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2. Abstract

Progesterone receptor membrane component 1 (PGRMC1) is a highly conserved
multifunctional protein which is involved in key cellular pathways and associated with
pathology. In breast cancer, PGRMC1 overexpression aligns with worse prognosis and overall
survival, while in infertility-related diseases, PGRMC1-downregulation is often observed.
Previous studies conducted in PGRMC1-overexpressing breast cancer cells revealed that
PGRMC1 interacts with enzymes of the mevalonate pathway and the estrogen receptor a

(ERa)-regulating proteins prohibitin 1 and prohibitin 2 (PHB1 and PHB2).

The aim of this study was to gain deeper insights into the association of PGRMC1 with
cholesterol biosynthesis and into its crosstalk with ERa and thereby to elucidate potential

implications in breast cancer and infertility.

In the first part, PGRMC1 interaction partners within the cholesterol synthesis pathway were
confirmed at endogenous expression levels, and the abundance of cholesterol and neutral
lipids was determined in PGRMC1-overexpressing cells. PGRMC1-overexpression was found
to be associated with increased cholesterol and estradiol production, potentially intrinsically
stimulating ERa signaling. Consequently, treatment with cholesterol-lowering statins reverted

the proliferative benefit conveyed by PGRMCL1.

In the second part of this work, CRISPR/Cas9-based PGRMC1-deficient breast cancer cell
models were generated and characterized on genetic and functional levels. Importantly,
deficiency of PGRMC1-protein was confirmed for at least two cell clones for each
CRISPR/Cas9-treated cell line and the introduced mutations were assessed. Functionally, the
PGRMC1-null cells did not display phenotypes observed in transient PGRMC1-knockdown cell

models, indicating a possible compensation of PGRMC1-deficiency.

In the third part of this dissertation, PGRMC1 interactions with negative ERa-regulators, PHB1
and PHB2, were addressed. The interactions were found to be dependent on PGRMC1-5181
phosphorylation. Importantly, PGRMC1-PHB-interactions prevented PHB-binding to and

negative regulation of ERa, potentially increasing oncogenic signaling.

In the fourth part, the PGRMC1-PHB-interactions were analyzed in another cellular system:
decidualized endometrial stromal cells, following the hypothesis that this interaction axis will

also affect this hormone-dependent process. PGRMC1-expression was found to follow a rise-



to-decline expression pattern during decidualization, accompanied by PGRMC1-PHB-
interactions in the process. PGRMC1l-downregulation before decidualization induction
resulted in abrogation of the process, potentially mirroring PGRMC1-deficiency in infertility-

related diseases.

Taken together, this work provides new insights into PGRMC1-implications in breast cancer
pathology and impaired decidualization as a common feature of several infertility-related
diseases. The collected evidence points towards a functional connection between PGRMC1
expression and ERa activation in breast cancer, through both deregulated sterol metabolism
and through PHB-inhibition. The generated PGRMC1-knockout models may serve as a useful
tool to understand compensation for PGRMC1-deficiency and thereby gain further insights
into key PGRMC1 functions. This study emphasizes the implication of PGRMC1 in cancer
hallmark-related mechanisms and might represent a new avenue to target hormone-

dependent breast cancer in the future.



3. Kurzfassung

Progesterone receptor membrane component 1 (PGRMC1) ist ein multifunktionales
hochkonserviertes Protein, das an grundlegenden zelluldren Funktionen beteiligt ist. Die
Deregulation von PGRMC1 tragt zur Tumorprogression des Mammakarzinoms und anderer
Karzinome sowie zur weiblichen Infertilitdt bei. Wahrend bei Ersterem eine erhdhte
Expression mit einer schlechteren Prognose einhergeht, ist bei Letzterem PGRMC1 haufig
vermindert exprimiert. Um den funktionalen Zusammenhang zwischen PGRMC1-Expression
und den oben genannten Stérungsbildern zu adressieren, wurden in vorangegangenen
Untersuchungen PGRMC1-Interaktionspartner analysiert und Enzyme der Cholesterol-
Biosynthese sowie negative Estrogenrezeptor a (ERa) -Regulatoren Prohibitin 1 und 2 (PHB1,

PHB2) als Interaktionspartner identifiziert.

Ziel dieser Arbeit war die weitere Untersuchung der Beteiligung von PGRMC1 an der
Cholesterol-Biosynthese und des moglichen Zusammenspiels von PGRMC1 mit ERa, um neue
Erkenntnisse lber die Rolle von PGRMC1 in der Brustkrebsprogression und in der Infertilitat

zu gewinnen.

Im ersten Teil der Arbeit wurden potenzielle PGRMC1-Interaktionspartner in der Cholesterol-
und Lipid-Biosynthese bestatigt und die Menge an Cholesterol und Estradiol in PGRMC1-
iberexprimierenden Zellen gemessen. PGRMC1-Uberexpression ging mit erhéhter Produktion
beider Verbindungen einher, was moglicherweise die Proliferation ERa-positiver

Brustkrebszellen intrinsisch stimuliert.

Im zweiten Teil des Projektes wurden CRISPR/Cas9-basierte PGRMC1-Knockout (KO) Zellen fir
drei verschiedene Brustkrebszelllinien erzeugt und charakterisiert. Die Abwesenheit des
PGRMC1-Proteins wurde bestéatigt, sowie die genetischen Veranderungen Uber Sanger-
Sequenzierung adressiert. Interessanterweise deckte sich der PGRMC1-KO Phanotyp nicht mit
dem des transienten PGRMC1-Silencing, was auf eine mogliche Kompensation des PGRMC1-

Verlustes hindeutet.

Im dritten Teil wurden Interaktionen zwischen PGRMC1 und PHB1/2 analysiert, die von der
PGRMC1-5181-Phosphorylierung nach Behandlung mit spezifischen Progestinen (z.B.
Norethisteron, NET) abhangig sind. Bei Vorliegen der PGRMC1-PHB-Interaktionen nach
Behandlung mit NET wurde die Assoziation zwischen ERa und PHBs schwacher, was

moglicherweise eine indirekte Aktivierung von ERa zur Folge haben kdnnte. In PGRMC1-KO
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Zellen blieben die ERa-PHB-Interaktionen nach Behandlung mit NET unverandert, was eine

PGRMC1-Abhangigkeit dieses Effekts nahelegt.

Im letzten Teil dieser Arbeit wurden die PGRMC1-PHB-Interaktionen in dem zusatzlichen
Modell der dezidualisierten Stromazellen des Endometriums untersucht, um den
Zusammenhang zwischen PGRMC1-Expression und Infertilitdit zu beleuchten. PGRMC1-
Expression folgte wahrend der Dezidualisierung einem zunachst ansteigenden und spater
abfallenden Expressionsmuster. PGRMC1-Silencing vor Dezidualisierung verhinderte den
Prozess, was eine wichtige Beobachtung im Hinblick auf die tendenziell geringere Expression

von PGRMC1 bei Infertilitat darstellt.

Die Ergebnisse dieser Studie deuten auf eine Beteiligung von PGRMC1 an der
Tumorprogression ERa-positiver Mammakarzinome, was mutmallich durch die Aktivierung
von ERa vermittelt wird. Somit stellt PGRMC1 einen wichtigen Faktor in der Progression ERa-
positiver Mammakarzinome dar und sollte im Hinblick auf Therapieresistenzen weiter

untersucht werden.
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4. Introduction

4.1. PGRMC1 - A Conserved and Versatile Protein

The protein progesterone receptor membrane component 1 (PGRMC1) is one out of four
members of the membrane associated progesterone receptor (MAPR)-family in humans
(along with PGRMC2, neuferricin and neudesin) and is distinct from the nuclear progesterone
receptor (PR) or membrane progesterone receptors (mPR) [1]. The common characteristic of
MAPR proteins is their cytochrome b5 (cytb5)-like heme chelation domain and one N-terminal
transmembrane helix [2]. PGRMC1 was first cloned in 1996 by two research groups as the
gene coding for a membrane-associated progesterone-binding protein in porcine liver [3] and
a dioxin-induced protein in rat liver [4], and termed mPR and 25-Dx, respectively. The human
homolog was cloned in 1998 and given the designation Hpr6.6 [5]. In the course of the
following years, PGRMC1 was found to be identical with the previously described
adrenocortical inner zone antigen in rat, pig and rabbit adrenal glands [6], and misidentified
as the sigma2-receptor [7], [8], which was among other things based on the fact that both
proteins exhibit physical and functional interaction [9]. It is important to note that, although
termed mPR in pigs by Meyer et al., PGRMC1 is structurally entirely different from the group
of membrane progesterone binding receptors with seven transmembrane helices referred to

as mPR, which belong to the class of progestin and adipoQ receptors (PAQR) [10].

PGRMC1 has been associated with a variety of different seemingly disparate biological
functions and described in various cellular and animal systems. Investigation of PGRMC1
homologs revealed conserved structural motifs in various eukaryotic organisms down to
yeast, indicating an ancestral role of the protein [11]. In fact, all vertebrates possess both
PGRMC1 and PGRMC2 homologs, presumably developed by gene duplication; while in
invertebrates and fungi, there is at least one homolog present (for nematode model organism
C. elegans: Ventral Midline-1; for D. melanogaster: steroid binding protein; for S. cerevisiae:
damage response protein1 (Dapl)). Among these species, PGRMC1 homologs exert
conserved functions that underpin their universal ancestral role, including binding of heme
and regulation of sterol metabolism [12]. During animal evolution, PGRMC proteins acquired
additional functions and merged into a more complex system of steroid receptors, making
their contribution to cellular physiology putatively more versatile. PGRMC1 has been reported
to be involved in drug metabolism, cholesterol and steroid biosynthesis [13], [14], autophagy

[8], female murine reproductive function [15], amyloid beta binding in Alzheimer’s disease
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[16], insulin homeostasis [17], membrane trafficking [18], regulation of cell cycle [19] as well

as cancer pathology [20], [21].

The following chapters will focus on molecular characteristics of PGRMC1 and its impact on
biosynthesis and signaling pathways with a special focus on oncogenic pathways, central for

this work.

4.2. PGRMC1 - Structure

PGRMCL1 is a 195 amino acid protein with a predicted N-terminal transmembrane domain
(amino acids 28 - 43), a cytochrome b5 (cytb5) -like domain (amino acids 70 - 172) and a
molecular weight of approx. 25 kDa [11]. To solve PGRMC1 structure and address its heme
binding properties, Kabe et al. used X-ray crystallography, NMR spectroscopy and UV-visible
absorption spectrometry on bacterially expressed recombinant cytosolic PGRMC1-domain
(amino acids 72-195 for crystal structure and 44-195 for NMR) in 2016. The resulting solely
existing structure of cytosolic PGRMC1 (protein data base, 4X8Y) represents the cytb5 domain
together with the C-terminus and visualizes heme-chelation [22]. This structure identified
tyrosine Y113, a conserved residue across PGRMC1-homologs, to be the axial ligand for heme
binding, which is a major deviation from cytochrome b5 proteins, where iron is chelated by
two axial histidine residues [22]. Since in PGRMC1, heme is bound only by one axial ligand, the
opposite axial surface of heme remains accessible, potentially allowing dimerization. Indeed,
heme-bound PGRMC1 molecules were observed to dimerize in vitro by heme-stacking, and
mutation of Y113 to phenyl alanine (Y113F) prevented both heme-binding and dimer-
formation [22]. In 2021, McGuire et al. demonstrated on full-length PGRMC1 that the
mutation Y113F alone was not sufficient to disrupt the binding of heme, but only in
combination with K163A and Y164F [23] which stabilize heme in the PGRMC1 binding pocket

by hydrogen bonding [22] (Figure 1).

Unfortunately, the crystal structure published in 2016 did not provide conformational
information about the full-length protein or the trans-membrane domain. To address that, in
silico modeling algorithms may provide a feasible tool, predicting an alpha-helix conformation
of the trans-membrane domain and a structurally flexible linker-region between trans-
membrane and cytb5 domains as well as flexible N- and C-termini [24]. In the linker region,
PGRMC1 possesses an src-homology domain 3 (SH3) target sequence and in the cytb5 domain

and the C-terminal unstructured region, another two src-homology domain 2 (SH2) target
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sequences. These sequences are presumably important for protein-protein interactions and

can be regulated by proximal casein kinase 2 (CK2) phosphorylation [25].

A Y113 S181

’:- | e

1 T™MD CytB5 domain 195

Cytoplasm

ER-Lumen

Figure 1: Schematic representation of PGRMC1 with its domains and structural motifs based on (Cahill, Jazayeri, Kovacevic,
et al., 2016b) [2]. Important phosphorylation sites are highlighted in red. PGRMC1 has a transmembrane helix (TMH), a cytb5
domain as well as one src-homology 3 domain target sequence (SH3) and two src-homology 2 domain target sequences (SH2)
important for interactions with other proteins. B: Structure of dimeric PGRMC1 as solved by Kabe et al. [22], Protein Data
Base-ID: 4X8Y), visualized with the PyMOL software [26] with the axial tyrosine Y113 highlighted in red, and two heme
molecules (one per PGRMC1-monomer) in yellow. The lower panel offers the view on heme stacking between two monomers.
C: Structure of PGRMC1 whole protein predicted with alphafold [27] and visualized with PyMOL, image created with
BioRender. All structures have the same color coding as the primary structure in A.

Importantly, PGRMC1 exhibits several phosphorylation sites which are differentially
phosphorylated in vivo. Moreover, PGRMC1 exhibits two casein kinase (CK) phosphorylation
sites (S57 and $181) in close proximity to the SH-domains which putatively influence the ability

of PGRMC1 to interact with other proteins and may thereby regulate its function [25].

It is mainly expressed in mammalian liver and kidney, but can also be found in the brain,
breast, reproductive tissue, heart, pancreas and other organs [5]. PGRMC1 has been mostly
described in the endoplasmic reticulum, and this localization is the one with the highest

consent among researchers [12]. Additionally, PGRMC1 has been found in the nucleolus [28],
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in the cytoplasm [18] and in the mitochondrial membrane [29], emphasizing its potentially
distinct functions. In the endoplasmic reticulum membrane, PGRMC1 mostly demonstrated a

type 1 topology, presenting the C-terminus to the cytoplasm (Figure 1C) [12].

4.3. PGRMC1 - Associated Pathways

4.3.1. Impact on Heme Metabolism

Given the conserved structural motifs of PGRMC1 and ubiquitous presence of its homologs in
(primitive) eukaryotic organisms, its primary function in cellular biology was hypothesized to
concern basic cellular features like membrane trafficking and/or heme metabolism [12].
Indeed, PGRMC1’s cytb5-like domain allows heme chelation, which has been demonstrated
for murine PGRMC1 [30], rat PGRMC1 [31], human PGRMC1 [22] and for the yeast homolog
Dap1l in vitro [32]. The occupation of PGRMC1 molecules with heme was reported to be
around 0.6, indicating the existence of both the apo-PGRMC1 (without heme) and the holo-
PGRMC1 (coordinating heme) [31]. Since heme is coordinated by only one axial ligand (Y113),
the opposite axial site remains free to interact with other partners and potentially for

dimerization, as demonstrated by Kabe et al. in 2016 and others.

Heme is an iron containing prosthetic group synthesized in the mitochondrial matrix and in
the cytosol in a series of eight reactions and loaded with iron in the last step by the enzyme
ferrochelatase (FECH). This last step is exerted in the mitochondria, where heme can be
directly incorporated into mitochondrial respiratory complexes to serve in the electron
transport chain [33]. However, heme is a nearly ubiquitous prosthetic group of hemoproteins
with catalytic functions outside the mitochondria, e.g. in cytoplasm, in the nucleus, and in
peroxisomes [34]. Heme is transported to respective localizations most likely not by diffusion,
since unbound heme is reactive and may damage the cell by production of reactive oxygen
species (ROS) or by unspecific reactions with cellular lipids. Instead, heme is bound to
transport proteins that deliver it to specific destinations [33]. Intriguingly, the PGRMC1
homolog PGRMC2 has been recently demonstrated to act as a heme chaperone which shuttles
heme from mitochondria to the nucleus [35]. For PGRMC1, a role as a heme chaperone has
been hypothesized multiple times. As reviewed by McGuire et al., the affinity of PGRMC1 for
heme is similar to that of heme carriers, supporting this hypothesis [24]. Furthermore, the
dissociation constant Kq of PGRMC1 is similar to free heme concentration in the cell, indicating

sensitivity of PGRMC1 to cellular heme levels and compatible with description of both apo-
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and holo-PGRMC1 species under physiological conditions [36]. Moreover, the possible heme-

dependent dimerization of PGRMC1 could stabilize heme during transport.

In support of this hypothesis, PGRMC1 has been shown to interact with the iron transfer
enzyme FECH in HEK293 cells [29] and in mouse liver [23]. Using mutant FECH proteins that
mimic different conformations of FECH during the catalytic cycle, PGRMC1 was demonstrated
to bind the enzyme in one specific conformation where heme has been newly synthesized
[29]. In that situation, PGRMC1 could receive heme from FECH and safely transport it to
hemoproteins at distant locations. One class of hemoproteins that interact with PGRMC1 are
cytochrome p450 (CYP450) monooxygenases [22] and the nature of this interaction may be

heme delivery to CYP450 enzymes by PGRMC1.

4.3.2. Interaction with CYP450-Enzymes

CYP450 monooxygenases are heme-binding enzymes responsible for oxidation of
hydrophobic substances and therefore involved in metabolization of endogenous and
exogenous water insoluble molecules. Further, CYP450 enzymes catalyze several reactions in

the synthesis pathway of sterols (e.g. CYP51A1) and retinoids [37].

PGRMC1 was reported to interact with different CYP450 enzymes. For lanosterol
demethylase, CYP51A1, this interaction was demonstrated in different studies, with one
indicating a heme-dependent interaction [22] while conflicting findings indicated a heme-
independent interaction with CYP51A1 and other CYP450-enzymes [23]. Intriguingly,
interaction of PGRMC1 with CYP450 enzymes was not only demonstrated in human cells, but
also for the Schizosaccharomyces pombe PGRMC1-homolog Dapl with two CYP450 enzymes
in the yeast sterol synthesis pathway - Ergll and Erg5 - by Hughes et al. in 2007 [14].
Meanwhile, 19 CYP450 monooxygenases have been identified as potential PGRMC1
interaction partners by co-immunoprecipitation (and mass-spectrometry for one study) in
mouse, human and yeast systems, as reviewed by McGuire et al. [24]. This list is likely not to
be exclusive, since CYP450 expression is tissue-dependent and trigger-dependent for certain
enzymes [38], [39]. Therefore, potential interaction of PGRMC1 with further CYP450 enzymes
in different tissues or under different conditions may be possible. However, the biochemical
nature of these interactions is not elucidated yet; and neither are the binding sites for CYP450
enzymes on PGRMC1 nor the dimerization status of PGRMC1 during those interactions known

[24].
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4.3.3. Impact on Sterol Homeostasis
Since the role of PGRMC1 in cholesterol and steroid synthesis is of special interest for this

study, it shall be elucidated specifically.

Cholesterol homeostasis, involving uptake and export, metabolization, de novo synthesis,
esterification and internalization into membranes, is strictly regulated. De novo synthesis of
cholesterol is initiated by a protein complex including insulin induced gene 1 protein (INSIG),
sterol regulatory element binding proteins (SREBPs), and SREBPs cleavage activation protein
(SCAP) [13]. Under conditions of normal cholesterol levels, the complex consisting of
INSIG/SREBPs/SCAP resides bound to the endoplasmic reticulum in an inactive state. As soon
as sterol concentration drops under a certain level, the complex dissociates, SREBPs are
cleaved by SCAP and escorted through the Golgi apparatus into the nucleus [40]. There,
SREBPs co-activate transcription of sterol regulatory element responsive genes, leading to an
up-regulation of the mevalonate pathway, increased cholesterol synthesis (mediated by
SREBP-2) and fatty acid synthesis (mediated by SREBP-1). In fact, overexpression of SREBP-2
induces 12 genes responsible for cholesterol biosynthesis, including 3-hydroxy-3-
methylglutaryl (HMG)-CoA synthase and HMG-CoA reductase, squalene synthase (FDFT1) and
squalene epoxidase (SQLE) [41].

Interestingly, PGRMC1 has been discovered to directly interact with INSIG and SCAP, being
mutually part of the complex and thereby contributing to cholesterol homeostasis [13].
Moreover, as discussed above, PGRMC1 interacts and activates CYP51A1 [14], an enzyme
induced by SREBP-2 as part of the cholesterol synthesis pathway [41]. Once cholesterol is
synthesized, PGRMC1 also influences its ATP-independent incorporation into the membrane
and its step-wise conversion into estrogens via CYP19A1/aromatase [7]. The latter could
contribute to the pathophysiology of breast cancer and will be discussed in the next section.
In addition, farnesyl-pyrophosphate (FPP), an intermediate in cholesterol biosynthesis, is
required for prenylation of proteins and synthesis of the co-enzymes ubiquinone and heme

[42], closing the circle of heme metabolism.

