln, USA).

2.11. Determination of sphingolipid concentrations by high performance
liquid chromatography tandem mass spectrometry

Sphingolipid concentrations were quantified by liquid chromato-
graphy coupled to tandem mass spectrometry (LC-MS/MS) as described
previously (Wegner et al., 2014).

2.12. Proliferation assay

For quantitative proliferation assays, cells were seeded at a density
of 5 x 10* cells/dish. After stimulation, cells were harvested at day 1,
day 2, day 3 and day 4 and the number of living cells was counted using
a Neubauer counting chamber (LO-Laboroptik, Bad Homburg,
Germany).

2.13. Cell cycle analysis

Cell cycle distribution was evaluated by flow cytometry using pro-
pidium iodide (PI, Sigma, Darmstadt, Germany) staining on a flow
cytometer (FACSCanto II, BectonDickinson, Heidelberg, Germany).
Cells were starved for 24 h with 1% FCS and treated for 24 h. They were
harvested by trypsin, washed with 1 x PBS and fixed with 80% (v/v)
ethanol overnight at —20 °C. After two washing steps with 1 x PBS,
cells were incubated for 5min with 0.125% Triton X-100 on ice,

Table 1
Oligonucleotide sequences for RT-PCR.
Gene Sequence (5" —3%)
Forward primer Reverse primer T [ C] Amplicon size [bp]

RPL37A ATT GAA ATC AGC CAG CAC GC AGG AAC CAC AGT GCC AGA TCC 60 94
CerS2 CCA GGT AGA GCG TTG GTT CCA GGG TTT ATC CAC AAT GAC 57 141
CerS4 CTG GTG GTA CCT CTT GGA GC CGT CGC ACA CTT GCT GAT AC 60 105
CerS5 CAA GTA TCA GCG GCT CTG T ATT ATC TCC CAA CTC TCA AAG A 57 122
CerS6 AAG CAA CTG CAG TGG GAT GTT AAT CTG ACT CCG TAG GTA AAT ACA 60 145
SPHK1 GTC ACG TGC AGC CCC TTT CGC GCG TGG TTC CG 60 76
CERK TAA CCC CCA AAG TCA CAA AA CAT CTC CAC CAA CAC AGA CA 57 182
ASAH1 TGT GGA TAG GGT TCC TCA CTA GA TTG TGT ATA CGG TCA GCT TGT TG 60 375
aSMase CCT GGA GAG CCT GTT GAG TG GTT GGT CCT GAC GAG TCT GG 60 110
nSMasel CAT GGT GAC TGG TTC AGT GG TAG AGC TGG GGT TCT GCT GT 60 553
nSMase2 CAA CAA GTG TAA CGA CGA TGC C CGA TTC TTT GGT CCT GAG GTG T 60 89
nSMase3 CAC CCA GGA TGA GAA TGG AAA GTC CGT CCT CACCCACGA T 60 59
MEN1 ATGACCTGGTGTTAGTAGACAGT AGACATCAGCATCTAGGCAAAAC 60 920
MFN2 CACATGGAGCGTTGTACCAG TTGAGCACCTCCTTAGCAGAC 60 104
Parkin GTGTTTGTCAGGTTCAACTCCA GAAAATCACACGCAACTGGTC 60 129
FIS1 GATGACATCCGTAAAGGCATCG AGAAGACGTAATCCCGCTGTT 60 82
PINK CCCAAGCAACTAGCCCCTC GGCAGCACATCAGGGTAGTC 60 107
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Fig. 1. Validation of GPER1 overexpression in MCF-7 cells. (A) GPER1 mRNA expression determination by qRT-PCR. The mRNA expression is related to the
housekeeping gene RPL37A. Data are presented as a mean of n = 7-8 + SEM (standard error of the mean). Unpaired t test with Welch’s correction. (B) GPER1 protein
concentration determination by Western blot analysis. An anti-HA-Tag antibody was used to detect protein resulting from stable transfection and an anti-GPER1
antibody was used to detect endogenous GPER1 protein. Data are represented as a mean of n = 4 + SEM (standard error of the mean). Unpaired ¢ test with Welch’s
correction. (C) Immunocytochemistry of MCF-7 cells. Cells were incubated with an anti-GPER1 and anti-PDI (endoplasmic reticulum) antibody and subsequently
incubated with secondary antibodies. DAPI (4,6-diamidino-2-phenylindole) was used to stain DNA. Images were recorded by Axio Observer. Z1 microscope (Carl
Zeiss AG, Oberkochen, Germany). (D) Living cell number determination by Neubauer counting chamber on day 1-4. Data are represented as a mean of n = 3 + SEM
(standard error of the mean). Unpaired t test with Welch’s correction. (E) Determination of cAMP levels in MCF-7cells by LC-MS/MS. Data are represented as a mean
of n = 3 + SEM (standard error of the mean). Unpaired t test with Welch’s correction. M = Marker. *p < 0.05, **p < 0.01, ****p < 0.0001.