4.4. PGRMC1 in (Breast) Cancer

4.4.1. Breast Cancer Physiology
In the year 2022, breast cancer had the highest incidence among women with an estimated

number of 2.3 million new cases globally. Among women, breast cancer was also the leading
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cause of cancer death [43]. In order to fight the disease, a deeper understanding of the

molecular mechanisms of cancer formation and metastasis is needed.

Malignant transformation of healthy cells is a multistep process, characterized by acquisition
of unnormal capabilities leading to autonomous cellular behavior. Over the course of lifetime
and under pressure of environmental and intrinsic factors, cells acquire genetic alterations
and epigenetic changes that govern tumorigenesis [44]. Although cancer is a highly
heterogeneous disease, the acquired abnormal capabilities in the transformation process are
shared by most cancers and were postulated as the “hallmarks of cancer” by Hanahan and
Weinberg in 2000. Initially, six features were presented: self-sufficiency in growth-signals,
insensitivity to antigrowth signals, evasion of apoptosis, limitless replicative potential,
sustained angiogenesis and tissue invasion [45]. Meanwhile, these acquired features have
been updated twice by the same authors, and now include 14 hallmarks of cancer [46].
Different cancers fulfil these hallmarks to a different extent and not every tumor subtype
shows specific characteristics like genomic instability or inflammation. Some tumors are
driven by deregulation or mutation of specific oncogenes (e.g. growth factor receptors) [47],
while for other tumors no molecular driver can be identified [48]. Furthermore, loss or
deactivation of characteristic tumor suppressor genes (surveillance genes, regulating e.g. DNA
repair, cellular division and apoptosis) contributes to the tumorigenic cascade [49]. Knowledge

about molecular characteristics of a tumor may provide treatment opportunities.

For breast cancer, classically four different molecular subtypes with characteristic features
were defined, dependent on biomarkers expressed in malignant cells: estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and the
proliferation marker Ki67 as immunohistochemical markers [50] (Table 1). Meanwhile,
emerging data indicated existence of additional subgroups within the classical four, and
cellular plasticity allows a continuous fluidity towards one or another subtype during disease

progression, underlining the heterogeneity of breast cancer [51], [52], [53].
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Table 1: Breast cancer subtypes based on immunohistochemical staining for estrogen receptor (ER), progesterone receptor
(PR), human epidermal growth factor receptor 2 (HER2) and Ki67 as proliferation marker [50].

Subtype ER/PR HER2 Ki67
Luminal A + Not enriched low
Luminal B + Not enriched high
HER2-enriched - enriched high
Triple negative - Not enriched high

The molecular subtype is significantly associated with the course of disease as well as overall
and relapse-free survival [54]. This is due to differences in malignancy between the subtypes
on the one hand, and due to limited therapeutic options for triple negative breast cancer on
the other hand, which are dependent on the expressed and targetable markers. Patients with
hormone dependent luminal subtypes (around 70 % of all breast cancers) with expressed ER
can be treated with endocrine therapy. While the first anti-estrogenic compound used for
breast cancer treatment from the 1970ies — tamoxifen — is a competitive ER inhibitor [55],
modern options additionally include aromatase inhibitors and selective ER degraders [56].
Patients with HER2-expressing cancers are regularly treated with anti-HER2 active agents
(anti-HER2 antibodies, antibody-drug-conjugates and tyrosine kinase inhibitors). The therapy
option of choice for patients with triple negative breast cancer (TNBC) is still mainly

chemotherapy, with some additional options for specific cases [57].

4.5. Role of PGRMC1 in Breast Cancer Associated Pathways

PGRMC1 has been demonstrated to contribute to the development and progression of various
cancers in multiple ways. PGRMC1 mRNA is up-regulated in tumors of lung, head and neck,
renal clear cells and esophagus [58]. On protein level, PGRMC1 was overexpressed in breast
cancer tissues in multiple studies [20], [59], [60], in advanced cervical cancer [61], in lung
cancer, ovarian cancer and head and neck cancer [62] and renal cell carcinoma [63]. Moreover,
the increased expression of PGRMC1 in cancer tissue correlated with a worse prognosis and

outcome for several cancer types, including lung- [62], renal cell- [63] and breast cancer [20].

4.5.1. Breast Cancer and Sterol Homeostasis
Dietary cholesterol has been associated with a risk for several types of cancer, among them

prostate and breast cancer [64], [65], [66], [67]. However, older and recent studies failed to
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provide a clear picture on the relationship between breast cancer risk, tumor initiation and

plasma cholesterol level, providing controversial results [68].

Although the role of cholesterol in the initial formation of breast cancer is not elucidated yet,
clear evidence exists that elevated cholesterol levels contribute to cancer proliferation and
progression, once a tumor is formed. In cell lines as well as in animal models, low density
lipoprotein (LDL) cholesterol promoted cell proliferation and tumor growth [69]. In mice
models, high-fat/high-cholesterol diet resulted in enhanced tumor progression in transgenic
mice spontaneously developing mammary cancer [70], and in immunodeficient mice
orthotopically implanted with the TNBC cell line MDA-MB-231 [71]. Further, several groups
reported that not only plasma cholesterol affects cancer cell proliferation [72], but also
endogenous cholesterol levels can be elevated by cancer cells during cancer progression [73],

[74].

The mode of action of cholesterol on tumor cells is diverse (Figure 2). Since rapidly
proliferating cancer cells have an increased requirement for cholesterol as membrane
component, its abundance may be a limiting factor for tumor growth [75]. Cholesterol is
thought to be stored in intracellular lipid droplets [76]. Incorporated into the plasma
membrane, cholesterol is a major component of lipid rafts - small rigid structures in the
membrane high in saturated fatty acids, which contain a large number of signaling molecules
[77]. Intracellular cholesterol concentration may influence the size and number of lipid rafts
in cell membranes and thereby impact signaling cascades which are initiated at the membrane
[78]. Indeed, cholesterol seems to affect lateral motion of the well characterized oncogenes
epithelial growth factor receptor (EGFR) and HER2 through the membrane [79]. Moreover,
elevated concentrations of cholesterol were reported to enhance activation of
phosphoinositide 3-kinase (PI3K) and the serine/threonine kinase AKT, both downstream

targets of EGFR [75], [80].

Furthermore, cholesterol is a precursor for steroid hormones such as estradiol (E2), which
represents a major growth factor in hormone receptor positive breast cancers [81]. Besides,
a number of biologically active cholesterol metabolites exist, which might partly act as
selective estrogen receptor modulators (SERMs), thereby enhancing cell proliferation and

tumor growth [82] (Figure 2).
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Figure 2: Potential mechanisms by which cholesterol influences breast cancer physiology, based on Nelson et al, 2014 [75].
As membrane component, cholesterol has an impact on membrane abundance and fluidity, and on lipid rafts, thereby
influencing signaling and proliferation. It is furthermore a precursor for steroids and a number of biologically active signaling
molecules. Created with BioRender.

With respect to cholesterol homeostasis, PGRMC1 may co-regulate cholesterol and steroid
synthesis and thereby contribute to cancer pathophysiology. As reviewed above, PGRMC1
associates with the cholesterol-sensing complex Insig/SCAP/SREBP that regulates the
mevalonate pathway [13] and moreover interacts with Cyp51A1, the CYP450 enzyme that
synthesizes the first sterol, lanosterol [22]. Through enhancement of cholesterol production,
PGRMC1 overexpression in breast cancer could lead to increased cancer progression. Further,
PGRMC1 has been shown to associate with the Sigma-2 receptor, a protein that PGRMC1 was
first mistaken for, and the complex increases cellular uptake of LDL [9]. This way, not only

endogenous production but also uptake could potentially be co-regulated by PGRMC1.

4.5.2. PGRMCL1 in Oncogenic Signaling

In breast cancer, the most frequently mutated or deregulated oncogenes are reportedly the
receptor tyrosine kinase HER2, amplified in around 20%-30% of breast cancers [83], the
estrogen receptor alpha (ERa), expressed in hormone receptor positive breast cancers and
mutated in 30% of patients with relapse [84], and the kinases phosphatidylinositol 3-kinase
(P13K) and protein B kinase (AKT), mutated in approximately 45% of breast cancers [85]. ERa

was recently associated with the promotion of translocations and focal amplifications of other
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oncogenes, suggesting estrogen signaling as the mechanistic origin of breast cancer [86]. The
receptor tyrosine kinase EGFR, a frequently activated oncogene in cancers, is expressed in 53%
of breast cancers, mainly in hormone receptor negative subtypes, and associated with a worse
prognosis [87]. For the gene encoding cell-cycle controlling protein cyclin D1, overexpression
and amplification has been demonstrated in around 50% of breast cancers, although the
relation between cyclin D1 expression and malignancy is controversial [88], [89]. These
oncogenes confer proliferative signals to breast cancer cells and promote malignant

transformation and cancer progression.

At the same time, deregulation or mutation of tumor suppressor genes guarding cell cycle,
DNA replication and entrance into apoptosis occur for the tumor suppressors TP53 (around
30% of breast tumors [90]), phosphatase and tensin homolog PTEN (20% of breast tumors [91]
and retinoblastoma (Rb; up to 30% of breast cancers [92]). Additionally, inherited germline
mutations in the tumor suppressor genes breast cancer gene 1 and 2 (BRCA1, BRCA2),
encoding for proteins involved in DNA repair, are associated with a cumulative breast cancer
risk to age of 80 of around 70 % [93]. This list is not exclusive but shall underline the
multifactorial and heterogeneous implications of cellular pathways in breast cancer

progression.

PGRMC1 has been shown to influence some of the above-mentioned pathways in multiple
ways. In two studies, PGRMC1 exhibited a proliferative effect in ERa positive breast cancer
cell line MCF-7 in mouse xenograft models as well as in cell culture, when simultaneously
treated with progestogens [94], [21]. The phosphorylation status of PGRMC1 differs between
ERa positive and negative breast cancers, suggesting a hormone-dependent diversity of
PGRMCl1-related pathways [95]. Furthermore, PGRMC1 has been shown to bind EGFR and
promote signaling, potentially leading to enhanced proliferation in cancer cells [22].
Downstream of EGFR, PGRMC1 is tightly connected to PI3K/Akt pathway, and signaling via
PI3K/Akt is influenced by PGRMC1 phosphorylation [96]. A study in human pluripotent stem
cells (hPSC) revealed that PGRMC1 suppresses both p53 and Wnt/B-catenin dependent
pathways and promotes self-renewal and stemness of hPSC. In addition to p53, Wnt is a well
characterized tumor suppressor gene, which is central in regulation of differentiation [97]. The
implication of PGRMC1 in these mechanisms emphasizes its potential role in cancer

development.
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Taken together, PGRMC1 is involved in conserved cellular functions and key signaling
pathways, suggesting its potential role during deregulation of essential mechanisms in
disease. Although the major function of PGRMCL1 in cellular biology is still subject of research,
it has been associated with Alzheimer’s disease, diabetes and cancer [12]. With respect to
breast cancer, PGRMC1 expression correlates with worse outcomes and increased
aggressiveness, potentially making PGRMC1 a marker of malignancy. A possible link of
PGRMC1 and tumorigenesis could be cross-talk with oncogenic pathways, such as ERa- and
EGFR-signaling. However, the superior role of PGRMC1 in cellular metabolism remains

unclear.

4.6. Aim of the Study
To gain insights into basic PGRMC1 functions and thereby elucidate the mechanism of

PGRMCl1-involvement in breast cancer progression, this study focused on:

1. Analysis of PGRMC1 interaction partners and related pathways, originating from
previous interactome studies performed by Ludescher (née Willibald) [98], with a
special focus on mevalonate and lipid homeostasis;

2. Generation of new PGRMC1-null cellular breast cancer models using CRISPR/Cas9
technology to study potential effects of PGRMC1-deficiency;

3. Employment of all available models to analyze PGRMC1-interaction partners in the
context of ERa-signaling upon stimulation with synthetic progestogens and confirm
PGRMC1-dependent indirect ERa-regulation in hormone receptor positive breast
cancer cells;

4. Expansion of the established findings on PGRMC1 interaction partners to an additional
model, decidualization of endometrial stromal cells, emphasizing the broad context

of PGRMC1’s conserved ancient impact on cellular biology.
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5. PGRMCL1 Interacts with Enzymes in the Mevalonate Pathway (Aim 1)
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5.2. Summary

This study investigates the role of PGRMC1 in breast cancer progression, focusing on its
regulation of lipid homeostasis and involvement in oncogenic signaling pathways. To unravel
PGRMC1’s role in breast cancer progression, identification of PGRMC1 interaction partners
was performed by co-immunoprecipitation and mass spectrometry, followed by functional

analysis of these interactions.

PGRMC1 was detected to associate with enzymes in the cholesterol synthesis pathway,
including CYP51, FDFT1, and SCD1, both in co-immunoprecipitation and proximity ligation
assay. PGRMC1-overexpressing cells further exhibited higher cholesterol and neutral lipid
levels, potentially promoted by the interactions detected before. Of note, levels of estradiol
secreted to the culture medium were increased in PGRMC1-overexpressing cells. Moreover,
overexpression of PGRMC1 enhanced cell proliferation both in vitro and in xenograft mouse
models. Additionally, PGRMC1 influenced the formation of lipid rafts, potentially altering
membrane receptor composition. In line with this finding, PGRMC1-overexpression led to
enhanced EGFR and ERa signaling—key pathways in breast cancer progression. Importantly,
depleting cholesterol through statin treatment reverted the growth advantage conferred by
PGRMC1 overexpression, indicating that lipid metabolism was central to PGRMC1’s oncogenic

effects.

In conclusion, PGRMC1 promoted cancer cells proliferation by modulating cholesterol
metabolism, lipid raft formation, and activating ERa and EGFR signaling. These findings
suggest that targeting PGRMC1 or cholesterol synthesis pathways could provide novel

therapeutic strategies for hormone receptor-positive breast cancer.
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Abstract

Background: PGRMC1 (progesterone receptor membrane component 1) is a highly conserved heme binding
protein, which is overexpressed especially in hormone receptor-positive breast cancer and plays an important role
in breast carcinogenesis. Nevertheless, little is known about the mechanisms by which PGRMC1 drives tumor
progression. The aim of our study was to investigate the involvement of PGRMCT1 in cholesterol metabolism to
detect new mechanisms by which PGRMC1 can increase lipid metabolism and alter cancer-related signaling
pathways leading to breast cancer progression.

Methods: The effect of PGRMC1 overexpression and silencing on cellular proliferation was examined in vitro and in
a xenograft mouse model.

Next, we investigated the interaction of PGRMC1 with enzymes involved in the cholesterol synthesis pathway such
as CYP51, FDFT1, and SCD1. Further, the impact of PGRMC1 expression on lipid levels and expression of enzymes
involved in lipid homeostasis was examined. Additionally, we assessed the role of PGRMC1 in key cancer-related
signaling pathways including EGFR/HER2 and ERa signaling.

Results: Overexpression of PGRMC1 resulted in significantly enhanced proliferation. PGRMC1 interacted with key
enzymes of the cholesterol synthesis pathway, alters the expression of proteins, and results in increased lipid levels.
PGRMC1 also influenced lipid raft formation leading to altered expression of growth receptors in membranes of
breast cancer cells. Analysis of activation of proteins revealed facilitated ERa and EGFR activation and downstream
signaling dependent on PGRMC1 overexpression in hormone receptor-positive breast cancer cells. Depletion of
cholesterol and fatty acids induced by statins reversed this growth benefit.
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cancer signaling pathway

Conclusion: PGRMC1 may mediate proliferation and progression of breast cancer cells potentially by altering lipid
metabolism and by activating key oncogenic signaling pathways, such as ERa expression and activation, as well as
EGFR signaling. Our present study underlines the potential of PGRMCT1 as a target for anti-cancer therapy.

Keywords: PGRMC1, Breast cancer, Tumor progression, Cholesterol, Lipids, Estrogen receptor a, HER2, EGFR, Breast

Background

With approximately 25% of all new cancer cases, breast
cancer is the most common cancer in women [1] and re-
sponsible for the highest fraction of cancer death [2].
Therefore, the investigation of underlying mechanisms
on molecular levels and the discovery of new therapy ap-
proaches are research goals of utmost significance.

Progesterone receptor membrane component 1
(PGRMC1) is a highly conserved protein, which is pri-
marily found in the liver and kidney but also expressed
in various tissues such as brain, breast, lung, pancreas,
and reproductive tissues [3-5].

PGRMCI1 has been confirmed to play a role in carcino-
genesis especially in breast cancer and may therefore rep-
resent a target for cancer therapy [6]. In many studies,
upregulation of PGRMC1 protein and mRNA was de-
tected in malignancies including colon, lung, ovary, cervix,
and breast [7—11]. Besides, PGRMCI1 expression correlates
with metastasis to lymph nodes, larger tumor size, and
poorer overall- and tumor-free survival [9, 12]. Further,
interactions of PGRMCI1 or its homologous proteins with
cytochrome P450 enzymes (CYPs) have been reported, for
example by stably binding heme in its cytb5 related do-
main [3, 5, 13-15]. PGRMCI1 leads to resistance against
chemotherapeutic agents like doxorubicin, cisplatin, and
paclitaxel [13, 16, 17]. Moreover, different authors discuss
an involvement of PGRMC1 in cholesterol synthesis via
interaction with CYPs [3, 5, 18]. The role of cholesterol in
cancer is still not fully evaluated. Many studies describe an
association of high plasma and endogenous cholesterol
levels with (breast) cancer development and progression
[19-21], pointing towards a major role in cancer. Elevated
cholesterol and steroid levels may affect carcinogenesis in
different ways, e.g., in saturating the increased require-
ment for membrane components due to abundant cell
growth [22]. Furthermore, high cholesterol levels result in
an increase in the size and number of lipid rafts. Since
lipid rafts contain several signaling molecules, differences
in lipid rafts are modulating signaling cascades [23, 24],
such as EGFR and HER? signaling and expression [25]. In
addition, cholesterol is the precursor of steroid hormones
like estradiol (E2), the important growth factor for hor-
mone receptor-positive breast cancer [26].

The aim of the present study was to investigate the
impact of PGRMC1 on lipid metabolism, lipid raft
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formation, and its contribution to breast cancer progres-
sion and cancer-associated signaling pathways in hormone
receptor-positive (MCF7) and hormone receptor-negative
(MDA-MB-231) cells. For this purpose, interaction of
PGRMCI1 with enzymes of the mevalonate pathway was
evaluated. Subsequently, effects of PGRMCI1 expression
on cholesterol and lipid levels were investigated. A
special focus was placed on PGRMCI-dependent
expression and signaling of ERa and EGFR/HER2. To
explore the impact of modified lipid and steroid
metabolism (due to PGRMCI1 expression), breast can-
cer cell growth was further explored by PGRMCI1
overexpression and -silencing.

Methods

Cells and cell culture

MCF7, T47D, and MDA-MB-231 cells were purchased
from the ATCC (Manassas, Virginia). Cells were main-
tained in RPMI 1640 medium (Thermo Fisher Scientific,
Waltham, Massachusetts), supplemented with 10% (v/v)
fetal bovine serum (Thermo Fisher Scientific, Waltham,
Massachusetts), 100 units/mL  penicillin/streptomycin
(Thermo Fisher Scientific, Waltham, Massachusetts),
and 0.025 mol/L HEPES (Thermo Fisher Scientific, Wal-
tham, Massachusetts) in a humidified incubator at 37 °C
with 5% CO,. Cells (passage number < 25) were authen-
ticated regularly by Microsynth AG  (Balgach,
Switzerland) using STRS analysis. The last authentica-
tion was performed on May 22, 2018.

Transfection of cell lines

Cells were transfected with the expression vector
pcDNA3.1/Hygro(+) (Thermo Fisher Scientific, Wal-
tham, Massachusetts), containing 3x HA-tagged (3x hu-
man influenza hemagglutinin-tagged) PGRMCI, using
Lipofectamine™ 2000 transfection reagent (Thermo
Fisher Scientific, Waltham, Massachusetts) (MCF7/
PGRMC1, T47D/PGRMC1 and MDA-MB-231/
PGRMC1). As a control, we used cells transfected with
the “empty” vector (MCF7/EVC, T47D/EVC, and MDA -
MB-231/EVC). Stable transfection was verified by PCR,
western blot, and immunofluorescence staining, to iso-
late PGRMC1-over-expressing clones.
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siRNA silencing of endogenous PGRMC1

For silencing of endogenous PGRMC1 in MCEF7 cells,
FlexiTube GeneSolution for PGRMC1 (Qiagen, Hilden,
Germany) was used, containing four siRNAs that specif-
ically target human PGRMC1 mRNA. Cells were har-
vested after cultivation for 24 'h, 48 h, and 72h at 37°C
to verify silencing by western blot analysis.

For MTT assays, cells were pre-incubated with siRNA
against PGRMCI for 24 h at 37°C in cell culture flasks
to silence the endogenous protein. Subsequently, the
cells were seeded in 96-well plates and again treated
with siRNA. Cell viability was measured after 24 h, 48 h,
and 72 h at 37 °C of incubation.

MTT assay

Cells (5 x 10* cells per well) were seeded in triplicates in
96-well plates in complete medium. Cells were either
grown (for different timespans) in full medium without
or with treatment. Afterwards cells were incubated with
0.25 mg/ml MTT solution for 3h. After 1h of incuba-
tion with DMSO, absorption at 540 nm was determined
with TECAN Spark®.

Quantification of lathosterol and cholesterol

Cholesterol and lathosterol were quantified by gas
chromatography-mass spectrometry analysis as de-
scribed previously (Maier et al, 2009), with minor
modifications.

Western blot analysis

Samples for western blot analysis and the respective mo-
lecular weight marker were loaded onto Mini-
PROTEAN?" Precast Gel and separated via SDS-Page at
150 V. We activated the PVDF membrane with metha-
nol. Transmission of proteins was performed for 16 h at
4°C and 10 mA in blotting buffer. Afterwards, unspecific
binding was blocked by incubation of the PVDF mem-
brane with the transferred proteins with blocking solu-
tion for 1h at room temperature. Primary antibody in
respective concentration was added in blocking solution
and incubated for 16 h at 4 °C. Subsequently, a second-
ary antibody was applied in 20% blocking solution at
room temperature. Proteins were detected using Amer-
sham™ ECL™ Western Blotting Detection Reagent.

Co-immunoprecipitation

Immunoprecipitation of HA-tagged PGRMC1 and HA-
tagged PGRMCl1-variants was performed using the
Pierce™ HA-Tag IP/Co-IP Kit according to the manufac-
turer’s instructions. Cells overexpressing GFP-tagged
PGRMC1 were used as a negative control. Cell pellets
were resuspended in Co-IP lysis buffer. An amount of
500-pug protein was incubated with anti-HA agarose
slurry at 4°C overnight. For elution, proteins were

28

Page 3 of 16

denatured in sample buffer at 95°C for 5min and the
eluent was supplemented with 1 M DTT. The elution of
PGRMCI1 and mutual interaction partners was analyzed
directly via mass spectrometry (explained in the supple-
ments), SDS-PAGE, and western blot.

Proximity ligation assay (PLA)
The PLA procedure was performed using the Duolink®
PLA Kit. Cells were grown in chamber slides. Incubation
with the primary antibody cocktail containing anti-
PGRMCI1 antibody and antibody against one of the pos-
sible interaction partners (or rabbit isotype IgG as nega-
tive control) was performed overnight at 4 °C.
Additionally, staining with anti-cytokeratin antibody
for 1h was performed after amplification. Afterwards,
cells were stained with DAPI for 10 min and analyzed by
fluorescence microscopy within 1 week.

Reverse phase protein array (RPPA)
RPPA using Zeptosens technology was used for analysis
of signaling protein expression and activity profiling.
RPPA assay images were analyzed using ZeptoVIEW
Pro 3.1 array analysis software. Sample signals were
quantified as protein-normalized, blank-corrected mean
fluorescence intensities (NFI) of the single spots applying
linear fits and interpolation to the mean of the four
printed sample dilutions (eight spots per sample).

qRT-PCR

RNA was isolated from a cell pellet of 0.5 x 10° cells
using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s specifications.

Reverse transcription of RNA into ¢cDNA was per-
formed with the Omniscript RT kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
For qPCR, QuantiFast SYBR Green PCR kit (Qiagen,
Hilden, Germany) and RT [2] qPCR Primer assays for
ESR1, HER2, TFF1, Myc, CCNDI1, PGR, SCD, FASN,
HMGS1, SREBF1, SREBF2, LDLR, ACATI1, and PDH
(Qiagen, Hilden, Germany) were used according to the
manufacturer’s specifications. qPCR was performed
using the LightCycler” 480 System (Roche, Penzberg,
Germany).

Estradiol ELISA
Supernatants of MCF7/EVC and MCF7/PGRMC1 cells
were analyzed for 17f-Estradiol (E2) concentrations
using a commercially available kit (ab108667, Abcam
plc, Cambridge, UK) according to the manufacturer’s
specifications.

Staining for lipid rafts and HER2
Co-staining of HER2 with lipid rafts was performed in
PGRMCI1 overexpressing MCF7 and MDA-MB-231 cells
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and their respective empty vector controls. Cells were
seeded in a chamber slide for 24 h. Afterwards, the
medium was removed, and the cells were incubated for
another 24 h with medium containing stripped FCS and
were then incubated for 24h with medium containing
normal FCS. Staining of lipid rafts was performed using
Vybrant™ Alexa Fluor™ 488 Lipid Raft Labeling Kit.
Afterwards, cells were fixed with 4% formaldehyde for
10 min. DAKO® protein block was used to block unspe-
cific binding sites for 1h. Following this, cells were
stained with antibodies specific for HER2 (ab16901) over
night at 4°C followed by an anti-mouse secondary-
antibody (Alexa Fluor 549 labeled) for 1h. As negative
control mouse isotype IgG was used. After this, staining
with DAPI was performed. Subsequently cells were ex-
amined by fluorescence microscopy using Axioplan 2
Imaging (Carl Zeiss Microscopy GmbH, Jena, Germany).
For analyzing the amounts of lipid rafts and HER2 via
flow cytometry, cells were seeded in culture flasks and
synchronized as described above. Staining and fixation
was performed as described above. The emission (488
nm wavelength) was detected via high throughput flow
cytometry (CyAn, Beckman Coulter, Brea, USA).

Staining of lipid droplets

For visualizing of lipid droplets in PGRMC1 overex-
pressing MCF7, T47D, and MDA-MB-231 cells and
their respective empty vector controls via fluorescence
microscopy, the cells were grown in chamber slides for
24 h. Afterwards cells were stained with BODIPY™ 493/
503 (Sigma-Aldrich, St. Louis, Missouri) solubilized in
FCS-free medium and 2% BSA for 30 min. Cells were
fixed with 4% formaldehyde for 10 min, stained with
DAPI, and examined by fluorescence microscopy. For
analyzing amounts of lipid droplets via flow cytometry,
cells were grown for 24h and harvested with trypsin.
Staining was performed as described above. The emis-
sion (488-nm wavelength) was detected via high
throughput flow cytometry (CyAn, Beckman Coulter,
Brea, USA).

Scatter plots of breast cancer microarray data

We obtained normalized microarray data (Affymetrix
Human Genome U133A Array) from the Gene Expres-
sion Omnibus (GEO, NCBI) [27]. The samples were nor-
malized using global scaling by the data set authors. We
confirmed the value distribution using mean values and
boxplots. Technical replicates were averaged. The values
of a selected panel of reporters were correlated against a
PGRMCI1 reporter utilizing Spearman’s correlation.

Xenograft models
NOD.CB17-Prkdc*“™® (SCID) mice (female, 6-weeks old)
were obtained from the Jackson Laboratory (Bar Harbor,

29

Page 4 of 16

Maine) and were bred in the SPF animal facility of the
Institute of Genetics at the Biological Research Centre,
Szeged, Hungary. Young adult SCID female mice were
transplanted subcutaneously in the flank with 17p-
estradiol pellet (containing biodegradable carrier-binder,
1.7 mg/pellet, 60-day release; SE-121, Innovative Re-
search of America, Sarasota, Florida) under pentobar-
bital anesthesia. The next day, the mice were injected
subcutaneously with 3 x 10° tumor cells in the opposite
flank. The mice were checked daily, and the tumor size
was measured twice weekly. At the end of the experi-
ment, the animals were euthanized, by pentobarbital
overdose, and the tumors dissected.

Treatment with simvastatin

For treatment with simvastatin, cells (10° cells per well)
were seeded in 96-well plates in complete medium for
24 h/37 °C. Afterwards, the medium was removed and
the cells were incubated with 100, 50, 25, 12.5, 6.25, and
3.125 pg/mL simvastatin for MCF7 cells and 20, 10, 5,
2.5, 1.25, and 0.625 pg/mL simvastatin for MDA-MB-
231. MTT assays were performed after 24 h, 48 h, and
72 h.

Statistical analysis

All experiments were performed with several independ-
ent biological replicates and repeated a minimum of
three iterations. Results are reported as means with
standard deviation. The data were tested for normal dis-
tribution using Shapiro-Wilk and Kolmogorov-Smirnov
test. Differences between groups were determined by un-
paired Student’s ¢ test. Statistical analysis was performed
using R (RStudio) and IBM SPSS. Spearman’s p was cal-
culated in R using normalized microarray data and was
plotted as a scatterplot using the ggpubr R library. p <
0.05 was considered as statistically significant.

Results

PGRMC1 promotes viability of breast cancer cells and
growth of xenograft tumors while PGRMC1 inhibition and
downregulation reduce viability of breast cancer cells

As already shown in previous studies by us and others,
PGRMC1 overexpression results in increased prolifera-
tion of tumor cells [28—30]. In accordance with these re-
sults, in our study, MCF7/PGRMC1 and T47D/
PGRMC1 cells also profit from a significantly higher via-
bility compared to the respective empty vector control
cells (Fig. 1b, supplemental Figure 1A). For MDA-MB-
231 cells overexpressing PGRMCI1, no such effects can
be observed (Fig. 1b). To further strengthen our theory,
we examined the impact of PGRMCI1 silencing on tumor
proliferation by knocking down endogenous PGRMCl1
expression. As hypothesized, the knockdown of PGRMC1
led to significantly decreased viability of MCF7 and T47D
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Fig. 1 a Cell viability of MCF7/EVC and MCF7/PGRMC1 cells as well as MDA-MB-231/EVC and MDA-MB-231/PGRMC1 cells (n = 3). Viability was
analyzed by MTT assay at t=0h, 24 h, 48 h, 72 h, and 96 h/37 °C. Values were normalized to t=0 (100%). *p < 0.05, **p < 0.01 (Student's t test, n=
3). b Cell viability of MCF7 and MDA-MB-231 cells, treated with siRNA against PGRMCT (siPGRMC1) and scrambled siRNA (siControl) (Student's ¢
test, n = 3). Viability was analyzed at t=0h, 24 h, 48 h, and 72 h/37 °C. Values were normalized to t =0 (100%). *p < 0.05, **p < 0.01 (Student's ¢
test, n=3). ¢ Tumor volumes of immunodeficient mice bearing human breast cancer MCF7/EVC and MCF7/PGRMC1 xenografts. ***p < 0.001,
**¥%n < 0.0001 (Student’s t test, n=11 mice each group). Images of tumor tissue dissected from each mouse

cells but not of MDA-MB-231 cells (Fig. 1a, supplemental  investigated effects of PGRMCI1 overexpression on
Figure 1B). MCEF7 and T47D breast cancer cell growth in a xeno-

To validate and strengthen the in vivo findings of graft model. On that account, MCF7/PGRMC1 and
Ruan et al. [30], to verify “our” cell models but also to  T47D/PGRMCI cells were injected into the flanks of im-
extend the data to other ER-positive BC cells, we munodeficient mice. As control, we used EVC cells.

30



Asperger et al. Breast Cancer Research (2020) 22:75

Subsequently, the size of the developed tumor mass was
measured. As assumed, mice injected with PGRMC1
overexpressing breast cancer cells matured significantly
larger tumor masses, than mice injected with the re-
spective EVC cells (Fig. 1c, supplemental Figure 1C).

PGRMC1 interacts with proteins of the mevalonate
pathway

As already shown in previous studies from different re-
search groups, PGRMC1 might regulate cholesterol syn-
thesis in different ways, e.g., by activating enzymes of the
mevalonate pathway like CYP51/lanosterol demethylase
or by binding to the proteins Insig and Scap, which span
the endoplasmic reticulum and sense cholesterol levels
[31, 32]. In our present study, we focused on this regu-
lating influence and its possible involvement in PGRM
Cl-induced breast cancer promotion.

In order to get a broader view about the role of PGRM
C1 in this context, we screened for potential PGRMC1
interaction partners by mass spectrometry analysis of
proteins co-immunoprecipitated from whole cell lysates
of MCF?7 cells that had been transfected with PGRMC1-
HA, utilizing an antibody directed against the HA-tag
(Fig. 2a). Among proteins with higher significance, we
found various potential interaction partners involved in
the mevalonate pathway (e.g, SCD1, FDFT1, and
CYP51A1) and cellular transport processes such as
vesicle trafficking (e.g., Coatomer subunit beta and Coat-
omer subunit gamma-1) and nuclear export or import
(e.g., Exportin-1, Exportin-2, Exportin-5, Exportin-7 or
Importin-4 and Importin-5) processes. Since SCDI,
FDFT1, and CYP51A1 indicate a high evidence for pro-
tein interaction with PGRMC1 and since they play an
important role in cholesterol metabolism, we scrutinized
these interactions. Interaction of PGRMC1 with SCD1,
FDFT1, and CYP51A1 was confirmed by immunopreci-
pitating PGRMC1-HA in MCF7/PGRMCI1 cells and by
subsequently visualizing the respective interaction part-
ners via western blot (Fig. 2b). To verify the observed in-
teractions in different cell lines independently of PGRM
C1 overexpression and immunoprecipitation, we per-
formed proximity ligation assay of candidate proteins
with endogenous PGRMC1 in MCF7 (Fig. 2c¢) and
MDA-MB-231 cells (supplemental Figure 1B). Interac-
tions between PGRMCI1 and the respective enzymes are
represented by single spots in fluorescence microscopy.
While in MCF7 cells, a high number of spots per cell
were visible for the interaction with CYP51, FDFT1, and
SCD1, the low number of spots in MDA-MB-231 cells
indicated no or little interaction (Fig. 2d). Interactions of
PGRMC1 with FDFT1 and SCD1 were also observed in
T47D cells (supplemental Figure 2B,C). Western blot
analysis of protein expression of SCD1, FDFT1, and
CYP51 revealed higher CYP51 and SCD1 protein levels
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in MCF7/PGRMCI1 cells compared to MCF7/EVC, while
no difference in MDA-MB-231/PGRMCI1 cells could be
observed compared to MDA-MB-231/EVC cells (Fig. 2e).
These results implicate not only a direct interaction of
PGRMC1 with SCD1, FDFT1, and CYP51, but also an
increased PGRMC1-driven upregulation of these en-
zymes in estrogen receptor-positive cells, that appeared
absent in hormone receptor-negative cells.

Overexpression of PGRMC1 leads to higher levels of
cholesterol in hormone receptor-positive breast cancer
cells

We hypothesized that the interaction of PGRMC1 with
enzymes of the mevalonate pathway might alter their
function and thus affects cholesterol synthesis, resulting
in elevated cholesterol levels, which may provide energy
and components supporting cancer metabolism. There-
fore, we measured intracellular cholesterol levels in syn-
chronized PGRMC1 overexpressing and empty vector
control MCF7 and MDA-MB-231 cells via mass spec-
trometry (Fig. 2f). Overexpression of PGRMC1 in MCF7
cells caused a significant increase (p < 0.05) of intracellu-
lar cholesterol levels compared to the empty vector con-
trol, while no difference in MDA-MB-231/PGRMC1
cells was observed (Fig. 2f). Additionally, levels of lathos-
terol, a precursor of cholesterol, were measured (Fig. 2f).
For MCF7/PGRMCI1 cells, we detected a significantly
decreased ratio compared to MCF7/EVC cells. Interest-
ingly, a significantly decreased ratio of lathosterol/chol-
esterol in MDA-MB-231/PGRMC1 cells was observed
compared to MDA-MB-231/EVC cells, pointing towards
a small influence of PGRMCI on cholesterol de novo
synthesis in these cells. The data reveal an impact of
PGRMCI1 on de novo synthesis of cholesterol regarding
cholesterol levels and enzymatic turnover.

Upregulation of ERa, ERa downstream targets, and E2
levels mediated by PGRMC1

Since cholesterol is the precursor for steroid hormones,
we assumed that enhanced cholesterol synthesis may
affect E2 levels. E2 plays an essential role in hormone
receptor-positive breast cancer, e.g., by activating ERa
which is leading to tumor proliferation. E2 levels were
determined in the supernatant of MCF7/PGRMCI1 cells
by ELISA (Fig. 3a). Consistent with the higher amounts
of cholesterol in MCF7/PGRMCI cells, we found signifi-
cantly increased levels of E2 in the supernatant of
MCF7/PGRMCL1 cells in comparison to MCF7/EVC
cells. To analyze the effect of higher E2 levels in MCF7/
PGRMC1 cells on breast cancer signaling, we deter-
mined the expression of different proteins known to play
a role in key signaling cascades in breast cancer via re-
verse phase protein array technology (RPPA) (Fig. 3b).
RPPA analysis revealed significantly (p <0.05) elevated



Asperger et al. Breast Cancer Research (2020) 22:75

Page 7 of 16

A D
Nucleus Cytokeratin PGRMC1/FDFT1 Composite
10 1
&
.
LDI .«
<g . . b
ﬁ . o° e @ o Nucleus Cytokeratin PGRMC1/SCD1 Composite
.
=2 o 'G-f's- M .
g 2PV e e CYPSIAL
561 % o CFDFT1 5
o ¢ Ne
g &
T 5CD1 ~ —
- . [ " .
“» 4 1 ° @] Nucleus Cytokeratin PGRMC1/CYP51 Composite
= : =
[
©
Qo
o
- — e —
0 Nucleus Cytokeratin PGRMC1/rb 1gG Composite
5 10 »
HA/GFP Ratio
B E
g g . EVC PGRMC1 . EVC PGRMC1
&
q(7 qé}- 250% o * *kk * 250% 4
L & - - —
L \g
o X . 200% 1 200% 1
= =
FDFT1 5 E &5
2 150% E‘g 150%
o} =z
_ s =3
CYP51A1 s0% 0% |
i 0% - 0%
PGRMC1 Cyps1  FDFT1  SCD1 Cypsi  FDFT1  SCD1
C F
. MCF7 MDA-MB-231 . EVC PGRMC1 . EVC PGRMC1
20% 40 125% 4 - *
* 2 — —
o *kkk ) - B
=1 K i<
R I S 30 T 100% 1
3 g K] -
fT 3 % 75% I
S 10% E 20 I g
g g S 50%1
T % 8 10 2
8 g z‘_: 25%
0% 0 0%
CYP51 scb1 FDFT1 MCF7 MDA-MB-231 MCF7 MDA-MB-231
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expression of ERa in MCF7/PGRMCI1 cells compared to
MCEF7/EVC cells (Fig. 3b). Subsequently higher levels of
HER2 and c-Myc proteins, whose expression depend on
the transcriptional activity of ERa, were observed while
c-Fos and PR levels were not altered (Fig. 3b). To verify
the results from RPPA, western blots were performed to
detect protein expression of ERa, HER2, and c-Myc
(Fig. 3c). In MCF7/PGRMCI1 cells, expression of ERq,
HER?2, and c-Myc is increased. Because E2 activates ERa
and our previous studies have demonstrated higher E2

levels in MCF7/PGRMCI1 cells compared to MCF7/EVC
(Fig. 3a), we analyzed ERa phosphorylation at S118
(ERa-P-S118), which was also significantly increased
(p <0.01) in MCF7/PGRMCI cells compared to MCF7/
EVC (Fig. 3c). Additionally, we performed qPCR analysis
of mRNA expression for ESR1, Tffl, HER2, CCNDI,
Myc, and PGR in the PGRMCI1 overexpressing cell lines
in comparison to the empty vector control (Fig. 3d, sup-
plemental Figure 3B). In MCF7/PGRMC1 and T47D/
PGRMC1 we detected higher mRNA levels for ESR1 and
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the ERa-dependent gene trefoil factor 1 (Tffl1), CCND1
and Myc as reporter genes for ERa activation compared
to MCF7/EVC and T47D/EVC. Interestingly, mRNA
levels of PGR were significantly lower in the PGRMC1
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overexpressing cells compared to their empty vector
control. To further consolidate our hypothesis, we sig-
nificantly silenced (p <0.01) PGRMC1 expression by
siPGRMC1 (Fig. 3e). As expected, the expression of ERa,
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ESR1, and Tff1 were significantly downregulated (Fig. 3e),
albeit no significant upregulation was detected for
mRNA levels of HER2 pointing towards a post-
transcriptional regulation of HER2 levels by PGRMC1
(Fig. 3e). In accordance, western blot analysis revealed
decreased expression of ERa and HER2 in MCF7/
siPGRMC1 (Fig. 3f). Previous studies revealed that
HER2 overexpression causes deformation of the cell
membrane and a subsequent disruption of epithelial fea-
tures independent of receptor signaling [25, 33]. We
demonstrated higher HER2 expression on the surface of
non-permeabilized MCF7/PGRMC1 cells compared to
MCEF7/EVC cells using flow cytometry (Fig. 3g). Simi-
larly, HER2 levels were reduced on the surface of
MCF7/siPGRMC1 cells (Fig. 3h). MDA-MB-231/
PGRMCI1 cells even showed lower expression of HER2
compared to MDA-MB-231/EVC cells (Fig. 3g).