washed again with 1 x PBS and then stained with PI (20 pg/ml) (Sigma, 2.16. Statistical analysis
Darmstadt, Germany) in 1 x PBS containing 0.2mg/ml RNaseA

(Qiagen, Hilden, Germany). 100.000 cells were analyzed per sample. Data are presented as mean = SEM (standard error of the mean).
G1, S and G2/M fractions were quantified using FlowJo (FlowJo, LLC, Statistical analyses were performed with the GraphPad Prism 7 soft-
Ashland, Oregon) and manual gating. ware (GraphPad Software, San Diego, CA, USA). Outliers wer detected

by ROUT analysis. Significant differences between groups were assessed

by using the Unpaired t test with Welch’s correction (two-tailed test).
2.14. Promoter reporter gene assay

Cells were seeded at 2 X 10*/96-well plate and transfection was 3. Results

performed with Lipofectamine® 2000 Reagent (Invitrogen by Life
Technologies, Carlsbad, USA) according to the manufacturer’s protocol.
They were transfected with 200 ng of the distinct Firefly luciferase re-
porter vector (pRL-TK, Promega, Fitchburg, USA), with GPER1-cDNA-
pcDNA3.1 construct, CerS2, CerS4, CerS5 and CerS6 constructs. Next
steps were performed as described previously (Wegner et al., 2014).

3.1. Stable transfection of the GPER1 expression plasmid

We generated stably GPER1 overexpressing MCF-7 cells (MCF-7/
GPER1) and control cells (MCF-7/pTarget = empty vector; MCF-7/
naiv = untransfected cells). The mRNA concentration of GPER1 is sig-
nificantly induced in MCF-7/GPERI1 cells as compared to control cells
(Fig. 1A), which is verified on protein level (Fig. 1B). For over-
expression analysis, HA-Tag detection was performed and for detection
of endogenous GPER1 protein, an anti-GPER1 antibody was used.
GPER1 localizes in the endoplasmic reticulum, but also exhibits a
perinuclear localization, which is unknown (Fig. 1C and supporting
information 1B). In addition, cell proliferation is inhibited (Fig. 1D) and
intracellular cAMP concentration is increased in MCF-7/GPER1 cells as
compared to control cells (Fig. 1E), which is in line with previously
published data, showing that GPER1 inhibits cells growth of ER + cells