PGRMC1 overexpressing breast cancer cells show higher
amounts of neutral lipids and lipid droplets

Lipid droplets recently emerged as new organelles not
only due to their role in energy storage, but also as mod-
ulators of cell signaling and lipid homeostasis in several
diseases including breast cancer [34—36].

By altering cholesterol levels in breast cancer cells,
PGRMCI1 could have a major influence on tumor growth
via an enhanced lipid droplet formation in hormone
receptor-positive breast cancer. To quantify the amount
of neutral lipids, PGRMCI1 overexpressing cell lines and
their respective empty vector control were examined by
BODIPY® staining of neutral lipids respectively lipid
droplets. Subsequent flow cytometry analysis showed
that PGRMC1 overexpressing hormone receptor-
positive cells have a significantly higher amount of neu-
tral lipids in comparison to the empty vector control
(Fig. 4a, supplemental Figure 4A). Interestingly, we
found significantly lower levels of lipids in MDA-MB-
231/PGRMCI1 cells compared to MDA-MB-231/EVC
(Fig. 4a). Our results point towards an upregulation of
lipid synthesis due to PGRMCI1 overexpression in hor-
mone receptor-positive breast cancer, which might lead
to enhanced tumor growth.

PGRMC1 fuels endogenous lipid synthesis and lipid
uptake and upregulates enzymes of the cholesterol
metabolism
Besides the direct interaction of PGRMC1 with enzymes
of the mevalonate pathway, the influence of PGRMC1
on lipid metabolism might be explained by increased
mRNA expression of enzymes involved in endogenous
and exogenous lipid metabolism.

Quantitative PCR analysis revealed increased levels of
mRNA for SREBF1, SREBF2, LDLR, HMGSI1, SCD,
FASN, and ACAT1 in MCF7/PGRMCI1 cells compared
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to MCF7/EVC cells (Fig. 4b, supplemental Figure 4B).
These enzymes are not only key players in cholesterol
and fatty acid synthesis, but also upregulated in breast
cancer and they are associated with a worse outcome. In
MDA-MB-231 cells, PGRMCI1 overexpression did not
result in higher expression of the abovementioned pro-
teins (Fig. 4b). To show the increasing effect of PGRM
C1 on expression of enzymes of the lipid metabolism,
we obtained normalized microarray data of 63 hormone
receptor-positive breast cancers tissue samples [37].
Spearman’s correlation between the PGMRCI1 expres-
sion level and various expression levels of proteins
(FASN, FDFT1, HMGCS1, HMGCR, LDLR, SCD) indi-
cated positive correlations between PGRMC1 and the re-
spective enzymes in luminal A breast cancer tissue
samples (Fig. 4c). Our findings advert to a complex and
diverse impact of PGRMC1 on lipid homeostasis in
breast cancer.

PGRMC1 enhances expression of lipid rafts in cell
membranes of breast cancer cells

Lipid rafts are cholesterol-rich microdomains in cell
membranes, which have functions in cell proliferation
and growth, membrane trafficking, metastasis, and apop-
tosis [23, 24, 38]. Furthermore, lipid raft formation in
cell membranes is influenced by FDFT1 activity [39].
Since lipid rafts play a role in breast cancer progression
and due to the fact that (a) PGRMCI1 overexpressing
hormone receptor-positive breast cancer cells have
higher amounts of cholesterol and that (b) PGRMC1 in-
teracts with FDFT1, we determined the abundance of
lipid rafts in MCF7 and MDA-MB-231 cells with PGRM
C1 overexpression and respective empty vector control
as well as in MCF7 cells treated with siRNAs directed
against PGRMCI1, to knockdown PGRMC1 (Fig. 4d).
Cells were stained with Vybrant™ Alexa Fluor™ 488 Lipid
Raft Labeling Kit and detected by flow cytometry.
MCEF7/PGRMCI1 cells showed significantly higher levels
of lipid rafts compared to the respective empty vector
control (Fig. 4d, upper). In addition, we found signifi-
cantly lower expression of lipid rafts when endogenous
PGRMC1 was knocked down in MCEF7 cells (Fig. 4d,
lower). Interestingly, lipid rafts were decreased in PGRM
C1 overexpressing MDA-MB-231 cells (Fig. 4d).

Elevated proliferation mediated by lipid rafts is, among
others, attributed to modulation of signaling functions of
growth factor receptors like the ErbB (HER) receptor
family.

Since we found higher expression of HER2 in the
membrane of PGRMCI1 overexpressing MCF7 cells
(Fig. 3g), we analyzed the HER2 expression in lipid rafts
in more detail.

PGRMC1 overexpressing MCF7 and MDA-MB-231
cells and respective empty vector control cells were co-
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stained for HER2 and lipid rafts (Fig. 4e, supplemental
Figure 3C). Especially in MCF7/PGRMC1 cells, we
found a strong co-localization of HER2 in lipid rafts
(Fig. 4e).

PGRMC1 influences activation of EGFR signaling

Another important member of the ErbB receptor family,
which plays a major role in breast cancer signaling, is
the EGFR. Several studies suggest that PGRMC1 may
promote EGFR phosphorylation and activation [8, 9, 13,
40]. The hypothesis of PGRMC1 enhancing EGFR sig-
naling was investigated by reverse phase protein array
(RPPA) with a focus on phosphorylation of EGFR and
its downstream targets in MCF7/PGRMC1 and MCF7/
EVC cells (Fig. 5a). Our results point towards an in-
creased phosphorylation of EGFR (p-Tyr1068), Akt (p-
Serd73 and p-Thr308), MEK1/2 (p-Ser217/Ser221),
ERK1/2 (p-Thr202/Tyr204), and S6 (p-Ser240/Ser244)
in PGRMC1/MCEF?7 cells compared to EVC cells (Fig. 5a).
In combination with our results from immunofluores-
cence staining, this suggests that there might exist a
powerful link between PGRMCI1 expression and activa-
tion of oncogenic signaling pathways in MCF7 cells
(Fig. 5¢).

To verify the RPPA results, we performed western blot
analysis of EGFR signaling induced with EGF (Fig. 5b).
Phosphorylation of EGFR, Akt, MEK1/2, and ERK1/2
was observed (Fig. 5b). Compatible, significantly elevated
levels of EGFR (p-Tyr1068), Akt (p-Ser473), MEK1/2 (p-
Ser217/Ser221), and ERK1/2 (p-Thr202/Tyr204) were
monitored in MCF7/PGRMCI cells. In contrast, expres-
sion levels of total protein did not vary significantly
(Fig. 5¢). MDA-MB-231 showed no difference in expres-
sion levels of EGFR (p-Tyr1068), Akt (p-Ser473), MEK1/
2 (p-Ser217/Ser221), and ERK1/2 (p-Thr202/Tyr204),
suggesting a subordinated role of PGRMCI1 in EGEFR sig-
naling in triple-negative breast cancer (supplemental Fig-
ure 4A, 4B).

Cholesterol and fatty acid depletion induced by statins
reverses the growth benefit interceded by PGRMC1

Our findings suggest a complex and broad role of
PGRMCI1 in cholesterol and lipid metabolism (Fig. 5d).
Based on our research concerning the influence of
PGRMCI1 on lipid homeostasis and increased viability of
PGRMC1 overexpressing cells, we hypothesized that a
higher lipid synthesis might lead to a survival benefit of
PGRMC]1 overexpressing cells.

To verify this hypothesis, we treated PGRMCI1 overex-
pressing MCF7 and MDA-MB-231 cells and the respect-
ive controls with different concentrations of simvastatin,
a competitive inhibitor of HMG-CoA reductase, and
performed subsequent viability assays (Fig. 5d).
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Interestingly, contrary to expectations, inhibition of
HMG-CoA reductase and following depletion of choles-
terol not only assimilated viability in MCF7/PGRMC1
cells compared to MCF7/EVC cells, but even led to in-
ferior viability. This suggests a higher dependence of
PGRMC1 overexpressing cells on cholesterol. Intri-
guingly, MDA-MB-231 cells with PGRMC1 overexpres-
sion reacted similar to MCF7 cells (Fig. 5d).

Discussion

Although previous studies report on the proliferative ef-
fect of PGRMCI1 in breast cancer, little is known about
the mechanisms by which PGRMCI1 effects carcinogen-
esis. Therefore, our present study focuses on the modify-
ing function of PGRMC1 on lipid metabolism and
oncogenic signaling. Evidence is pointing towards a
meaningful impact of modified lipid metabolism in
breast cancer progression and metastasis [41-44]. Al-
though one of the most relevant mechanisms of energy
usage of cancer cells is their increase in glucose uptake
and their use of non-oxidative glycolysis, also known as
Warburg effect, breast cancer cells upregulate lipid de
novo synthesis and the uptake of free fatty acids and
low-density lipoproteins [44, 45]. Our findings suggest
the function of PGRMC1 as an important enhancer es-
pecially of lipid synthesis resulting in oncogenic signal-
ing and tumor progression. For the first time, we
detected enhanced mRNA expression of proteins regu-
lating lipid synthesis and uptake in PGRMCI1 overex-
pressing hormone receptor-positive MCF7 and T47D
cells resulting in significantly higher lipid levels in
MCEF7/PGRMCI1 and T47D/PGRMCI cells compared to
the empty vector control cells. Further, we could dem-
onstrate that PGRMCI1 interacts with CYP51, FDFTI,
and SCD1, which are major players in lipogenesis. Inter-
estingly, these interactions are less pronounced in
MDA-MB-231 cells. An explanation for the lower inter-
action might be that triple-negative breast cancer cells
have been reported to cover their needs for lipids via the
uptake of exogenous fatty acids in contrast to perform-
ing lipid de novo synthesis [44, 46].

A possible result of the detected interactions between
PGRMC1 and CYP51, FDFT1, and SCD1 could be the
increase of cholesterol and neutral lipid levels in MCF7/
PGRMC1 and T47D/PGRMCI1 cells. Since cholesterol is
the precursor of steroid hormones like estradiol, elevated
levels of cholesterol may subsequently lead to higher
levels of estradiol as indicated by our measurements in
the supernatant of MCF7/PGRMCI1 cells of this sce-
nario. One consequence could be that PGRMCI1 pro-
motes tumor progression by upregulation of ERa
protein and ESR1 mRNA directly via a transcriptional
mechanism or indirectly via elevated steroid synthesis.
Since various studies showed an upregulation of steady-



Page 12 of 16

Asperger et al. Breast Cancer Research (2020) 22:75
P
. MCF7/EVC MCF7/PGRMC1 —
)
o =
s v =
41 »x - z 8
w Q. ~ ~
- E 5 B
§ 34 L g g = =
° *
s - EGF - + - +
s *
2 | ] 1 = [ Srsean (] e
%]
2 14 \ZIMEK]/Z P-Ser217/Ser221 lE] MEK1
o
[ = =] enanrmeoimno
EGFR Akt Akt MEK1/2 Erk1/2 S6 IE] B-actin

(P-Tyr1068) (P-Sera73) (P-Thr308) (P-Ser217/ (P-Thr202/ (P-Ser240/

Lipogenesis

EGFR

Homo /heterod\mer

P-Ser221) P-Tyr204) P-Ser244)
P
yr1058

Ser221
\l/ Thr308
Tyr204
Ser240

Ser244

_> Tumor Progression

11 mcr7

* Direct Interaction

Phosphatic Acid

|

Malonyl-CoA

Saturated FA

Cholesterogenis

ﬁw[mﬂdj scap’ [SREBPP%V
i { J 3K

Acetyl-CoA Acetyl-CoA
l {IHMG-CoAs |
HMG-CoA

|

Farnesyl-PP —> Prenylated Proteins

l FASNT]
1T roemad

PGRMC1

*
l SCDlﬁ . Squalene
ffevs1)
Unsaturated FA
Lanosterol

(é?tcélresteryl_’ Cholesterol +=— Lathosteml/Desmosterolﬂ

MCF7

LF Evc <O PGRMC1

| Z——
Cell Membrane } [ Lipid Droplets \\ [Lipid Rafts ] [Estradiol
T T i

MDA-MB-231

LF Evc <O PGRMC1

100% A 100% o
*kk*k
z z
3 3
£ 50% A S 50% A
0% ey 7 7 7 0% ~tmp 7 7 7 7 7
0 25 50 100 0.50 1.25 2.50 5.00 10.00 20.00
Simvastatin [uM] Simvastatin [uM] (peusdo log2 scale)
Fig. 5 (See legend on next page.)

37




Asperger et al. Breast Cancer Research (2020) 22:75

Page 13 of 16

(See figure on previous page.)

Fig. 5 a Protein phosphorylation of EGFR P-Tyr1068, Akt P-Ser473, Akt P-Thr308, MEK1/2 P-Ser217/Ser221, Erk1/2 P-Thr202/Tyr204, and S6 P-
Ser240/Ser244 analyzed by RPPA. NFI (blank-corrected mean fluorescence intensity) ratio of phospho-protein/total protein was calculated,
normalized to MCF7/EVC, and ratio in MCF7/EVC cells was set to 1. Up-/downregulation of protein phosphorylation in MCF7/PGRMC1 cells was
calculated. *p £0.05, **p <001 (Student's t test, n = 3). b Protein phosphorylation of EGFR P-Tyr1068, Akt P-Ser473, MEK1/2 P-Ser217/Ser221, and
Erk1/2 P-Thr202/Tyr204 verified by western blot analysis. Cells were treated with EGF (10 ng/mL) for 10 min/37 °C. Representative blot of 3
independent analyses. Total protein expression of EGFR, Akt, MEK1/2, and Erk1/2 verified by western blot analysis. Representative blot of 3
independent analyses shown. ¢ PGRMC1 mediates phosphorylation of EGFR and its downstream targets and upregulates E2 levels, ERa
expression, and ERa-target genes. EGFR phosphorylation activates the MAPK signaling cascade (including MEK1/2-, ERK1/2-, and S6-
phosphorylation) and PI3K signaling cascade (including Akt- and S6-phosphorylation). Phosphorylation of S6 induces transcription of genes,
involved in the regulation of cell cycle progression, cell proliferation, and glucose homeostasis. ERa translocates into the nucleus upon ligand-
dependent or ligand-independent activation and acts as a transcription factor to transcribe genes involved in tumor progression. d Overview of
the influence of PGRMCT1 in cholesterol and lipid metabolism. @ MCF7/EVC and MCF7/PGRMCT cells were treated with 100 uM, 50 uM, 25 UM,
12.5 UM, 6.25 uM, and 3.175 uM simvastatin and respective DMSO control. MDA-MB-231/EVC and MDA-MB-231/PGRMCT1 cells were treated with
20 UM, 10 UM, 5 uM, 2.5 uM, 1.25 um, and 0.625 uM simvastatin and respective DMSO control. Viability was analyzed by MTT assay at t =24 h, t=
48h, t =72 h and 37 °C. Depicted are results after 48 h of treatment. Viability is normalized on the DMSO control. p values were adjusted using

the Bonferroni correction (Ngoses = 6; Nreplicates = 9)

J

state ERa levels by long-term exposure to E2 [47], in-
creased levels of ERa plus a simultaneous autocrine/
paracrine activation by E2 may trigger a proliferative
cycle support in tumor growth. For the first time, we
also observed that PGRMCI1 impacts on lipid rafts,
another regulator of cancer progression. Lipid rafts
are important, e.g, in modulation of membrane
geometry, lateral movement of molecules, and signal
transduction [23, 48]. We observed increased lipid
raft formation in PGRMC1 overexpressing hormone
receptor-positive  breast cancer cells. The co-
localization of HER2 in lipid rafts, also reported by
other research groups [49, 50], may influence EGFR
signaling. Zhuang et al. reported an EGF-induced and
constitutive signaling via the Akt serine-threonine
kinase and subsequent survival in cancer cells [51].
Furthermore, EGFR and HER2 localization in lipid
rafts is discussed to play a role in cancer cell drug resist-
ance, e.g., regarding treatment with trastuzumab or tyro-
sine kinase inhibitors [49, 50]. On the other hand, Orr
et al. showed that altered cholesterol levels modify the
mobility of EGER in the cell membrane leading to its de-
creased activation due to reduced dimerization of EGFR
monomeres [25]. The relevant role of PGRMCI1 in pro-
moting phosphorylation and activation of receptors for ex-
ample by heme-dependent PGRMC1 dimerization has
already been reported [8, 9, 13, 40]. Here, elevated phos-
phorylation levels of EGFR and its downstream targets in
MCEF7/PGRMCI1 cells were discovered. The crosstalk be-
tween EGFR/Her2 and ERa signaling cascades has often
been reported, whereby ERa can induce the E2-dependent
activation of the EGFR signaling pathway by promoting
phosphorylation of Akt (P-Ser473) via the non-genomic
pathway. Alternatively, ERa activation can be accom-
plished independently of estrogens by EGFR-activated
MAPK-signaling or PI3K pathway [52, 53]. In the current
study, we demonstrate that both MAPK and PI3K path-
way components (ie., MEK1/2, ERK1/2, and AKT) are

activated in PGRMC1 overexpressing MCEF7 cells. This
may lead to increased ERa activation and finally to in-
creased cancer proliferation. Additionally, ERa and HER2
correlate positively in HER2 non-overexpressing breast
cancer [54, 55]. Hence, higher levels of ER in MCF7/
PGRMCI1 cells could lead to higher expression of HER2.
However, the influence of PGRMC1 on EGFR/HER?2 sig-
naling in lipid rafts and its impact on tumor progression
requires further studies.

Due to the role of the mevalonate pathway and its dual
role in cholesterol synthesis and prenylation of signaling
proteins, statins have been tested as anti-cancer drugs.
Statins block the HMG-CoA reductase, the gatekeeper of
the mevalonate pathway. We speculated due to increased
activation of the mevalonate pathway and due to higher
cholesterol and neutral lipids production that PGRMC1
overexpressing cells may be more dependent on the meva-
lonate pathway. Hence, they might be more susceptible to
statin treatment [56—60]. For the first time, we detected
that MCF7/PGRMC1 and MDA-MB-231/PGRMCI cells
are more sensitive to treatment with simvastatin com-
pared to the respective controls. We assume that PGRM
C1 overexpression leads to higher dependence on choles-
terol and fatty acids of cancer cells due to an alteration of
fatty acid metabolism, by enhanced driving of the mevalo-
nate pathway and related synthesis of the isoprenoids ger-
anylgeranyl  pyrophosphate (GGPP) and farnesyl
pyrophosphate (FPP) [61, 62], e.g., leading to inhibition of
small Rho GTPase prenylation [63].

Indeed, PGRMCI1 might also reduce viability of breast
cancer cells under treatment with statins, because
PGRMCI1 is known to interact with CYP enzymes [3, 5,
13-15]. Specifically, inhibition of cytochromes P450
could increase the concentration of simvastatin, since
statins are metabolized by CYP3A4.

Hence, PGRMCI1 overexpressing tumors may be an in-
teresting target for additional cholesterol lowering
therapy.
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Conclusion

We demonstrate that PGRMCI1 mediates progression of
breast cancer cells potentially by altering cholesterol and
lipid metabolism and activating key drivers of tumor
progression in breast cancer, namely ERa expression
and activation, as well as EGFR signaling. Our data
underline the contribution of PGRMCI1 to especially
hormone receptor-positive breast cancer pathogenesis
in vitro and in vivo and suggest its potential as a target
for anti-cancer therapy.
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1186/513058-020-01312-8.
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6. Generation and Analysis of PGRMC1-Deficient Breast Cancer Cells (Aim 2)

6.1. Background and Aim

PGRMC1 expression in breast cancer is associated with worse prognosis and lower response
to anthracycline therapy [20]. Since it is overexpressed in a fraction of breast cancers, these
observations suggest that PGRMC1 could be addressed as a therapeutic target. In Asperger et
al., we have demonstrated that treatment with a cholesterol-lowering statin is particularly
efficient on PGRMC1-overexpressing hormone receptor positive MCF7 cells [99]. PGRMC1
expression could therefore be used as a marker to identify patients qualifying for combined
therapy with statins. Furthermore, PGRMC1-targeting agents could be established as a
therapeutic approach in future, although the existing inhibitor AG-205 exhibits PGRMC1-

unrelated effects and research is needed to design a PGRMC1-specific inhibitor [100].

To extend the available cellular models for PGRMCL1 in vitro studies and to gain broader
knowledge on effects of long-term PGRMC1-deficiency, stable PGRMC1-knockout cells lines
of different breast cancer subtypes were established using the CRISPR/Cas9 technology. The
obtained clonal cell lines were further characterized with respect to genetic, phenotypic and
functional consequences of PGRMC1 deficiency and the results were brought into the context
of former observations on PGRMC1 overexpression and transient downregulation in the

respective cell lines.

The CRISPR/Cas9 system was published in 2007 as an adaptive immune system in bacteria
[101], and first exploited by Emmanuelle Charpentier and Jennifer Doudna in a seminal study
in 2012 as a programmable and versatile gene editing tool [102]. Basically, procaryotic
clustered regularly interspaced palindromic repeats (CRISPR), first observed in E. coli in 1987
[103], describe a region in the procaryotic genome which integrates pieces of degraded viral
DNA following an infection, creating a bacterial immune memory. In case of a subsequent
infection with the same virus, transcription of the CRISPR locus with the respective “spacers”
(integrated viral DNA sequences) allows CRISPR associated (Cas) endonucleases to specifically
target and rapidly degrade the viral genome. In the CRISPR locus, the repetitive stable
sequence encodes for an RNA molecule capable of building a complex with the Cas enzyme,
while the spacers provide unique sequences specific for viral target sites. After transcription,
the long primary transcript is processed into CRISPR-derived RNAs (crRNAs), each containing

a Cas enzyme binding site and a sequence complementary to the viral genome. Bound to Cas
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endonucleases, these complexes patrol the cytoplasm and hydrolyze complementary DNA

sequences [104].

After the primary publication, multiple applications for usage of CRISPR/Cas system to
engineer cellular genomes were developed. In the simplest approach, by transfection of cells
(either on a plasmid or by electroporation) with a Cas endonuclease and a modified crRNA
containing a sequence complementary to the desired gene (called guide RNA, gRNA), the DNA
sequence of interest can be hydrolyzed. The resulting double strand break is usually repaired
by the cellular DNA repair systems [105]. The error-prone non-homologous end joining (NHEJ)
pathway ligates breaks of the double strand, resulting in a certain percentage of mutations,
mostly insertions or deletions at the break site, leading to nonsense or frameshift mutations.
Depending on the location in the gene, these small mutations may lead to amino acid
exchanges, truncated proteins, failed transcription or unstable mRNA, potentially leadingto a
loss-of-function of the protein or entirely absent protein. The double strand break may also
be repaired by homology directed repair (HDR), which is more active in the synthesis phase of
the cell cycle. This repair system relies on the homologous chromosome as a template for de-
novo synthesis of the damaged DNA, involves proof-reading and is considered to be precise
[106]. HDR can be hijacked by introducing an alternative homologous template (e.g. a plasmid)
carrying the desired modification to the cell, which will then be precisely integrated into the

genome at the site of the double strand break.

In this project, CRISPR/Cas9 technology was used to generate PGRMC1 knockout cell lines of
different breast cancer subtypes. The aim was to receive a PGRMC1-null background by
completely deleting the protein without any other genetic modifications including stable Cas9
overexpression or expression of any marker proteins. The benefits and disadvantages of this

approach will be discussed later.
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6.2. Material and Methods
6.2.1. Materials

6.2.1.1. Chemicals

Table 2: List of utilized chemicals.

Chemical Source

Acetic acid Merck KGaA, Darmstadt, Germany
Agar Merck KGaA

Agarose Sigma-Aldrich Corporation, St.

Louis, Missouri, USA

Bovine serum albumin (BSA)

Sigma-Aldrich Corporation

Calcium chloride

Merck KGaA

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich Corporation

3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazoliumbromid (MTT)

Sigma-Aldrich Corporation

Epithelial growth factor (EGF)

Miltenyi, Bergisch Gladbach,

Germany
Ethanol absolute Merck KGaA
Ethylenediaminetetraacetic acid (EDTA) Merck KGaA

Glycerol

Sigma-Aldrich Corporation

Glycine

Merck KGaA

Manganese (Il) chloride

Sigma-Aldrich Corporation

2-Mercaptoethanol

Sigma-Aldrich Corporation

Methanol

Sigma-Aldrich Corporation

4-Morpholinepropanesulfonic acid (MOPS)

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Nonidet P-40 (NP-40)

Sigma-Aldrich Corporation

Norethisterone (NET)

Merck KGaA

Potassium acetate

Riedel-de Haén, Seelze, Germany

Potassium hydroxide solution Merck KGaA
Sodium chloride (NaCl) Merck KGaA
Sodium dodecyl sulfate (SDS) Merck KGaA
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Sodium deoxycholate

Sigma-Aldrich Corporation

Tris(hydroxymethyl)aminomethane (TRIS)

Merck KGaA

Tween 20

Sigma-Aldrich Corporation

Hydrochloric acid (HCl)

Merck KGaA

6.2.1.2. Cell Lines

Table 3: List of utilized and newly generated breast cancer cell lines. Stably transfected cell lines were produced previously as
described in Neubauer et al. [95]. DSMZ: German collection of microorganisms and cell cultures GmbH.

PGRMC1-Control

part of this work

Cell line Properties Source/ reference
MCF-7 Breast cancer cell line, Luminal A subtype | DSMZ [107]
MCF7/PGRMC1 Hemagglutinin (HA)-tagged PGRMC1 [95]
wildtype overexpressing MCF-7 cells,
stably transfected with pcDNA3.1 vector
MCF-7/EVC MCF-7 cells stably transfected with empty
vector pcDNA3.1
MCF7/PGRMC1-KO PGRMC1-deficient MCF7 cells; generated [108]
by CRISPR/Cas9 approach as part of this
work
MCF7/PGRMC1-Control | MCF7 control cells, generated as part of
this work
T-47D Breast cancer cell line, luminal A subtype DSMZ [107]
T-47D/PGRMC1-KO PGRMC1-deficient T47D cells; generated
by CRISPR/Cas9 approach as part of this
work
T47D/PGRMC1-Control | T47D control cells, generated as part of
this work
MDA-MB-231 Breast cancer cell line, Basal-like subtype DSMZ [109]
MDA-MB-231/ PGRMC1-deficient MDA-MB-231 cells;
PGRMC1-KO generated by CRISPR/Cas9 approach as
part of this work
MDA-MB-231/ MDA-MB-231 control cells, generated as
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6.2.1.3. Antibodies

Table 4: List of antibodies utilized in western blotting.

Antibody Species Used Order Source
concentration/ | number
dilution

Antibodies for Western blotting

anti-PGRMC1 goat 0.5 pg/ml Ab48012 Abcam,
Cambridge,
United Kingdom

Anti-PGRMC1 mouse 0.4 pg/ml sc-393015 Santa Cruz

Anti-B-Actin mouse 0.2 pug/ml sc-47778 Biotechnology,
Dallas, USA

Anti-PGRMC1 rabbit 1:1000 D6M5M Cell Signaling,

Anti-ERa Rabbit 1:1000 D8H8 Danvers,

Anti-EGFR rabbit 1:1000 D38B1 Massachusetts,

Anti-EGFR pY1068 mouse 1:1000 1H12 USA

Anti-MEK mouse 1:1000 46945

Anti-MEK rabbit 1:1000 9121S

pS217/S221

Anti-ERK rabbit 1:1000 4695S

Anti-ERK rabbit 1:1000 4370S

pT202/Y204

AKT rabbit 1:1000 4685S

Anti-AKT pS473 rabbit 1:1000 4060S

6.2.1.4. Oligonucleotides

Table 5: List of utilized primers. Primers fiir the PGRMC1 gene were design using the Primer3.org online tool and ordered
from Metabion international.

PCR Primer Sequence, 5'>3’ Source
Exonl fw TTCGACGGCGTCCAGGAC Metabion international,
Exonl_rev TTCTTTTGTCTCCAAGCCCC Planegg, Germany
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Exon2_fw GGGGCTATGTTGATGAATAGGG

Exon2_rev GCAGCAGTGAGGTCAGAAAG

Exon3_fw GGCAAGGACGGTGGTATAAAC

Exon3_rev CGGGCACTCTCATCTTTTGG

M13fw GTAAAACGACGGCCAG Biomedical Research

Center, Heinrich-Heine-

University (BMFZ)

6.2.1.5. Kits and Commercial Reagents

Table 6: List of utilized kits and commercial reagents sorted by application.

Kit/ reagent

Source

CRISPR/Cas9-based PGRMC1-KO generation

PGRMC1 CRISPR/Cas9 KO Plasmid (h)

Santa Cruz Biotechnologies

CRISPR/Cas9 KO Control Plasmid

Santa Cruz Biotechnologies

Lipofectamine™ 3000 Transfection Reagent

Thermo Fisher Scientific,

Waltham, USA

Polymerase chain reaction agarose gel electrophoresis

DreamTaq PCR Master Mix (2x)

Thermo Fisher Scientific

6x TriTrack DNA Loading Dye

Thermo Fisher Scientific

GelRed nucleic acid gel stain

Biotium, Fremont, USA

Gene Ruler Ultra Low Range DNA Ladder

Thermo Fisher Scientific

MassRuler Low Range DNA Ladder

Thermo Fisher Scientific

Sequencing

TA Cloning Kit

Thermo Fisher Scientific

QIAEX Il Gel Extraction Kit

Qiagen, Venlo, The Netherlands

S.0.C. Medium Thermo Fisher Scientific
QIAGEN Plasmid Mini Kit Qiagen
QIAmp DNA Micro Kit Qiagen

S.0.C. Medium

Thermo Fisher Scientific

Western Blot

PhosStop (Phosphatase Inhibitor)

Roche Diagnostics, Basel,

Switzerland

47




cOmplete ULTRA tablets (protease inhibitor)

Roche Diagnostics

Pierce BCA Protein Assay Kit

Thermo Fisher Scientific

Laemmli buffer 4 x

Bio-Rad Laboratories, Hercules,

USA

Precision Plus Protein All Blue Prestained Standard

Bio-Rad Laboratories

Amersham ECL Western Blotting Detection Reagents

GE Healthcare Life Sciences,

Chicago, USA

Cell proliferation assessment

CellTrace CFSE Cell proliferation Kit

Thermo Fisher Scientific

Measurement of neutral lipids

BODIPY 493/503

Thermo Fisher Scientific

6.2.1.6. Consumption Items

Table 7: List of utilized general consumption items.

Consumption item

Source

Multi-well cell culture plates (96-/48-/6-well)

Greiner Bio-One, Kremsmiunster,

Austria

Cell culture flasks (T-25/T-75/T-175)

Greiner Bio-One

8-well 0.2 ml PCR tube strips

BrandTech Scientific, Essex, USA

DNA LoBind tubes, (1.5 ml)

Eppendorf AG, Hamburg, Germany

Protein LoBind tubes (1.5 ml)

Eppendorf AG

Safe-lock tubes (1.5 ml, 2.0 ml)

Eppendorf AG

Polypropylene tubes (15 ml/50 ml)

Greiner Bio-One

Immun-Blot PVDF membrane and filter papers

Bio-Rad Laboratories

Mini-PROTEAN Precast Gels (12-well/15-well)

Bio-Rad Laboratories

Pipette tips (10 pul/100 pl/200 pl/1000 pl)

Starlab Group, Hamburg, Germany

Stripettes (5 ml/10 ml/25 ml)

Greiner-Bio-One
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6.2.1.7. Media and Solutions for Cell Culture

Table 8: List of media and solutions for cell culture.

Medium/solution

Source

(1x) Dulbecco’s phosphate-buffered saline (DPBS)

Fetal bovine serum (FBS)

Fetal bovine serum, charcoal stripped

HEPES 1 M buffer solution

Penicillin/Streptomycin 10000 U/ml

Gibco, Thermo Fisher Scientific

RPMI 1640 Medium, L-Glutamine

RPMI 1640 Medium, L-Glutamine, no phenol red

0.5% Trypsin-EDTA (10x)

OptiMEM serum reduce medium

6.2.1.8. Buffers and Solutions

Table 9: List of utilized buffers and the corresponding recipes.

Buffer/solution

Components

TBST

20 mM TRIS
150 mM Nacl
0.1 % Tween-20
pH 7.6

RIPA buffer

50 mM TRIS

150 mM NacCl

1 % NP-40

0.5 % sodium deoxycholate

0.1 % SDS

pH 7.6

Supplemented with phosphatase inhibitor

and protease inhibitor before use
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SDS buffer

25 mM TRIS
192 mM Glycin
0.1 SDS

pH 8.3

Sample buffer

4 x Laemmli buffer

10 % 2-mercaptoethanol

Western blotting buffer

25 mM TRIS
200 mM Glycin
20 % Methanol

Blocking solution

5 % (w/v) BSA in TBST

LB medium for E. coli

20 g LB-Bouillon (Sigma Aldrich, L3022)
1LHO0

autoclaved

LB Agar for E. coli

1.5 % agar in LB medium

autoclaved

TFB-1

30 mM Potassium acetate
100 mM RbCl

10 mM CaCl;

50 mM MnCl;

15 % Glycerol

pH 5.8

TFB-2

10 mM MOPS
75 mM CacCl,
10 mM RbCl;
15 % Glycerol
pH 6.6 (KOH)

TAE buffer

40 mM TRIS

20 mM acetic acid
1 mM EDTA

pH 8.5
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6.2.2. Methods

6.2.2.1. Cell Biological Methods

6.2.2.1.1. Cultivation of Human Breast Cancer Cell Lines

Human breast cancer cell lines MCF7, T47D, MDA-MB-231 and all transfected cell lines were
subjected to short tandem repeat (STR)-analysis prior to experiment start. The analysis was

performed by the cell line authentication service of the company Microsynth AG.

All cells were cultured in RPMI medium supplemented with 10 % FCS, 25 mM HEPES and 1 %
penicillin/streptomycin. This medium is later referred to as culture medium. Cells were
incubated in cell culture flasks at 37 °C with 5 % CO; in humidified atmosphere and passaged
at 80 — 90 % confluency. For passaging, cells were washed with pre-warmed PBS buffer,
detached with 0.05 % trypsin-EDTA at 37 °C for 5 min and resuspended in culture medium.
After centrifugation at 1100 rpm for 5 min the cell pellet was resuspended in fresh culture

medium and an appropriate cell number was transferred into a new flask.

6.2.2.1.2. Cryoconservation

For long time storage, cells were harvested at 80 — 90 % confluency as described in 6.2.2.1.4,
the cell pellet was resuspended in 1 ml freezing medium (composed of 45 % culture medium,
45 % FCS and 10 % DMSO as cryoprotectant) and frozen in cryo-tubes at -80 °C in a freezing

container. After 24 h, the cryotubes were maintained in liquid nitrogen atmosphere.

When taken into culture, cryo-stocks were thawed quickly at 37 °C, diluted with 10 ml culture
medium and centrifuged at 1100 rpm for 5 min. The cell pellet was carefully resuspended in

fresh medium and transferred into a new flask.

6.2.2.1.3. Synchronization of Cells in Minimal Medium

To exclude the influence of cell cycle dependent protein expression on the experimental
outcome, cells were synchronized for certain experiments. For this purpose, cells were seeded
in an appropriate density in culture medium. After 24 h, the medium was replaced by RPMI
medium (no phenol red) containing 10 % charcoal stripped FCS, 25 mM HEPES and 1%
penicillin/streptomycin (referred to as stripped medium) and incubated for another 24 h.
Finally, the medium was changed again to culture medium for 24 h and the following

experiment was started directly afterwards.
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6.2.2.1.4. Harvesting of Cells for Further Analysis

Harvesting of cells for gene expression analysis via western blot was performed by mechanical
detachment. Culture flasks or 6-well plates were placed on ice and washed twice with ice-cold
PBS. An appropriate amount of ice-cold PBS was applied, and cells were detached with a cell
scraper, resuspended and centrifuged 5 min at 1100 rpm. Supernatant was removed and the

cell pellet was stored at -80 °C.

6.2.2.1.5. Harvesting of Cells for Direct Polymerase Chain Reaction

For PCR screening of CRISPR/Cas9 generated PGRMC1-knockout clones, pellets of each clone
were harvested from a 48-well plate. Therefore, the cells were washed with PBS and detached
with 0.05 % trypsin-EDTA at 37 °C for 5 min. Cells were resuspended in an appropriate volume
of culture medium, half of the suspension was transferred into a reaction tube and centrifuged
at 500 x g for 5 min. The pellet was washed twice with ice-cold PBS and stored at -80 °C for

further analysis.

6.2.2.1.6. Generation of Breast Cancer Cell-Conditioned Culture Medium
For generation of conditioned medium, cells of an early passage (<10) were seeded in T175
flasks and incubated for 48 h. At a confluency of maximal 80 %, medium was aspirated, filtered

through a 0.2 um sterile filter and stored as conditioned medium at -20 °C until usage.

6.2.2.1.7. Treatment

Hormones

To monitor response of breast cancer cell lines to progestin treatment in dependence of
PGRMC1 expression level, cells were seeded in technical triplicates in 96-well plates in culture
medium. After 24 h of incubation medium was aspirated, cells were washed 1x with sterile
PBS to remove any hormone residues and incubated with stripped medium for 48 h.
Subsequently, medium was replaced by stripped medium containing either NET in 10® M, E2
in 10 M, or EGF in 10 ng/ml. For control, 0.01 % DMSO in stripped medium was used. For

assessment of cell proliferation, plates were incubated for 72 h followed by MTT assay.

EGF
Short-term treatment of breast cancer cell lines with EGF was conducted to assess
phosphorylation of EGFR and its downstream targets. Cells were seeded in 6-well plates in

culture medium and synchronized as described in 6.2.2.1.3. Following 24 h of incubation in
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culture medium, cells were stimulated with 10 ng/ml EGF for 10 min, placed on ice and

harvested according to 6.2.2.1.4.

6.2.2.1.8. MTT-Assay

To assess cell proliferation, MTT assay was used as a metabolic surrogate for cell number.
After growth on 96-well plates in technical triplicates for a defined time period (specified for
each experiment), medium was replaced by MTT-medium, containing 0.25 mg/ml MTT in
assay medium (culture medium or stripped medium, depending on the assay), diluted from a
5 mg/ml MTT-stock in PBS. MTT-medium was incubated on the cells for 3 h, followed by
extraction of the produced formazan with DMSO for 30 min at 37 °C and 300 rpm on a plate

shaker. Extinction was measured on TECAN SPARK plate reader at 540 nm.

6.2.2.1.9. CFSE-Assay

To measure proliferation of breast cancer cell lines independently of metabolism, the
CellTrace CFSE Cell Proliferation Kit was used according to manufacturer’s specifications. First,
cells were detached as described in 6.2.2.1.4 and washed in PBS. One aliquot of CellTrace dye
was dissolved in 18 pul DMSO and diluted 1:1000 in PBS. Cell pellets were resuspended in dye
solution and incubated for 20 min at 37 °C protected from light. Subsequently, five times the
staining volume of culture medium was added to cells followed by 5 min incubation at 37 °C.
Cells were centrifuged at 1100 rpm for 5 min and the pellet was resuspended in fresh pre-
warmed culture medium. Each cell line was seeded into 4 wells of a 6-well plate (1 well per
day of analysis) and incubated at 37°C and 5 % CO;. The remaining stained cells were
centrifuged and resuspended in PBS to be analyzed via flow cytometry. Proliferation was
measured over 5 days by detaching the cells of one 6-well as described in 4.2.1., resuspending
in PBS and detecting green fluorescence of the CellTrace dye every 24 h by flow cytometry
(excitation 492 nm, emission 517 nm). Fold decreased mean fluorescence over day 0 was
calculated for each measurement after setting the gates for living single cells using the FlowJo

v10.8 Software (BD Life Science).

6.2.2.1.10.  Transfection with CRISPR-Cas9 Plasmids

For generation of PGRMC1-knockout breast cancer cell lines, cells were transiently transfected
with commercially available CRISPR/Cas9-plasmids designed for PGRMC1-knockout. The
transfection plasmid mix that was employed in this project comprises of three plasmids, each

containing the expression system for the Streptococcus pyogenes Cas9 enzyme transcribed
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from the 2A promotor, the sequence for green fluorescent protein (GFP) under control of an
internal ribosomal entry site (IRES) to identify transfected cells, and a unique sequence for a
PGRMC1-specific guide RNA (gRNA) under control of U6 promotor. Both promotors are
constitutively active in mammal cells. Using this plasmid mix for transfection, all three
plasmids were administered simultaneously to the cells. For control, a plasmid containing
Cas9-enzyme sequence, GFP sequence and an unspecific gRNA sequence was used. The
transfection was carried out using lipofectamine 3000 reagent according to manufacturer’s
instructions. For transfection, cells of an early passage (<5) were seeded in culture medium
and incubated for 24 h. On the day of transfection, plasmid-DNA was diluted in OptiMEM und
supplemented with P3000 agent, and mixed with Lipofectamine 3000, diluted in OptiMEM.
After 10 min of incubation at room temperature, fresh culture medium was applied on the
cells and the transfection complexes were pipetted dropwise onto the cells. For expression of
the CRISPR/Cas9 compounds and the accomplishment of the CRISPR-reaction, cells were
incubated for 48 h. Subsequently, single cells were distributed into 96-wells either by FACS for

GFP-positive (transfected) cells or by limiting dilution for generation of single cell clones.