2.15. Detection of intracellular-induced signaling pathways

For analysis of signaling pathways in MCF-7 cells, the Pathscan®
Intracellular Signaling Array Kit (Cell Signaling, Cambridge, UK) was
used. This antibody array detects several phosphorylated signaling
proteins. The assay was performed according to the manufacturer’s
protocol.
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Fig. 2. Impact of a GPER1 overexpression on cell cycle progression. (A) Summary of the flow cytometry analysis following G1 and fulvestrant stimulation. Data are
represented as a mean of n = 3 + SEM (standard error of the mean). Unpaired t test with Welch’s correction. (B) Flow cytometry analysis of MCF-7/GPER1 and
control cells. Data are represented as a mean of n = 3 + SEM (standard error of the mean). Unpaired t test with Welch’s correction. (C) Frequency of parent (%) in the
sub-G1 phase following G1 and fulvestrant stimulation. Data are represented as a mean of n = 3 + SEM (standard error of the mean). Unpaired t test with Welch’s
correction. (D) Frequency of parent (%) in the G1 phase following G1 and fulvestrant stimulation. Data are represented as a mean of n = 3 + SEM (standard error of
the mean). Unpaired t test with Welch’s correction. (E) Frequency of parent (%) in the S phase following G1 and fulvestrant stimulation. Data are represented as a
mean of n = 3 + SEM (standard error of the mean). (F) Frequency of parent (%) in the G2 phase following G1 and fulvestrant stimulation. Data are represented as a
mean of n = 3 + SEM (standard error of the mean). Unpaired t test with Welch’s correction (G) Transmitted light image acquisition shows a decreased cell size of
MCF-7/GPER1 cells compared to control cells. (H) Cell size determination. Data are represented as a mean of n= + SEM (standard error of the mean). Unpaired t test
with Welch’s correction. (I) Immunocytochemistry of MCF-7 cells. Cells were incubated with an anti-caveolin-1 antibody and subsequently incubated with secondary
antibodies. DAPI (4,6-diamidino-2-phenylindole) was used to stain DNA. Images were recorded by Axio Observer. Z1 microscope (Carl Zeiss AG, Oberkochen,
Germany). **p < 0.01, ***p < 0.001, ****p < 0.0001.

(Ariazi et al., 2010), and verifies the functionality of overexpressed cell cycle progression.
GPER1. In summary, overexpression of GPER1 in MCF-7 cells is verified
and associated with higher cAMP level and reduced cell proliferation.
3.3. GPERI1 overexpression influences cell energy production

3.2. GPERI overexpression inhibits cell cycle progression Estrogens are important regulators of mitochondrial activity (Oo
et al., 2018) and it has been shown that they act via binding and ac-
To investigate how GPER1 overexpressing leads to an inhibition of tivating estrogen receptor subtypes o and f3 as well as by binding to

cell proliferation (Fig. 1D) we analyzed cell cycle progression by flow GPER1 (Klinge, 2017). Therefore, we investigated the metabolic state of
cytometry. MCF-7/GPER1 cells accumulate in the G1 and sub-G1 cell MCF-7/GPER1 and control cells. The basal oxygen consumption rate
cycle phase, which is accompanied by a decrease of number of cells in (OCR), which represents basal mitochondrial respiration is reduced in
the S phase as compared to control cells (Fig. 2A and B). MCF-7/GPER1 MCF-7/GPER1 cells as compared to control cells (Fig. 3A). The ATP-
cells also show a reduced cell size phenotype (Fig. 2G and H). Both linked respiration (Oligomycin injection) is unaltered following GPER1

nucleus and the surrounding cell parts of MCF-7/GPER1 cells are re- overexpression. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) un-
duced in size as compared to control cells (Fig. 2I), whereas flow cy- couples respiration from oxidative phosphorylation by decreasing mi-
tometry analysis shows no differences (supporting information 2). The tochondrial membrane potential (AWm). The maximal respiration rate

GPER1 agonist G1 arrests MCF-7/GPER1 and control cells in the G2/M and the reverse capacity, which can be deduced from values following
phase (Fig. 2F), which indicates that the GPER1 agonist G1 effect is CCCP injection, are enhanced in MCF-7/GPER1 cells as compared to
GPER1 independent. Fulvestrant leads to a significant increase of cells control cells. The data indicate that GPER1 overexpressing cells have no
in the G1 phase, which is more pronounced in MCF-7/GPER1 cells general defect in the mitochondrial respiratory capacity, but lower
(Fig. 2D). This is accompanied by a reduced frequency of cells in the S basal OCR might be related to a reduced catabolic activity. In line with
and G2/M phase in MCF-7/GPER1 and control cells (Fig. 2E and F). In these findings we detected a clearly reduced extracellular acidification
summary, overexpression of GPER1 negatively regulates cell cycle rate (ECAR) (measures the glycolysis rate of the cells) in MCF-7/GPER1
progression by blocking cells in the G1 phase and combination of cells in comparison to MCF-7/pTarget cells (Fig. 3B). Under mi-
GPER1 overexpression and fulvestrant treatment amplifies the effect on tochondrial stress the ability to perform glycolysis is even more limited.
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The reduced catabolic activity might be related to the diminished
proliferation rate of these cells, but future experiments will show if it is
the cause or the consequence of the lower proliferation.