6.2.2.1.11. FACS Sorting for GFP-Positive Single Cells

For generation of single cell clones and selection of PGRMC1-knockout cells from the
transfected bulk population, FACS sorting for cells expressing GFP from the IRES on the
transfection plasmid was performed. Cells were therefore detached 48 h post-transfection
according to 6.2.2.1.4, centrifuged at 1000 rpm for 5 min, resuspended in fresh culture
medium and filtered through a 100 um filter. FACS was performed by the Core Facility Flow
Cytometry at the Medical Faculty of the University Clinic Duesseldorf. GFP-positive single cells
were sorted into 96-well plates containing 50 pl of conditioned medium for the respective cell
line (6.2.2.1.6). Cells were further incubated with monitoring by microscopy and regular

medium change using conditioned medium until formation of colonies.

6.2.2.1.12. Subcloning by Limiting Dilution

An alternative method of subcloning was simultaneously used to receive single cell colonies.
Cells were detached 48 h post-transfection, resuspended in culture medium and counted.
Using dilution series, a cell concentration of 5-10 cells/ml was adjusted in conditioned medium
for the respective cell line, and 100 pl of the suspension were seeded into each inner well of

a 96-well plate (wells B2-G11). The outer wells were filled with 100 pl PBS to avoid evaporation
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during long-term culture. Cells were further incubated with monitoring by microscopy and

regular medium change using conditioned medium until formation of colonies.

6.2.2.1.13. Clonal Expansion of Transfected Cells

When single cell colonies reached a size of approximately % of a 96-well, cells were detached,
transferred into a well of a 48-well-plate in culture medium and further incubated until
reaching a confluency of appr. 80 %. Subsequently, cells were detached and subjected to a

direct screening PCR for confirmation of genetic modification of the PGRMC1 locus.

6.2.2.2. Molecular Biological Methods

6.2.2.2.1. DNA Isolation

DNA-isolation was performed using the QIAmp DNA Mini Kit. For DNA isolation, a number of
a minimum of 0.5 million cells was harvested and washed twice with PBS. The pellet was
resuspended in 200 ul PBS, supplemented with 20 pul Proteinase K and 200 pl Buffer AL and
incubated for 10 min at 56 °C. The further procedure was carried out according to

manufacturer’s instructions.

6.2.2.2.2. Polymerase Chain Reaction

Screening for single cell clones with genetically modified PGRMC1-loci was performed by
direct polymerase chain reaction (PCR) from harvested cells. The establishment of the
PGRMC1-knockout screening PCR is described in detail in chapter 6.3.1.1. Briefly, cell pellets
from a 48-well were resuspended in TRIS lysis-buffer and incubated at 99 °C for 15 min. Cell
debris was pelleted for 20 min at 14000 rpm and the lysate was transferred into a fresh tube
and stored at 20°C until direct PCR. The primers were designed to bind shortly upstream or
downstream each of the gRNAs binding sites to detect deletions in the respective sequence
using the Primer3 online tool [110], pre-tested with respect to hybridization temperature and
concentration on purified genomic breast cancer cell DNA and on copy DNA (cDNA). For PCR,
a master mix with DreamTaq Polymerase was prepared according to manufacturer’s
instructions, using a combination of appropriate primers in concentration of 5 nM, selected
depending on the application (screening or sequencing) and specified in each respective
experiment. PCR conditions are indicated in Table 10. For subsequent analysis of PCR
products, 5 ul of each PCR reaction was mixed with 1 pl of TriTrack loading dye and separated
on a 3 % agarose gel containing 0.01 % GelRed and GeneRuler Ultra Low Range DNA Ladder

or GeneRuler Low Range DNA Ladder as size reference.
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Table 10: PCR cycler program for screening and sequencing PCR.

Cycles Temperature Duration

1 Polymerase activation 95 °C 3 min

30 Denaturation 95°C 30 sec
Primer annealing 58 °C 30 sec
Extension 72°C 1 min

1 Final extension 72°C 5 min

6.2.2.2.3. Sequencing of PCR-Fragments

To assess genomic changes introduced by the CRISPR/Cas9 reaction to the PGRMC1-locus, PCR
products were sequenced by Sanger sequencing method. For sequencing of PCR samples
containing only one product, sequencing was performed after extraction of the band from the
gel. Therefore, a volume of minimum 40 ul PCR reaction was loaded on a 1 % agarose gel after
performing the PCR according to 6.2.2.2.2. Separation of PCR bands was evaluated under UV
light; bands were excised from the gel with a sharp scalpel and placed in a 1.5 ml reaction tube
with transferring as little agarose as possible. Extraction of PCR products from the gel was then
performed using the QIAEX Il Gel Extraction Kit according to manufacturer’s specifications.
Products were eluted in 12 pl pure water, quantified at the NanoDrop spectrophotometer and

subjected to Sanger sequencing.

For PCR samples containing multiple products, the latter were integrated into a TA-cloning
vector and amplified in E. coli beforehand. Therefore, the Thermo Fisher TA Cloning Kit was
employed according to manufacturer’s recommendations. Briefly, 1 ul of fresh PCR product
generated by DreamTaq as described in 6.2.2.2.2 was ligated into the pCR 2.1 vector using the
standard kit protocol. Transformation of E. coli with the pCR 2.1 vector, plating of bacterial
suspension on agar plates and expansion of single bacterial colonies in overnight cultures was
performed as described 6.2.2.3.2. Plasmids were isolated from each of the overnight cultures
using the Qiagen Plasmid Mini Kit according to the instructions. DNA was eluted from the
column in 50 yl nuclease-free water and concentration was determined at the NanoDrop
spectrophotometer. To confirm successful isolation of vector containing insert, isolated
plasmid DNA was subjected to a control PCR using the same primer combination as for the

initial gene fragment amplification.
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Hereafter, Sanger sequencing of the isolated plasmid DNA/ purified PCR band was conducted
in cooperation with Prof. Dr. Karl Kéhrer at the Heinrich-Heine University biomedical research
center (BMFZ) using the M13 forward primer for plasmids and the respective PCR primers for
excised bands. For analysis, the obtained sequences were aligned to genomic or transcript
sequence of PGRMC1 (Ensembl ID: PGRMC1-gene: ENSG00000101856; PGRMC1-transcript:
ENST00000217971.8) using the online alignment tool MultAlin [111]. Furthermore, nucleotide
sequences were translated into amino acid sequences with ExPASy online tool [112] to

decipher potential consequences of the detected alterations on protein level.

6.2.2.3. Microbiological Methods

6.2.2.3.1. Generation of Competent E. coli

For generation of competent E. coli TOP10, bacteria were grown in 5 ml LB medium without
antibiotics overnight at 37 °C. The overnight culture was transferred into 200 ml LB medium
in a baffled flask and incubated at 37 °C under decent shaking to an optical density (ODssp) of
0.6. The suspension was centrifuged at 4°C and 4000 rpm for 10 min in 50 ml portions, the
pellets were resuspended in 20 ml ice-cold TFB-1 buffer each and incubated on ice for 10 min.
Subsequently, bacteria were centrifuged at 4°C and 4000 rpm for 10 min, resuspended in 2 ml
ice-cold TFB-2 buffer and incubated on ice for 15 min. Competent E. coli were divided into

100 pl aliquots, shock-frozen in liquid nitrogen and stored at -80 °C.

6.2.2.3.2. Transformation of E. coli

The ampicillin sensitive E. coli TOP10 strain was used to amplify plasmid DNA following TA-
cloning. For transformation, one aliquot of competent E. coli was thawed on ice, a volume of
2 ul of the ligation reaction was mixed with 8 ul nuclease-free water and added to the bacterial
suspension. After incubation on ice for 30 min, a heat shock was performed for 1 min at 42 °C.
A volume of 250 pl S.0.C medium was added and bacteria were incubated at 37 °C and
600 rpm on a reaction tube shaker for 1 h. Finally, the suspension was plated on agar plates
containing LB medium with 1.5 % (w/v) agar and 100 pg/ml ampicillin and incubated overnight
upside-down at 37 °C. After 24 h, 5 ml LB medium containing 100 pg/ml ampicillin were
inoculated with a single bacterial colony picked from the agar plate with a sterile pipet tip and

incubated at 37 °C overnight to amplify plasmid DNA.
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6.2.2.4. Protein Chemical Methods

6.2.2.4.1. Western Blot

For analysis of protein expression, pellets harvested as described in 4.2.4 were thawed on ice,
resuspended in RIPA buffer and pulse-vortexed for 10 sec. Cell suspension was incubated for
20 min at 4 °C and 750 rpm on an orbital shaker and centrifuged for 20 min at 14000 rpm at
4°C. The supernatant was transferred into a fresh reaction tube and protein concentration
was determined using the Pierce™ BCA Protein Assay Kit according to the manufacturer’s
specifications. An amount of 25 pg protein containing 1 x Laemmli sample buffer with 2-

mercaptoethanol was analyzed via western blotting.

Samples for protein expression analysis and molecular weight marker were loaded onto Mini-
PROTEAN Precast Gel and separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) at 150 V in SDS-PAGE buffer. For blotting, the PVDF membrane
was activated in methanol and all components for blotting were equilibrated in blotting buffer
for 5 min. Proteins were transferred from the gel onto the membrane for 16 h at 4 °C and
10 mA in western blotting buffer. The membrane containing the proteins was equilibrated
shortly in TBST buffer. Unspecific binding was blocked with blocking solution for 1 h at RT and
gentile shaking. Primary antibody was applied in the respective concentration (Table 4) in
blocking solution overnight at 4 °C. The membrane was washed 3 x 10 min in TBST and
incubated with the secondary antibody (conjugated with horseradish peroxidase) in 1 % BSA
in TBST for 1 h at RT and gentile shaking. After washing 3 x 10 min in TBST, proteins were

detected using the Amersham ECL Western Blotting Detection Reagent.

6.2.2.4.2. Statistical Analysis

All statistically evaluated results were confirmed in at least three independently performed
experiments. Statistical analysis was performed using GraphPad PRISM 9.5.0 software.
Datasets were tested for normal distribution by Kolmogorov-Smirnov and Shapiro-Wilk test.
Statistical significances were determined using two-way ANOVA for groups with two tested
parameters or one-way ANOVA for one tested parameter. The specific test and the calculated
significance are indicated for each experiment. A statistically significant difference was

assumed at a value of p < 0.05.
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6.3. Results
6.3.1. Generation of PGRMC1-Deficient Breast Cancer Cell Lines

6.3.1.1. Establishment of Direct Multiplex Screening PCR for Clones with PGRMC1-Modified
Locus

For the CRISPR/Cas9 reaction, a commercially available system of 3 expression plasmids was

used, each containing the gene for canonical Cas9 with green fluorescent protein (GFP) under

control of an IRES and a unique gRNA specific for PGRMC1 (see 6.2.2.1.10). For clarity, the

PGRMC1 locus, the applied gRNAs, the mRNA and the resulting protein are schematically

depicted in Figure 3.
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Figure 3: Schematic representation of the PGRMC1 locus, the PGRMC1 mRNA and protein, adapted from Ensembl, ID
ENSG00000101856. The PGRMC1 locus is located on the X-chromosome, with 3 exons (blue) and 2 introns (grey), with the
translated regions in thick blue bars. The position of gRNAs is represented by red arrows. Spliced PGRMC1 mRNA contains a
translated region in thick blue bars, a 5’-Cap structure and a 3’-poly-adenine-tail (AAA,). The PGRMCL1 protein is presented in
the same color code as in Figure 1 (Introduction). Magenta: trans-membrane helix, cyan: unstructured regions, green: cytb5-
domain. The binding sites for different PGRMC1-antibodies are indicated by the antibody-symbols, the protein structures
that correspond to the gRNA-binding sites on DNA are marked with dotted red arrows. Important phosphorylation sites are
marked with flags. Created with BioRender.

The gRNA sequences were obtained from the manufacturer upon request and further verified
and checked for off-target sites using the online gRNA design tools chopchop by the University
of Bergen [113] and RGenome by Seoul National University [114]. Results of this analysis are
summarized in Table 11. Of note, especially gRNA2 was predicted to have 16 off-target sites

considering 3 mismatches.
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Table 11: Sequences of purchased gRNAs, their binding sites and predicted off-target sites. For prediction, online tools
chopchop by University of Bergen [113] and RGenome by Seoul National University [114] were used. 1: predicted by
RGenome; Z: predicted by chopchop.

gRNA sequence Binding site Off-target Off-target
sites with O sites with 3
mismatches mismatches

gRNA1 | GGCCGCAAATTCTACGGGCC | chrX:119236669; Exon 1 0*? 212
gRNA2 | CTTCCAGCAAAGACCCCATA | chrX: 119240313; Exon2 | 02 162
gRNA3 | TCCAGTCAAGTATCATCACG | chrX: 119243145; Exon3 | 0! ot

To establish a direct screening PCR for subsequent detection of successfully modified cells,
PCR primers were designed to flank each gRNA binding site and produce PCR products with a
length between 200 and 250 bp (Figure 4). The rationale was to combine all primers into one
multiplex screening PCR, allowing detection of all large modifications in one PCR reaction per
sample. On genomic DNA of the parental cells, primer combinations of exon1_fw and exon2-
rev or exon3rev would not result in any products if using the standard amplification time for
short fragments of 1 min. Theoretically, in case of transfection of one cell with two or three of
the plasmids simultaneously and subsequent CRISPR/Cas9-introduced multiple double strand
breaks, one or both introns could be deleted after error-prone NHEJ repair, along with a
significant part of an exon. In case of large deletions, primers for different gRNA binding sites
which are several kilobases apart from each other on the original genomic locus would land in
close proximity and produce bands of predicted sizes of 187 bp, 188 bp or 162 bp, respectively.
Any random rearrangements or small mutations created by NHEJ repair could not be predicted
but could lead to a phenotypical PGRMC1 deficiency. Therefore, any unexpected changes in
the PCR profile during screening were to be further analyzed. Primers were selected to have
similar melting temperatures to be combined in one multiplex PCR and to produce PCR

products of distinguishable sizes in agarose gel electrophoresis.
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Figure 4: Schematic representation of the PGRMCI1 locus, the position of selected primers and the applied gRNAs.
Modifications of the locus in case of intron deletions (along with parts of the exons) are indicated in dotted blue lines.
Resulting PCR product sizes are indicated under each primer combination. Created with BioRender.

Subsequently, selected primers were tested with respect to hybridization temperature,
specificity and amplification efficiency in direct PCR. DNA isolation was intended to be omitted
on PGRMC1 knockout clones to reduce costs and accelerate the screening process. Therefore,
pellets of parental MCF7 cells were lysed at 95°C for 10 min in different solvents and
conditions ((1) ultrapure water, (2) TRIS lysis buffer, (3) TRIS lysis buffer followed by
proteinase K digestion for 15 min at 56 °C with subsequent inactivation at 96 °C for 5 min),
centrifuged at 14000 rpm for 20 min and the lysate directly subjected to a PCR reaction.
Purified MCF7 DNA served as reference to control efficiency of adjacent primers in direct PCR,
while reverse transcribed copy DNA (cDNA) of purified MCF7 mRNA was used to test the
combination of primers exonl_fw and exon2_rev or exon3_rev, respectively. Primer pairs
were tested individually and combined into a multiplex reaction; PCR products were separated
on a 3 % agarose gel by electrophoresis (6.2.2.2.2). After testing the annealing temperature,
a hybridization at 58 °C was selected for future PCR reactions. With regard to lysis buffer,
different solvents did not have any influence on PCR efficiency or specificity. Since the TRIS
buffer without proteinase K does not require the digestion step and therefore minimizes time
for sample preparation, it was selected as lysis buffer for future screening. Concerning the

specificity and efficiency of the designed primers, two of the combinations (exon2_fw +
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exon2_rev; exon3_fw + exon3_rev) produced a single defined PCR product of the predicted
size, while the pair exon_1_fw + exonl_rev resulted in a weak band. However, primer
exonl fw combined with either exon2_rev or exon3_rev produced the predicted products on
cDNA, demonstrating its efficiency. Therefore, an alternative reverse-primer for the binding
site of gRNA1 was designed and tested (Exon2_rev2) which did not produce any PCR product
(data not shown). The combination of all six primers in a multiplex PCR provided two PCR
products of 213 and 250 bp with no product for the binding site of gRNA1. Since the
establishment of a reverse primer in the first GC-rich intron was unsuccessful, screening PCR
was set up using a combination of five primers (exonl_fw, exon2_fw, exon2_rev, exon3_fw,
exon3_rev), allowing detection of all theoretically predicted CRISPR/Cas9 generated genetic

variants.

6.3.1.2. PCR-Screening Successfully Identified PGRMC1-Deficient Single Cell Clones

After establishment of the screening PCR, breast cancer cells were transfected with
CRISPR/Cas9 plasmids harboring an expression system for Cas9, GFP under control of an IRES
and a PGRMCl1-targeting gRNA or with a control plasmid encoding for an unspecific gRNA
according to 6.2.2.1.10. To generate single cell clones, transfected cells were either sorted by
FACS for GFP-positive cells directly into wells of 96-well plates, or subcloned by limiting
dilution. To support survival and proliferation of single cells, sterile filtered conditioned
medium of the respective cell line was used. Subsequently, 96-well plates were further
incubated with regular medium change until formation of colonies. Cell colonies of
appropriate size were transferred into wells of a 48-well plate and aliquots of the pellets were
harvested for screening. After lysis and centrifugation, supernatants containing genomic DNA
were subjected to direct multiplex screening PCR as established in 6.3.1.1. A representative
agarose gel of transfected and subcloned MCF7 cells is depicted in Figure 5. As control,

purified genomic DNA of parental MCF7 cells was used.

62



MCF7 PGRMC1-CRISPR/Cas9 knockout clones
~ |
g
% S T 1920 21 22 23 25 26 27 28 29 30 31 32 33 35 36 37 38 39 40 41 42 43 44 47 48 49 50 51 52 53 54 55 56 57 58 59 5
700 « —
500 _.
400 wu —
-
300 .
—— Rttt bt D e Ll o .—-——-—-——-
200 ..— “-------—-z-------------—'--"---------
150 -
100 W= -
75 i
50 , i
Ji\ /}f‘n

Figure 5: Representative 3% agarose gel of screening PCR for PGRMC1-knockout clones. Direct PCR was conducted with the
previously established protocol using primers exonl1_fw, exon 2_fw, exon2_rev, exon3_fw, exon3_rev on lysates of single cell
clones from 48-well format. For control, purified DNA from parental MCF7 cells or ultrapure water (H20) was used. Size
reference: low range DNA ladder (LR) reaching from 25 bp to 700 bp; band sized are indicated in the left panel. Numbers from
19 -59: lysates from expanded single cells clones, transfected with CRISPR/Cas9 plasmids targeting PGRMC1. MCF7 reference
bands correspond to products of exon2_fw + exon2_rev (213 pb, lower band) and exon3_fw + exon3_rev (250 bp, upper
band). Clones 30 and 50 demonstrate an aberrant band pattern with additional bands, potentially corresponding to deletions
and rearrangements.

The multiplex screening PCR and subsequent agarose gel electrophoresis identified clones
with aberrant bands, divergent from PCR products on the original PGRMC1 sequence. PCR on
the reference MCF7 genome provided two products of predicted sizes (213 bp and 250 bp),
corresponding to the target region of gRNA2 and gRNA3, while most of the clones presented
the identical band pattern and were therefore not considered as knockout clones. Screening
PCR detected bands lower in size, possibly corresponding to the predicted 187 bp or 188 bp
bands, on a few clones (like clone MCF7/PGRMC1-KO30). Some clones demonstrated
unpredicted PCR products, e.g. clone MCF7/PGRMC1-KO30, -KO50, with a band size over
400 bp. For CRISPR/Cas9 control clones, only the original MCF7 band pattern was detected, as
expected. Since any of the aberrations in PCR band pattern, even unpredicted ones, could
result in silenced PGRMCI1 locus, all clones with an aberrant band pattern and control clones
were expanded, secured in cryo-conserved stocks and aliquots were harvested for expression
analysis on mRNA and protein level. Importantly, not all subcloned single cells formed a colony
that could be analyzed. The numbers of screened clones for each cell line and the knockout-

rates for every cell line are summarized in Supplementary Table 1. The highest rate

CRISPR/Cas9 modified cells was achieved by FACS-based subcloning.
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6.3.1.3. PGRMC1-Deficient Breast Cancer Cells Were Successfully Generated by
CRISPR/Cas9 Approach

Selected clones of each cell line presenting aberrant PCR band pattern and control clones were

validated on protein level by western blotting according to 6.2.2.4.1, using an N-terminus-

binding anti-PGRMC1 antibody (Figure 6).
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Figure 6: Western blot analysis of some PGRMC1-KO and -Control clones of MCF7, T47D and MDA-MB-231 cells. A: Parental
MCF7, MCF7/PGRMC1-Control and MCF7/PGRMC1-KO cells. B: Parental T47D, T47D/PGRMC1-Control and T47D/PGRMC1-
KO cells. C: Parental MDA-MB-231, MDA-MB-231/PGRMC1-Control and MDA-MB-231/PGRMC1-KO cells. PGRMC1 was
detected by the N-Terminus binding antibody (Cell Signaling). For loading control, B-Actin was detected. Clones selected for
further analysis are marked with an asterisk (*).

For further characterization, up to three clones for each cell line and two control clones were
tested on protein level using up to three different PGRMC1-specific antibodies, to potentially
identify truncated or aberrant protein. For this purpose, a C-terminus-binding antibody and
an antibody directed against the cytochrome P450 domain of the protein were additionally

detected in western blotting in a master thesis supervised as part of this dissertation [115].
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For most of the selected and analyzed clones, PGRMC1 protein (25 kDa) could not be detected
in western blotting with either of the antibodies, pointing towards a successful PGRMC1
knockout in those cells. Both the C-terminus-binding and the cytochrome P450-binding
antibodies detect additional faint bands of higher sizes present in every sample independently
of the CRISPR/Cas9 reaction, suggesting a cross-reactivity of these antibodies with other
unidentified proteins. However, in MCF7/K043, a weak band of lower size was detected with
the N-terminus-binding antibody (Figure 7), while in T47D/K0126, a band of higher size and
low intensity could be identified (Supplementary Figure 2). These bands could correspond to
truncated or structurally different PGRMC1-proteins with low stability or low affinity to the

applied antibodies.
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Figure 7: Western blot of CRISR/Cas9-modified MCF7-cells. Whole cell lysates of MCF7 parental cells, MCF7/PGRMC1-
Controll and MCF7/PGRMC1-K043 and -KO6 were blotted and analyzed with three different a-PGRMC1 antibodies. A: N-
terminus detecting antibody (Cell signaling); B: antibody binding part of the CytB5 domain (Santa Cruz); C: Antibody binding
the C-terminus of PGRMC1 (Abcam). As loading control, B-Actin was detected. Adapted according to Oles, 2013.

Taken together, PGRMC1-deficient cells for the cell lines MCF7, T47D and MDA-MB-231 were
successfully generated. However, the aberrations detected by PCR were heterogenous, and

the modifications introduced to the cells by CRISPR/Cas9 were putatively unexpected.

To address and dissect genetic changes generated by CRISPR/Cas9 in PGRMC1-knockout
clones, the cells were analyzed on genetic level by sequencing of the aberrant PGRMC1 bands
and of the transcribed mRNA, if detected. Additionally, cells were characterized on functional

level to detect a putative “PGRMC1-KO” phenotype.
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6.3.2. Characterization of PGRMC1-Knockout Breast Cancer Cells

6.3.2.1. CRISPR/Cas9 Introduced Genetic Variations in Selected Single Cell Clones Are
Manifold
The aim of this sub-project was to generate stable well-characterized PGRMC1-knockout cell
clones without any permanent insertion of resistance cassettes into the cells’” genomic DNA
and with ideally solely PGRMC1 locus (partially) deleted. Absence of the PGRMC1-protein in
western blotting suggests a successful generation of various knockout cells. Nevertheless,
truncations or small changes in the primary structure (amino acid exchanges) in the PGRMC1
protein may present as full knockout on protein level, if they affect epitopes of the antibodies.

Therefore, an additional sequencing of detected transcripts and PCR bands was performed.

Purified DNA of the selected clones was therefore subjected to PCR using the CRISPR/Cas9
screening primer pairs and the PCR products were analyzed on a 3 % agarose gel. For PCR
reactions with one band, the PCR product was purified by excision of the band from the gel
and sequenced by Sanger sequencing using the PCR primers. In case of multiple PCR products,
TA-cloning into vector pCR™2.1 and purification by transformation of E. coli with obtained
vectors was performed according to 6.2.2.3.2. Amplified vectors with integrated PCR
fragments were isolated from E. coli and subjected to Sanger sequencing using M13_fw
primer, with respective sequence located on the vector site. TA-cloning was performed by
Julia Oles within her master thesis supervised by me as part of this dissertation. PCR-bands

used for sequencing are depicted in Supplementary Figure 3.

The mutations generated by the CRISPR-reaction and detected on DNA and on mRNA (if
present) were aligned to the PGRMC1-transcript (Ensemble ID: ENST00000217971.8) using the
MultAlin online tool [111]. An overview of detected mutations is provided in supplementary
table 1. For instance, mutations in exon 2 or exon 3 were most frequent, leading to either an
insertion or a deletion of nucleotides from DNA at that locus. In some clones, large deletions
could be identified. For a better overview, graphical presentations of mutations in
MCF7/CRISPR-KO cells are depicted in Figure 8. The respective deletions are marked with a

red crossed rectangle.
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Figure 8: Graphical representation of mutations detected in MCF7/PGRMC1-KO cells. Upper panel depicts the original
PGRMC1 locus with gRNA and primer binding sites. For MCF7/PGRMC1-KO5, the combination of PCR band sequences
indicates large deletions and rearrangements on both alleles. For MCF7/PGRMC1-KO43 and -KO64, relatively small deletions
in exon 2 and/or exon 3, respectively, have been generated by CRISPR/Cas9 approach. For clone MCF7/PGRMC1-K043, two
different isoforms were identified on mRNA level, presumably resulting from alternative splicing. Clones MCF7/PGRMC1-KO5
and -KO64 are completely absent of a PGRMCL1 protein band in western blot. Created with BioRender.
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In case of MCF7/PGRMC1-KOS5, large deletions spanning one or both introns along with parts
of the exons were detected. For instance, on allele 2, the region between gRNA1 and gRNA3
binding sites was deleted, bringing the primers exonl fw and exon3_rev in proximity,
resulting in a PCR band which is not produced from the original gene. However, simultaneous
presence of the PCR product of the red primer pair indicates that this sequence was not
degraded, but rather translocated into a distinct location in DNA that could not be evaluated
with the applied methods and is therefore speculative. On allele 1, part of the deleted exon3
was inverted and inserted into the former intron 1. Whether this inserted region originates
from the same allele is speculative, indicated by the double-sided black arrow in Figure 8. For
clones MCF7/PGRMC1-KO43 and -KO64, cDNA could be detected at a low abundance and

sequenced.

For these two clones, the detected mutated cDNA was translated into protein using the Expasy
online tool (Supplementary Figure 4). Interestingly, the small 7 bp deletion in exon 3 in
MCF7/PGRMC1-K043 resulted in two cDNA forms (deletion of 7 bp or 10 bp, respectively). For
the potentially resulting truncated proteins, if produced, folding, structure, stability and
function may be impaired. This is strengthened by the observation that MCF7/PGRMC1-KO64
lacked any PGRMC1 protein in western blotting and MCF7/PGRMC1-KO43 demonstrated a
light band of lower size (Figure 6). For clones MCF7/PGRMC1-KO5, T47D/PGRMC1-KO146,
MDA-MB-231/PGRMC1-KO18 and MDA-MB-231/PGRMC1-KO34, no transcript could be
detected in PCR.

In case of heterozygosity of the observed DNA modifications and the presence of one intact
PGRMC1 allele, an important information is that PGRMC1 is located on a region of the X-
chromosome which is permanently silenced due to X-chromosomal inactivation for gene
doses effects. The implication of this fact will be discussed later to the full extent. However,
to exclude the possibility of re-activation of the intact allele, if present and silenced, the
representative generated MCF7-clones were cultured long-term (up to passage 52) and

absence of PGRMC1-protein was verified by western blotting (see Supplementary Figure 5).

6.3.2.2. PGRMC1-Knockout Cells Do Not Exhibit Any Distinct Phenotype Postulated by
Previous Experiments
After demonstrating PGRMC1-deficiency in the generated clones, the knockout cell lines were

tested on previously established read-outs to analyze effects of permanent PGRMC1-loss on
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basic cell functions. As demonstrated in the first manuscript, in PGRMC1-overexpressing MCF7
cells, cellular proliferation was significantly increased, assessed by measuring activity of
mitochondrial reductases as surrogate for cell number by MTT assay. On the contrary,
transient knock-down of PGRMC1 by siRNA resulted in significantly reduced proliferation [99].
To address proliferation of long-term PGRMC1-deficient MCF7 cells, CFSE assay was
performed as an alternative method of proliferation analysis, independent of cellular

metabolism (Figure 9).
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Figure 9: Characterization of MCF7/PGRMC1-KO cells’ proliferation and abundance of neutral lipids. PGRMC1-overexpressing
MCF7 cells MCF7/PGRMC1 and respective control cells MCF7/EVC were analyzed for reference. A: CFSE assay for
MCF7/PGRMC1 and MCF7/EVC cells over a time period of 5 days. B: CFSE assay for parental MCF7 cells, MCF7/PGRMC1-
Control and MCF7/PGRMC1-KO cells. Significance was tested by two-way ANOVA. C: Abundance of neutral lipids in
MCF7/PGRMC1 and MCF7/EVC cells measured by BODIPY assay. Significance was tested by student’s t-test. D: Abundance of
neutral lipids in parental MCF7, MCF7/PGRMC1-Control and MCF7/PGRMC1-KO cells measured by BODIPY assay. Significance
was tested by one-way ANOVA and multiple comparison analysis, Bonferroni-corrected. *: p < 0.05. Adapted from Oles, 2013.
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The CFSE assay relies on incorporation of a fluorescent dye into the cells, which is
subsequently divided between the daughter cells with each mitosis. The rate of fluorescence
decrease over the course of time corresponds to the rate of cellular division. In addition to

PGRMC1-KO cells, MCF7/PGRMC1 and MCF7/EVC cells were included for reference.

The CFSE assay demonstrated an increased proliferation rate of MCF7/PGRMC1 cells as
published before. For MCF7/PGRMC1-KO cells lines, no significant result could be observed.
All CRISPR/Cas9 manipulated cell lines proliferated with a rate similar to the parental MCF7
cells (Figure 9A-B).

Since in previously published results we demonstrated a significantly increased level of neutral
lipids in hormone receptor positive MCF7/PGRMC1 cells, we tested selected PGRMC1-
deficient clones for neutral lipid abundancy in BODIPY-assay. Therefore, cells were
synchronized as described in 6.2.2.1.3, stained with BODIPY ™ 493/503 fluorescent dye and
analyzed by flow cytometry. As previously, MCF7/PGRMC1 and respective control cells were
used as a reference. While in MCF7/PGRMC1 cells, neutral lipids were significantly elevated,
confirming previous results, no significant difference could be observed for PGRMC1-deficient

cell lines compared to parental MCF7 (Figure 9C-D).

The results of the previous section (CFSE assay, BODIPY assay) were generated in course of
the master project by Julia Oles, supervised as part of this dissertation [115]. Furthermore,
the previously published analysis showed an increased phosphorylation of EGFR and of
downstream kinases AKT, ERK and MEK in MCF7/PGRMC1. Moreover, PGRMC1 has been
reported to interact with EGFR and stabilize the receptor, resulting in increased EGFR signaling
[22]. To address this finding in PGRMC1-deficient MCF7 cells, MCF7/PGRMC1-KO were treated
with 10 ng/ml EGF for 10 min as described in 6.2.2.1.7. Subsequently, western blot analysis
was performed for detection of EGFRpY1068, MEKpS217/221, AKTpS473, and
ERKpT202/Y204, the amount of respective total proteins for EGFR, MEK, AKT, and ERK, and

additionally PGRMC1, and B-actin as loading control (Figure 10).
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Figure 10: Activation of oncogenic signaling upon stimulation with hormones in MCF7 cells with different PGRMC1-expression
levels. A+B: Westen blot analysis of whole cell lysates of MCF7/PGRMC1, MCF7/EVC, parental MCF7, MCF7/PGRMC1-
Control2, MCF7/PGRMC1-KO5 and -KO64 upon stimulation with 10 ng/ml EGF or control medium for 10 min. A: Detection of
pEGFR, pMEK, pERK, pAKT, PGRMC1 and B-Actin on two separate blots (upper panel and lower panel). For blot 1, sequence
of detection was as follows: 1. MEKpS217/S221, 2. PGRMCL, 3. B-Actin. For blot 2, sequence of detection was as follows: 1.
ERK pT202/Y204, 2. B-Actin. B: Detection of total protein levels of EGFR, MEK, ERK, ERa and B-Actin on two different blots
(upper panel and lower panel). For blot 1, sequence of detection was as follows: 1. EGFR, 2. ERK, 3. ERa, 4. B-Actin. For blot
2, sequence of detection was as follows: 1. MEK, 2. Akt, 3. B-Actin. C: MTT assay as surrogate for proliferation on MCF7,
MCF7/PGRMC1, MCF7/EVC, MCF7/PGRMC1-Control1, -Control2, MCF7/PGRMC1-K043, -KO64 cells upon treatment with the
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hormones NET, E2, EGF and DMSO as control. Significance was calculated by two-way ANOVA and multiple comparison
analysis, Bonferroni-corrected. Significance is given in reference to parental MCF7. If not stated otherwise, not significant. *:
p<0.05; ***: p<0.001.

Interestingly, the long-term PGRMC1-deficient cells did not present any overarching
deficiency phenotype. While for MCF7/PGRMC1-KO5, a less prominent phosphorylation of
MEK, AKT and ERK could indeed be observed, the second tested clone MCF7/PGRMC1-KO64
presented an opposite phenotype with phosphorylation as strong as in MCF7/PGRMC1 (Figure
10A). Of note, the same clone demonstrated an increased expression of total EGFR compared
to parental MCF7 (Figure 10B), indicating an enhanced activity of the EGFR-pathway.

However, no common phenotype was detected for PGRMC1-deficient MCF7-cells.

To address the consequence of EGFR activation on proliferation of breast cancer cells with
different PGRMC1 expression levels, an MTT assay after treatment of cells with 10 ng/ml EGF
for 72 h was performed (6.2.2.1.8, Figure 10C). Additionally, to address the effect of NET and
E2 on PGRMC1-KO cells, these compounds were included in the assay. For NET and E2, only
MCF7/PGRMC1 and MCF7/PGRMC1-Control 2 cells demonstrated significantly increased
response compared to parental MCF7. The proliferative effect of NET and E2 on
MCF7/PGRMC1 was most pronounced with proliferation increased more than 2-fold
compared to DMSO. To EGF, the clone MCF7/PGRMC1-KO64 reacted with highest
proliferation, consistent with the increased EGFR-expression and EGFR and AKT

phosphorylation in these cells.

Taken together, PGRMC1-deficient breast cancer cells were successfully generated using the
CRISPR/Cas9 technology. PGRMC1 protein could not be detected in most of these cells. Two
clones (MCF7/PGRMC1-KO43; T47D/PGRMC1-KO126) demonstrated truncated or modified
protein, weakly detected. The generated clones were characterized by sequencing of DNA
fragments and cDNA, and further by performing functional assays in MCF7-cells to compare
cells with different PGRMC1-expression levels. PGRMC1-KO cells did not establish the same
phenotype as cells with transient PGRMC1-down-regulation (compare manuscript 1 [99]).
Neither proliferation, nor neutral lipid content of long-term PGRMC1-null MCF7-cells were
significantly different from parental MCF7. Concerning expression of kinases involved in
oncogenic signaling, the two tested MCF7/PGRMC1-KOs presented different phenotypes, with
-KO64 having a higher expression of EGFR and increased phosphorylation of EGFR, MEK, AKT
and ERK compared to MCF7, while -KO5 had lower or equal expression of the same proteins

compared to MCF7 cells.
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7. Activated PGRMC1 Interacts with Prohibitins and Indirectly Regulates ERa-
Signaling

7.1. PGRMC1 as Putative Progesterone Receptor
Despite its name, PGRMC1’s ability to bind progesterone (P4) has not been proven yet and

existing evidence is contradictory.

When Meyer et al. identified PGRMC1 from porcine liver membrane extracts, they reported
it as part of a progesterone-binding fraction. The authors determined binding affinities for
different membrane fractions, using radioactively labeled progesterone [3]. However, the
study was performed on cell extracts and not on purified protein, therefore the binding
activity may correspond to another protein in that fraction, possibly associated with PGRMC1,
and not PGRMC1 itself. In 2008, a GFP-PGRMC1 fusion protein was purified and tested for P4-
binding by Peluso et al. Importantly, the authors determined radioactively labeled-P4 binding
ability of spontaneously immortalized granulosa cells, which was decreased after PGRMC1
knockdown. Furthermore, they performed PGRMC1-mutational studies and identified the
transmembrane domain as the putative P4 binding site [116]. Later, Kaluka et al. performed
UV-Vis spectrometry to measure progesterone binding to purified truncated PGRMC1, lacking
the transmembrane domain (amino acids 72-195). In this study, progesterone addition
resulted in changes in heme spectra, pointing towards conformational changes at the chelated
heme. The authors concluded that PGRMC1 binds progesterone in proximity of heme or both
ligands simultaneously [117]. However, binding of P4 could occur indirectly and be mediated
by another protein that interacts with PGRMC1. For instance, PGRMC1 was reported to bind
membrane progesterone receptor alpha (mPRa), and increased PGRMC1 expression resulted
in elevated mPRa in the plasma membrane and increased P4 binding [118]. Up to date, both
direct P4 binding and indirect binding via interaction with a P4-binding adapter protein remain

possible.

7.2. PGRMC1 and Hormone Replacement Therapy

Several risk factors are associated with development of breast cancer, such as advancing age,
early menarche, late menopause, low parity, advanced age at first pregnancy, as well as
weight gain and a diet high in saturated fats, which is often associated with a high uptake of
cholesterol [44]. An additional factor for increased breast cancer risk is uptake of exogenous

progestins, synthetic progesterone derivatives, in form of oral contraception with progestin-
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only medication and hormone replacement therapy (HRT) [119], [120]. HRT is administered to
peri- and postmenopausal women to counteract deprivation of endogenous estrogens and
ease climacteric symptoms. In addition to estrogen, HRT usually includes progesterone or
progestins to prevent development of endometrial hyperplasia due to estrogen

administration [121].

To study HRT-associated breast cancer risk, several studies were conducted, with the
prospective “Million Women Study” in the United Kingdom having the largest cohort. This
study revealed that the use of HRT, especially estrogen-progestin combination therapy,
significantly increased the risk of breast cancer [122]. Interestingly, the risk is unequal for
different progestins, with highest relative risk for medrogestone (2.74), cyproterone acetate
(2.57) and norethisterone acetate (2.11), while the natural P4 did not increase the risk for
breast cancer in combination with estrogen (relative risk: 1.08) [123]. On molecular level,
progestins are thought to confer their function mainly through the nuclear PR but were further
reported to bind other steroid receptors and mPR. Additionally, PGRMC1 was connected to
progestin signaling by Neubauer et al., who published several studies describing effects of
certain progestins on PGRMC1-overexpressing breast cancer cells. The group observed that
ERa-positive breast cancer cells with stable exogenous PGRMC1 overexpression established a
higher sensitivity to treatment with norethisterone (NET), resulting in an increased
proliferation. Interestingly, P4 did not exhibit any proliferative effect on the same cells. Later,
Willibald et al. from our group performed immunoprecipitation of overexpressed
3xhaemagglutinin (HA)-tagged PGRMC1 (HA-PGRMC1), followed by mass spectrometry for
prominent PGRMC1 phosphorylation sites, to detect possible direct modifications of PGRMC1
after progestin treatment. Upon treatment with NET, PGRMC1 established increased
phosphorylation of $181, while other detected phosphorylation sites (S57, Y113, T178) were
not enriched. Importantly, S181 phosphorylation was detected after 24 hours of NET
treatment, indicating a slow kinetic of PGRMC1 phosphorylation at this residue, which is
possibly not a result of direct progestin binding [124]. However, the findings described in this
section point towards a possible involvement of PGRMC1 in HRT-associated breast cancer risk,
especially in case of high PGRMC1 tissue expression and uptake of breast cancer-risk

increasing progestins.