3.4. GPER1 overexpression induces autophagic processes

Since GPER1 overexpression influences cell cycle progression ne-
gatively we investigated the impact of GPER1 overexpression on au-
tophagic processes. GPER1 overexpression leads to an increased light
chain (LC)3B II/LC3B I ratio, which indicates autophagy induction in
MCF-7/GPER1 cells as compared to control cells., This is also present
when the autophagic flux is blocked with chloroquine (CQ) (Fig. 4A and
supporting information 3A). Fulvestrant treatment leads to an even
stronger induction of the LC3B II/LC3B I ratio, which indicates en-
hanced autophagy in MCF-7/GPER1 cells following fulvestrant stimu-
lation (Fig. 4B). G1 stimulation induces a G2/M phase block (Fig. 2),
but does not lead to autophagy induction (Fig. 4B). To verify the results,
we also investigated p62 protein levels, which are significantly de-
creased in MCF-7/GPER1 cells following fulvestrant treatment as
compared to control cells (Fig. 4C and supporting information 3B). p62
binds directly to LC3B and is degraded by autophagy. Therefore, the
p62 level correlates negatively with the autophagic flux (Bjorkey et al.,
2005). In summary, MCF-7/GPER1 cells exhibit an augmentation of
autophagic processes, which could be further enhanced by fulvestrant
treatment.

3.5. GPER1 overexpression desensitizes cells growing in colonies against
doxorubicin

The potential of GPER1 promoting cancer or exhibiting anti-carci-
nogenic effects is currently under debate. In our study GPER1 over-
expression in MCF-7 cells leads to a reduced proliferation rate as
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compared to control cells (Fig. 1D). Accordingly, we were interested in
the anti-carcinogenic effects of commonly used chemotherapeutics in
our cell system. We investigated the influence of cyclophosphamide and
doxorubicin stimulation on the ability of the cells to grow in colonies
and the influence on the cell toxicity. Following 10 days of cultivation
with cyclophosphamide or doxorubicin, the colony formation is sig-
nificantly reduced in MCF-7/GPER1 and control cells (Fig. 5A and
supporting information 4). Interestingly, MCF-7/GPER1 cells were
significantly less sensitive against doxorubicin in comparison to control
cells. This was not due to a direct protective effect of GPER1 against the
cytotoxic effect of doxorubicin, because the WST assay (cell viability)
shows no differences between MCF-7/GPER1 and control cells fol-
lowing doxorubicin stimulation for 48 h (Fig. 5B). Co-stimulation with
fulvestrant sensitized both MCF-7/GPER1 and MCF-7/pTarget cells
against the cytotoxic effect of doxorubicin (Fig. 5B). In contrast to the
data of the colony forming assay, which shows no difference between
MCF-7/GPER1 and control cells following cyclophosphamide treat-
ment, MCF-7/GPER1 cells were clearly more sensitive against the cy-
totoxic effect of 48h cyclophosphamide treatment, which could be
further pronounced by fulvestrant co-treatment (Fig. 5B). These data
indicate that overexpression of GPER1 in ER + breast cancer cells leads
to diverse cellular effects following chemotherapy depending on the
drug and the respective mode of action in the cell. Co-treatment with
fulvestrant sensitizes GPER1 overexpressing cells to cytotoxic drugs.

3.6. GPERI1 effect on sphingolipid level

Our data show that GPER1 overexpression is related to a reduced
cell proliferation, cell cycle block, induction of autophagy and re-
sistance to cytostatic drugs. Based on previous work we know that these
processes are strongly influenced by sphingolipids and that especially
ceramides may play an important role (Grdsch et al., 2012). In previous
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work we showed the effect of a transient GPER1 overexpression over a
time period of 48h on the expression of several ceramide synthases
(CerS) in MCF-7 cells (Wegner et al., 2014). In this study, we in-
vestigated the promotor activity of CerS2, CerS4, CerS5 and CerS6 (the
most abundant CerS in MCF-7 cells) in stably transfected MCF-7/GPER1
(permanent GPER1 overexpression) and MCF-7/pTarget cells. The
promotor activities of CerS4, CerS5 and CerS6 were significantly
downregulated in GPER1 overexpressing cells, whereas CerS2 promotor
activity was not affected (Fig. 6A). However, the mRNA level analysis
shows an increase of CerS2 and a decrease of CerS5 and CerS6 mRNA
expression (Fig. 6B). The differences between CerS promoter activity
and CerS mRNA expression could be due to post-transcriptional reg-
ulation such as binding of microRNAs at the respective mRNA (re-
viewed in (Wegner et al., 2016)). We also investigated the mRNA ex-
pression of other sphingolipid metabolizing enzymes. Acid ceramidase
(ASAH1), acid sphingomyelinase (aSMase), neutral sphingomyelinase 1
(nSMasel), sphingomyelin synthase 1/2 (SMS1/2) and ceramide kinase
(CERK) mRNA expression are increased in MCF-7/GPER1 cells (Fig. 6C
and supporting information 5). Since the mRNA expression of enzymes
involved in the catabolism and anabolism of sphingolipids increased in
parallel, we examined the sphingolipid level in MCF-7/GPER1 and
control cells. Almost all detected sphingolipids are decreased in MCF-7/
GPER1 cells as compared to control cells (Fig. 6D). Sphingolipids are
important compounds of cellular membranes, but also act as signaling
molecules. Our data indicate that GPER1 overexpression in MCF-7 cells
leads to an overall reduction of sphingolipids. However, further studies
are needed to explain whether or not changes in the sphingolipid level
are responsible for our observed cellular effects mediated by over-
expression of GPER1. Since cell energy production is altered following
GPER1 overexpression (Fig. 3), we analyzed mRNA expression of genes,

which regulate autophagy and fusion/fission events in mitochondria.
Mitofusion 1 (MFN1) and 2 (MFN2) mRNA expression is significantly
increased in MCF-7/GPER1 cells as compared to control cells, whereas
mitochondrial fission 1 protein (FIS1) mRNA expression is decreased
(Fig. 6D and supporting information 5). In addition, MCF-7/GPER1
cells exhibit an increased Parkin mRNA expression, whereas the mi-
tochondrial serine/threonine protein kinase (PINK) is unaltered. These
data indicate a shift from mitochondrial fission events to more fusion
events in MCF-7/GPER1 cells as compared to control cells.

3.7. CerS5 promoter activity is GSK-3f mediated

To identify altered activity of signaling proteins following GPER1
overexpression we analyzed signaling pathways using the Pathscan’
Intracellular Array Kit. The antibody-based analysis shows an increased
phosphorylation of Akt473 and glycogen synthase kinase-3f (GSK-33) in
MCF-7/GPER1 cells as compared to control cells, whereas Akt308
phosphorylation is unaltered (Fig. 7A and B). To investigate whether or
not activated GSK-3p mediates the inhibitory effect on CerS5 promoter
activity following GPER1 overexpression, we analyzed CerS5 promoter
activity following GSK-3p inhibition with SB-216763. Inhibition of
GSK-3p leads to a significant increase in CerS5 promoter activity
(Fig. 7C) indicating that activated GSK-3[3 mediates CerS5 promotor
activity suppression.

4. Discussion

In the literature the role of GPER1 in breast cancer is controversially
discussed. On the one hand it has been shown that GPER1 is associated
with increased disease-free survival in ER + breast cancer patients
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(Broselid et al., 2013), but it is related to metastasis of ER- breast cancer
cells (Jiang et al., 2013). GPER1 was also associated with opposite ef-
fects in HER2 positive (poor disease-free survival (DSF)) and HER2 ne-
gative (better DSF) breast cancer patients (Yang and Shao, 2016). Here,
we investigated the effect of GPER1 overexpression on the ER +, but
HER2 negative breast cancer cell line MCF-7. We were able to show that
an increased GPER1 expression leads to inhibition of cell cycle pro-
gression, induction of autophagic processes, reduced mitochondrial
activity and cytostatic drug resistance. We could also show that GPER1
overexpression negatively regulates CerS4, CerS5 and CerS6 promotor
activity and decreases several sphingolipid specie levels in MCF-7 cells.

Our immunocytochemistry shows that GPER1 localizes in the en-
doplasmic reticulum, but also exhibits a perinuclear localization, which
is unknown (Fig. 8). This localization might be lysosomes in which
unfolded GPER1 protein is degraded. The physiological subcellular lo-
calization of GPERI1 is currently under discussion. Revankar et al.
showed that GPER1 resides in the endoplasmic reticulum by using
fluorescent estrogen derivatives (Revankar, 2005). Recently, it could
been shown that non-glycosylated GPER1 accumulates in the nucleus,
thereby binding as a transcription factor-like molecule at the promoter
of c-Fos and connective tissue growth factor (CTGF) and stimulates breast
cancer cell migration (Pupo et al., 2017). Accordingly, GPER1 might
localize in different cellular compartments, which is possibly dependent
on posttranslational modifications of the protein. GPER1 over-
expression also leads to a decreased cell size (Fig. 8).

It has been shown that GPER1 promotes fibronectin (FN) matrix
assembly (Quinn et al., 2009) and formation of focal adhesions leading
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to the reorganization of actin stress fibers (Magruder et al., 2014). Al-
tered expression of FN is associated with the development of cancer and
integrin-based adhesion has served as a model for studying the central
role of adhesion in migration, but FN alterations could also be involved
in the adaption of cell size (reviewed in (Kang et al., 2015)).

GPER1 overexpression reduced cell proliferation and mitochondrial
activity and induced autophagy in MCF-7 cells. Our data show that
overexpression of GPER1 leads to an increase in cAMP concentration in
MCF-7 cells as compared to control cells. cAMP is a known activator of
PKA, which subsequently may lead to phosphorylation of dynamin-re-
lated protein 1 (Drp1) (Fig. 8). Drpl controls the life of a mitochondrion
by mediating mitochondrial fission events, which lead to an increased
mitochondrial number (reviewed in (Hu et al., 2017; Oo et al., 2018)).
When Drpl is phosphorylated less fission events occur, which shifts the
fission/fusion balance towards fusion (Mozdy et al., 2000)An increase
of fusion events means that the mitochondrial mass increases as well as
cell protectiive events (reviewed in (Jahani-Asl and Slack, 2007)). The
reduced FIS1 mRNA expression in MCF-7/GPER1 cells as compared to
control cells confirms the reduced number of mitochondrial fission
events following GPER1 overexpression. The process of mitochondrial
fusion is stimulated by cellular stress (Youle and van der Bliek, 2012).
We showed that GPER1 overexpression leads to cellular stress, which is
also indicated by less execution of glycolysis and oxidative phosphor-
ylation in MCF-7/GPER1 cells (Fig. 8). The question arises whether-
there is a link between induction of autophagy and reduced mi-
tochondrial activity, the so-called mitophagy. The connection between
GPER1 and mitochondrial activity was examined by different groups.
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Recently, Sun et al. showed that treatment with 17p-estradiol resulted reduced cell viability of MCF-7/GPER1 cells under cyclophosphamide
in the expression of GPER1 and enhanced mitophagy through GPER1 treatment is not detectable in the 10 days ongoing colony forming assay

and ERK1/2 signaling pathway in murine osteoblasts (Sun et al., 2018). meaning possible induction of multidrug resistance protein synthesis in
However, a connection between increased expression of GPER1 and GPER1 overexpressing cells. A decreased proliferation rate, which MCF-
fewer mitophagosomes was found in chondrocytes (Fan et al., 2018) 7/GPER1 cells exhibit, as well as the block of cell cycle in the G1 phase
and GPER1 activation confers cardioprotective effects by protecting allows cells to elude of the cytotoxic effect of these compounds, which
against mitophagy (Feng et al., 2017). The higher mitophagy activity are mainly S phase dependent. Furthermore, a prolonged proliferation
could be the reason for the reduced ATP production and glycolytic time enables cells to repair DNA-damage induced by drugs more ef-
capacity, but less mitochondrial mass could result in a pro-survival fectively. This could be the reason for less doxorubicin sensitivity of
autophagy process as well. Reduction of FIS1 mRNA expression could MCF-7/GPER1 as compared to control cells. Furthermore, these me-
be mediated by increased Parkin mRNA expression (Mai et al., 2010), chanisms could be the reason why MCF-7/GPER1 cells develop a si-
which is in turn regulated by PINK activity. Since PINK mRNA is not milar tolerance to cyclophosphamide as the control cells following 10
more expressed following GPER1 overexpression, it is possible that the days of cultivation despite the reduced cell viability following 48h
PINK activity is increased. Accumulated on the outer membrane of treatment. Co-stimulation with fulvestrant sensitized both cell lines to
dysfunctional mitochondria, active PINK recruits Parkin (increased doxorubicin, whereas only MCF-7/GPER1 cells are affected by cyclo-
mRNA expression) to the mitochondria leading to autophagy (Fig. 8). phosphamide and fulvestrant treatment. Cyclophosphamide is an al-
This process promotes cell survival by removing dysfunctional mi- kylating agent leading to alkyl group attachment to the DNA, which
tochondria via mitophagy that might otherwise induce the process of results in DNA fragmentation by repair enzymes. In addition, the DNA
apoptosis (reviewed in (Barodia et al., 2017)) and therefore protects is damaged by cross links and mispairing of nucleotides results in mu-
cells from stress-induced apoptosis. Together, PINK and Parkin modify tations, which occur following cyclophosphamide treatment (Khan and
MFN1 and MFN2 (reviewed in (Truban et al., 2017)), which are both Middleton, 2007). Doxorubicin intercalates with the DNA as well, but
increased on mRNA expression level following GPER1 overexpression leads also for example to the generation of free radicals, which impacts
and promote mitochondrial fusion (Chen et al., 2003). The mitophagy, cell health (Thorn et al., 2011). If GPER1 overexpression impacts the
which might be the reason for the reduced ability to generate energy cell radical elimination system, doxorubicin and cyclophosphamide
seems to affect the proliferation since MCF-7/GPER1 cells proliferate could have different effects on MCF-7/GPER1 and control cells fol-
less than control cells. Therefore, we investigated the ability of colony lowing fulvestrant treatment. The precise underlying mechanisms need
formation of MCF-7/GPER1 and control cells under cyclophosphamide to be investigated in the future. Recently, combination treatment with
and doxorubicin stimulation. fulvestrant and doxorubicin showed synergistic effects and chemore-

Our data clearly show that GPER1 overexpression leads to a de- sistance inducing factors such as Bcl2 and microtubule-associated pro-
sensitization against doxorubicin. Besides MCF-7/GPER1 cells appears tein tau were downregulated by fulvestrant (Huang et al., 2017). Dolfi
to induce mechanisms to reduce cyclophosphamide sensitivity. The et al. showed that fulvestrant sensitizes human breast cancer cells to
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Fig. 8. Hypothesis of the GPER1 over-
expression mediated effect and the impact of
G1 and fulvestrant treatment. GPER1, localized
in the ER and in perinuclear structures, leads to
an increased cAMP concentration, presumably
via the Gag protein, which in turn activates
PKA. PKA might deactivate Drpl by phos-
phorylation. Drpl together with FIS1 lead to
increased fission events. Regulation of Drpl
and FIS1 could also be regulated by PINK and
Parkin. PINK/Parkin might lead to increased
MFN1/2 mRNA expression, which leads to in-
creased fusion events in the mitochondria
(mitophagy) resulting in reduced ability of
energy production. In addition, GPER1 affects
FN and other adhesion proteins resulting in a
decreased cell size. GPER1 overexpression al-
ters CerS expression, which leads to an induc-
tion of autophagy and a decreased prolifera-
tion. Gl treatment inhibits tubulin
polymerization and induces p21 expression
resulting in G2/M phase arrest and decreased
proliferation. Fulvestrant treatment is followed
by reinforcement of increased autophagy and
decreased proliferation. Additionally, fulves-
trant may interact with p-glycoprotein (p-gp),
which leads to increased accumulation of
doxorubicin in the cell. FN = fibronectin,
PKA = protein kinase A, p-gp = P-glycopro-

tein, Drpl = dynamin-related protein 1,
P = phosphorylation, FIS1 = mitochondrial
fission 1 protein, PINK = mitochondrial

serine/threonine protein kinase, MFN1/2 =
mitofusion 1/2, ER = endoplasmic reticulum.
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chemotherapeutic drugs in MCF-7 and T47D cells (Dolfi et al., 2014). In
ER - multidrug resistant cells fulvestrant leads to induced cytotoxicity,
apoptosis and G2/M arrest. Furthermore, fulvestrant functions as a
substrate of P-glycoprotein, which means that it competes with other
drugs leading to an intracellular accumulation of for example doxor-
ubicin (Huang et al., 2017). We could show that treatment of MCF-7/
GPER1 cells with the GPER1 agonist G1 leads to a G2 phase arrest.
G1 has been shown to block tubulin polymerization and thereby inter-
rupt microtubule assembly in ovarian cancer cells leading to a G2/M
phase arrest and suppression of ovarian cancer cell proliferation (Holm
et al., 2011) (Fig. 8). G1 induces accumulation of cells in the S and G2
phases of the cell cycle by induction of p21 expression (Chan et al.,
2010) (Fig. 8). However, in our cell system the G2 phase arrest after G1
treatment occurs independently of GPER1 overexpression.

Since sphingolipids control cell growth and proliferation, we in-
vestigated the expression of CerS and other sphingolipid metabolizing
enzymes. Previously, we reported that GPER1 overexpression influ-
ences CerS promoter activity (Wegner et al., 2014). In this study we
detected a decrease of CerS mRNA expression. Expression of aSMase/
nSMasel and SMS1/SMS2, ASAH1 and CERK mRNA is also increased.
Studies revealed a link between increased ASAH1 expression and a
better prognosis in ER + breast cancer (Ruckhiberle et al., 2009),
whereas upregulation of CERK after HER2 inhibition was associated
with an increased risk of recurrence in breast cancer patients (Payne
et al., 2014). The sphingomyelin content in cells is strictly regulated by
sphingomyelinases and sphingomyelin synthases, which activities
create a balance between sphingomyelin synthesis and degradation.
Sphingomyelin is an important modulator of membrane properties and
involved in cellular proliferation, growth and apoptosis (reviewed in
(Jenkins et al., 2009; Kolesnick, 1991; Levade and Jaffrezou, 1999)).
Hartmann et al. demonstrated that upregulation of CerS4 and CerS6
leads to inhibition of cell proliferation and induction of apoptosis,
whereas upregulated CerS2 increases proliferation (Hartmann et al.,
2012). Overexpression of CerS6 sensitized cisplatin resistant cells
(Cal27-CisR cells) to cisplatin via CerS6-mediated activation of calpain,
a Ca®*-dependent cysteine protease, which inhibits autophagy, while
cisplatin resistance was associated with a low CerS6 expression and
enhanced protective autophagy (Li et al., 2018). CerS5 was recently
associated with protective autophagy (Fitzgerald et al., 2015). The
study shows that modulation of autophagy by CerS5/6 and C16-dihy-
droceramide/-ceramide contributes to chemosensitivity of various
cancer cells.

Following GPER1 overexpression increased levels of Akt473 and
unaltered Akt308 levels were detected. This indicates that GSK-3p is
not inhibited by Akt308, which is a known regulatory mechanism (re-
viewed in (Zhang et al., 2017)). Accordingly, the GSK-3 is activated by
phosphorylation, which is known to be mediated by phosphorylation at
Tyr279/216 (reviewed in (Grimes and Jope, 2001; Liang and Chuang,
2007; Krishnankutty et al., 2017)). How GSK-3 regulates CerS5 pro-
moter activity exactly (Fig. 8), needs to be investigated in future stu-
dies.

5. Conclusion

In conclusion, GPER1 overexpression leads to inhibition of cell
proliferation in human ER + breast cancer cells, which was accom-
panied by a cell cycle arrest, autophagy induction and reduced mi-
tochondrial activity (mitophagy). These effects might be mediated by
reduced CerS5 synthesis, which is regulated by GSK-3p. In addition,
cytostatic drug resistance, possibly as a consequence of reduced pro-
liferation of MCF-7/GPER1, could be reversed by the SERD fulvestrant.
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