To further dissect the mechanism of PGRMC1-associated progestin-induced breast cancer cell

proliferation, Ludescher (née Willibald) performed a co-immunoprecipitation of HA-PGRMC1

74



after stimulation with NET and detected the putative interaction partners of PGRMC1. Among
other proteins, the mitochondrial chaperons and transcription factor regulators prohibitin 1
and prohibitin 2 (PHB1; PHB2) were found to interact with PGRMC1 [98]. Interestingly, PHBs
were reported to negatively regulate oncogenic ERa-signaling, which is the main stimulatory
pathway in hormone receptor positive breast cancer cells. In the following manuscript, we
aimed to uncover the mechanistic interplay between PGRMC1, PHBs and ERa and thereby to

collect evidence on how PGRMC1 may contribute to increased breast cancer risk under HRT.
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7.4. Summary

Combined HRT with specific progestins like MPA or NET is associated with increased breast
cancer risk. In breast cancer cell lines, PGRMC1 overexpression resulted in an increased
response to NET, and NET stimulation led to PGRMC1 phosphorylation at S181. These findings
suggested that PGRMC1 may functionally contribute to increased breast cancer progression

upon HRT.

To address this hypothesis, PGRMC1-overexpressing breast cancer cells were stimulated with
NET and PGRMC1 interaction partners were analyzed by co-immunoprecipitation and PLA.
PGRMC1 was found to interact with the negative ERa-regulators PHB1 and PHB2. PHBs were
previously reported to regulate transcriptional activity ERa and other transcription factors.
The PGRMCI1-PHB-interaction was dependent on PGRMC1-S181 phosphorylation after
treatment with proliferation-promoting progestins NET, MPA, drospirenone and
dydrogesterone, and was neither detected in PGRMC1-phosphorylation-deficient cells, nor
after treatment with progestins that did not increase proliferation. Furthermore, when
PGRMC1 interacted with PHBs, the latter exhibited less interaction with ERa, while ERa target
gene transcription was significantly elevated. Importantly, ERa-prohibitin-interaction was not

disrupted by NET in PGRMC1-KO cells, indicating a PGRMC1-specific effect.

These results suggested a PGRMC1-mediated displacement of PHBs from ERa, which in turn
activated ERa signaling and enhanced the proliferation of breast cancer cells. Thereby,

PGRMC1 could act as an indirect co-regulator of ERa activity and promote oncogenic signaling.
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Simple Summary: Combined menopausal hormone therapy is associated with increased breast
cancer risk in postmenopausal women. In our previous studies, progesterone receptor membrane
component 1 (PGRMC1) was shown to play a role in progestins’ elicitation of enhanced proliferation
of breast cancer cells. Here we describe a potential mechanism by which PGRMC1 contributes to
breast cancer progression via interaction with prohibitins, inhibiting their function as transcriptional
repressors. This facilitates estrogen receptor alpha (ER«x) transcriptional activity and enhances onco-
genic signaling upon treatment with certain progestins, including norethisterone and dydrogesterone.
Our data underline the contribution of PGRMCI1 to especially hormone receptor positive breast
cancer pathogenesis and demonstrate the need for further studies to understand its role in cancer.

Abstract: In previous studies, we reported that progesterone receptor membrane component 1
(PGRMC1) is implicated in progestin signaling and possibly associated with increased breast cancer
risk upon combined hormone replacement therapy. To gain mechanistic insight, we searched for
potential PGRMC interaction partners upon progestin treatment by co-immunoprecipitation and
mass spectrometry. The interactions with the identified partners were further characterized with
respect to PGRMC1 phosphorylation status and with emphasis on the crosstalk between PGRMC1
and estrogen receptor « (ERc). We report that PGRMC1 overexpression resulted in increased
proliferation of hormone receptor positive breast cancer cell lines upon treatment with a subgroup of
progestins including norethisterone and dydrogesterone that promote PGRMC1-phosphorylation on
S181. The ERa modulators prohibitin-1 (PHB1) and prohibitin-2 (PHB2) interact with PGRMC1 in
dependency on S181-phosphorylation upon treatment with the same progestins. Moreover, increased
interaction between PGRMC1 and PHBs correlated with decreased binding of PHBs to ERx and
subsequent ERa activation. Inhibition of either PGRMC1 or ER« abolished this effect. In summary,
we provide strong evidence that activated PGRMC1 associates with PHBs, competitively removing
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them from ERco, which then can develop its transcriptional activities on target genes. This study
emphasizes the role of PGRMC1 in a key breast cancer signaling pathway which may provide a new
avenue to target hormone-dependent breast cancer.

Keywords: PGRMC1; progesterone; progestins; breast cancer; estrogen receptor; hormone therapy;
PHB1; PHB2

1. Introduction

Breast cancer accounts for almost one in four cancer cases among women, making it
the most commonly diagnosed cancer and the leading cause of cancer death (15.5%) [1].
Approximately 70% of all breast cancers diagnosed in postmenopausal women are hormone
receptor-positive [2].

Factors contributing to breast cancer risk besides lifestyle are reproductive and hor-
monal risk factors like overall exposure to sex hormones during early menarche and late
menopause, but also uptake of exogenous hormones like oral contraceptives and hormone
replacement therapy (HT) [3-5]. The latter is administered peri- and post-menopausal for
treatment of climacteric symptoms to improve quality of life [6]. HT that only includes
the use of estrogens is referred to as estrogen-only hormone therapy (EHT) [7]. How-
ever, in addition to estrogens, HT usually includes co-treatment with progestins, synthetic
derivates of gestagens, added to prevent the development of endometrial hyperplasia and
an associated risk of endometrial cancer due to estrogen administration. This HT is referred
to as combined estrogen-progestin hormone therapy (CHT) [8].

Various prospective large cohort studies, such as the Million Women Study (1,084,110
women) and the Women’s Health Initiative (27,547 women), overwhelmingly suggest that
combined hormone therapy (CHT), relatively to EHT, increases the risk of breast cancer,
indicating a potential role of progestins in breast carcinogenesis [7,9,10]. Fournier et al.
demonstrated that the risk of breast cancer differs, depending on the type of progestin
used. With a relative risk of 2.74 (95% confidence interval (CI): 1.42-5.29), 2.57 (95% CI:
1.81-3.65) and 2.11 (95% CI: 1.56-2.86) the progestins medrogestone, cyproterone acetate
and norethisterone acetate were found to exhibit the highest breast cancer risk. In contrast to
combined estrogen/progestin therapy, no increased breast cancer risk has been reported for
the combined therapy of estrogens and progesterone (4-Pregnene-3,20-dione: hereafter P4)
(relative risk: 1.08 (95% CI: 0.89-1.31) (relative risk: 1.08 (95% CI: 0.89-1.31) [6]. Although
evidence points towards a significant contribution of certain progestins to breast cancer risk,
the cellular mechanisms underlying this observation are unclear. Most effects observed
upon progestin treatment refer to their action on the nuclear Progesterone Receptor (PR),
but also other hormone receptors like the androgen receptor and the glucocorticoid receptor
are reported to be targeted by progestins or their metabolites [11-14]. Recent studies further
indicate potential effects of progestins on Progesterone Receptor Membrane Component-1
(PGRMC1) [15-17].

PGRMC(1 is expressed in different cellular systems and contexts and has a wide
range of cellular functions [17,18]. It was discovered by Meyer et al., when searching for
alternative membranous high affinity P4 binding sites and was therefore suggested as a
putative progesterone receptor [19,20]. Since then, PGRMC1 has been associated with P4
responses in various cell systems [21-23]. Furthermore, the multiple functions exerted
by PGRMC1 include cholesterogenesis [24] and interactions with CYP450 enzymes that
metabolize steroid hormones and chemotherapeutics [25,26].

In previous studies, we provided evidence that PGRMC1 is involved in the mode of
action of progestins on breast cancer cells [27,28]. PGRMC1 was demonstrated to confer
progestin responsiveness, which results in enhanced proliferation of MCF7 breast cancer
cells in vitro and in vivo [27,29,30], indicating a potential role of PGRMCI in increased
breast cancer risk upon progestin-based HT [31]. We further examined the biological
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activity of progestins associated with regulation of PGRMC1 activity and discovered that
PGRMC1 is phosphorylated at the Casein Kinase 2 (CK2) phosphorylation consensus site
5181, and thus potentially activated by the progestin norethisterone (NET) [27]. Consid-
ering that PGRMC1 is expressed in breast tissue and overexpressed in breast cancer [16],
further investigation of progestin-dependent PGRMC1 signaling in breast cancer cells is
essential for a better understanding of the effects of progestins on breast cancer risk.

Therefore, the aim of this study was to gain deeper insight into PGRMC1-mediated
breast cancer progression upon progestin treatment and the signaling pathways involved.
For this purpose, potential PGRMC1-interaction partners in breast cancer cells were evalu-
ated with norethisterone (acetate) (NET) treatment. A special focus was placed on progestin-
dependent implication of PGRMC1 in ER« signaling and regulation of prohibitins (PHBs),
which are reported to function as transcription factor modulators [32], and can occupy
protein complexes with PGRMC1, although direct physical contact has not been demon-
strated [33]. Here, we provide evidence that crosstalk exists between PGRMC1 and ERx
that could promote progression of breast cancer.

2. Materials and Methods
2.1. Cells and Cell Culture

MCF7, T47D and MDA-MB-231 cells were purchased from the ATCC (Manassas,
VA, USA (HTB-22, HTB-133 and CRM-HTB-26)). Cells overexpressing 3x human in-
fluenza hemagglutinin (HA)-tagged PGRMC1 (termed MCF7/PGRMC1, T47D/PGRMC1
and MDA-MB-231/PGRMC1) and their respective negative empty vector control cells
(MCF7/EVC, T47D/EVC and MDA-MB-231/EVC) were generated via stable transfection
with the expression vector pcDNA3.1/Hygro (+) (Thermo Fisher Scientific, Waltham, MA,
USA, V87020), containing 3 x HA-tagged PGRMC1 as described elsewhere [24,29]. Prior
to this study, MCF7 cells overexpressing GFP-tagged PGRMC1 (termed MCF7/PGRMC1-
GFP) [24] and the phosphorylation-deficient PGRMC1-site mutants S57A (MCF7 /PGRMC1-
S57A), S181A (MCF7/PGRMC1-5181A) and a double site mutant S57A /S181A (MCF7/
PGRMC1-557A/S181A) [34] were established and described in previous publications.
PGRMC1-deficient MCF7 cells (MCF7 /PGRMC1-KO) were generated by transient trans-
fection of MCF?7 cells with ‘PGRMC1 CRISPR/Cas9 KO Plasmid (h)’ (Santa Cruz Biotech-
nology, CA, USA, sc-401945, containing a mixture of three expression plasmids each
encoding for the Cas9 enzyme and a PGRMC1-specific gRNA) using Lipofectamine 3000
(Thermo Fisher Scientific, L3000001). For control (MCF7/PGRMC1-KO/Control), cells
were transfected with respective amount of ‘CRISPR/Cas9 KO Control Plasmid’ (Santa
Cruz Biotechnology, sc-418922, encodes for the Cas9 enzyme and an unspecific gRNA).
Cells were trypsinized 48 h post-transfection and single clones were selected by limiting
dilution in 96-well Plates. Single cell colonies were screened for a successful PGRMC1-
knockout by PCR, expanded and validated by western blotting and immunofluorescence
staining. All cells were maintained in RPMI 1640 medium (Thermo Fisher Scientific,
2340229), supplemented with 10% (v/v) fetal bovine serum (Thermo Fisher Scientific,
2333352), 100 units/mL penicillin/streptomycin (Thermo Fisher Scientific, 2321118) and
0.025 mol/L HEPES (Thermo Fisher Scientific, 2192897) (hereafter referred to as complete
medium) in a humidified incubator at 37 °C in the presence of 5% CO,. Cells (passage
number < 25) were regularly tested negative for mycoplasma and regularly authenticated
by Microsynth AG (Balgach, Switzerland) using STR analysis.

2.2. Treatment

Hormones: For progestin treatment, cells were seeded in complete medium. Af-
ter 24 h, the medium was changed to a phenol-red free RPMI 1640 medium (Thermo
Fisher Scientific, 2300455) supplemented with 10% charcoal stripped fetal bovine serum
(Thermo Fisher Scientific, 22361499), 100 units/mL penicillin/streptomycin (Thermo
Fisher Scientific, 2321118) as well as 25 mM HEPES (hereafter referred to as stripped
medium) and cells were incubated for another 48 h. Treatment was performed with NET
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(Sigma-Aldrich, St. Louis, MO, USA, N1200000), dydrogesterone (DYD) (Sigma-Aldrich,
Y0001004), drospirenon (DSP) (Sigma-Aldrich, Y0001105), medroxyprogesterone (acetate)
(MPA) (Sigma-Aldrich, M0250000), cyproterone (acetate) (CPA) (Sigma-Aldrich, C3283000),
nomegestrel (acetate) (NOM) (Sigma-Aldrich, N1080005) and P4 (Sigma-Aldrich, Y0001665)
at concentrations of 107°, 1077, 108 and 10~2 M (from 10~2 M stock solutions in DMSO)
or the respective amount of DMSO (Sigma-Aldrich, D8418) as a control for a defined time
period (72 h for MTT assay, 24 h for mass spectrometry analysis, RPPA, Western blot,
co-immunoprecipitation (Co-IP), PLA and qRT-PCR) in stripped medium.

AG-205: To investigate effects of PGRMC1 inhibition on cell proliferation, MCF7 cells
were treated with the putative PGRMC1 inhibitor AG-205 (Sigma-Aldrich, A1487) (see
discussion). Cells were seeded in complete medium. After 24 h, the medium was changed
to stripped medium (see above) with 25 x 10~® M AG-205 (from 10~2 M stock solution
in DMSO) or DMSO (0.25%) as control and incubated for another 48 h. Treatment was
performed with NET or DYD at concentration of 10~® M or DMSO (0.01%) as a control for
24 h in stripped medium.

Fulvestrant: To investigate effects of ERx downregulation on cell proliferation, MCF7/
PGRMC1 and MCF7/EVC cells were treated with the selective estrogen receptor degrader
fulvestrant (Sigma-Aldrich, Y0001399) [35]. Cells were seeded in complete medium con-
taining 10~7 M fulvestrant (from 10~3 M stock solution) or DMSO (0.01%) as control. After
24 h, the medium was changed to stripped medium containing 107 M fulvestrant and
cells were incubated for another 48 h. Treatment was performed with NET or DYD at
concentrations of 107 M or DMSO (0.01%) as a control, for indicated time periods (72 h
for MTT assay, 24 h for qRT-PCR) in stripped medium. For MTT assay, cells were cultured
in fulvestrant-containing complete medium for 24 h before seeding into 96-well plates.

2.3. MTT Assay

Cells (1 x 10* cells per well) were seeded in triplicates in 96-well plates in complete
medium and grown for 24 h followed by starvation in stripped medium for 48 h and
treatment with hormones as described above. On the day of the assay, cells were incubated
with 0.25 mg/mL MTT solution (Sigma-Aldrich, 042K5313) for 3 h at 37 °C followed by 1 h
of incubation with DMSO at 37 °C and 300 rpm in a microplate shaker. Absorption was
measured at 540 nm using TECAN Spark® spectrophotometer.

2.4. Western Blot Analysis

Cells were washed twice with ice cold PBS (Thermo Fisher Scientific, 2176323) and
detached from the culture flasks using cell scrapers (Greiner Bio-One, Solingen, Germany).
Cell pellets were lysed in RIPA buffer (50 mM TRIS (Sigma-Aldrich, T1503), 150 mM
NaCl (VWR corporation, 16C030032), 1% NP-40 (Sigma-Aldrich, 74385), 0.5% sodium
deoxycholate (Sigma-Aldrich, D6750), 0.1% SDS (Sigma-Aldrich, S34121136), phosphatase
inhibitor (Roche, 49121300) and protease inhibitor (Roche, 49422800)) and protein con-
centration was determined using BCA assay (Thermo Fisher Scientific, 23225). 30 ug of
whole cell protein supplemented with 4 x Laemmli buffer (Bio-Rad, Feldkirchen, Germany,
1610747) containing 2-Mercaptoethanol (Sigma-Aldrich, M6250) and the respective molec-
ular weight marker were loaded onto Mini-PROTEAN® Precast Gels (Bio-Rad, 4568123)
and separated via SDS-Page at 100 V. Western blotting was performed as described else-
where [27]. For signal detection the following antibodies were used: pSer181-PGRMC1
(EMBL, Monoclonal Antibody Core Facility, Monterotondo, Italy, #3G11A2, antibody not
commercially available) [36], PGRMC1 (Cell signaling, Danvers, MA, USA, D6M5M), PHB1
(Cell signaling, 2426S), PHB2 (Cell signaling, 14085S) and (-actin (Santa Cruz Biotech-
nology, sc-47778). For validation of PGRMC1 knockout, we additionally used a second
anti-PGRMC1 antibody (Abcam, Cambridge, UK, ab48012).
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2.5. Co-Immunoprecipitation

Co-IP of HA-tagged PGRMC1 and HA-tagged PGRMC1-variants was performed as
previously described [24].

2.6. Mass Spectrometry

PGRMC1 was immunoprecipitated from four individual replicates MCF7 /PGRMC1
cells of following groups: HA-PGRMC1 DMSO, HA-PGRMC1 NET, GFP-PGRMC1 DMSO,
GFP-PGRMC1 NET. Samples were processed by in-gel digestion and proteins were iden-
tified by mass spectrometry on an Orbitrap Elite instrument as described [27]. For data
analysis, the MaxQuant environment (version 1.5.3.8, Max Planck Institute of Biochem-
istry, Planegg, Germany) was used with standard parameters if not otherwise stated.
Spectra were searched against 20187 Swiss-Prot entries from the Homo sapiens proteome
(UP000005640, downloaded on 18 November 2015 from UniProt KB). Label-free quantifica-
tion was enabled as well as the ‘match between runs’ option. Tryptic cleavage specificity
was chosen, as well as carbamidomethyl at cysteines as fixed and methionine oxidation,
and acetylation at protein N-termini as variable modifications. Mass tolerances were
20 ppm (first search) and 4.5 ppm (second search after recalibration) for precursor masses
and 0.5 Da for fragment masses. Peptides and proteins were accepted at a false discovery
rate of 1%. Proteins were only considered for further analysis when showing at least two
peptides and four valid values in at least one group. Missing values were imputed for
global statistical calculation using random values from a downshifted normal distribu-
tion (1.8 SD downshift, width 0.3 SD). For statistical analysis, a two-way ANOVA was
calculated within the R environment (The R foundation for statistical computing) and
p-values were corrected for multiple testing by the method of Benjamini and Hochberg
(corrected values are reported). Potential PGRMC1 interacting proteins were selected by a
ratio HA/GFP > 2 and additionally a corrected p-value < 0.01 for the variable “TAG” in the
ANOVA. For the 253 remaining proteins additionally Welch-tests were performed for the
comparison of NET and DMSO treated HA-PGRMC1 samples. All captured proteins along
with the statistical data are provided in Supplementary Table S1 (Appendix A). The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE [37] partner repository with the dataset identifier PXD028537.

2.7. qRT-PCR

RNA was isolated from a cell pellet of 1 x 10° cells using the RNeasy Mini Kit
(Qiagen, Hilden, Germany, 74104) according to the manufacturer’s specifications. Reverse
transcription of RNA into cDNA was performed with the Omniscript RT kit (Qiagen,
205113) according to the manufacturer’s instructions. For qPCR, QuantiFast SYBR Green
PCR kit (Qiagen, 204054) and RT? qPCR Primer assays for TFF1 (Qiagen, PPH00998C)
and PDH (Qiagen, PPH13220A) were used according to the manufacturer’s specifications.
qPCR was performed using the LightCycler® 480 System (Roche, Penzberg, Germany).

2.8. Immunofluorescence Staining

Cells were spun on glass slides, fixed with 4% PFA (Sigma-Aldrich, 20649296018) for
10 min at room temperature and washed three times for 5 min with washing buffer (Dako,
Glostrup, Denmark, S3006). Afterwards, cells were permeabilized with 0.1% Triton X-100
(Sigma-Aldrich, T8787) in PBS for 10 min at room temperature (RT) and washed three times
for 5 min with washing buffer. DAKO Protein Blocking Solution (Dako, X0909) was added
and incubated for 1 h at RT. Cells were subjected to immunofluorescence staining with
primary antibodies specific for PGRMC1 (Abcam ab48012), ERx (Abcam ab259427), PHB1
(Abcam ab75766) and PHB2 (Cell signaling 14085S) overnight at 4 °C. Afterwards, the
slides were washed three times for 5 min with washing buffer and a respective fluorophore
labeled secondary antibody (anti-goat: Invitrogen, A11055; anti-mouse: Invitrogen, 745480;
anti-rabbit: Invitrogen, A31573) was added to the samples and incubated for 1 h at RT in
the dark. The slides were washed three times for 5 min with washing buffer and incubated

82



Cancers 2021, 13, 5635

6 of 22

with DAPI (Thermo Fisher Scientific, 15733122) for 5 min at RT. Antibody incubation steps
were performed in a humidified chamber. The slides were washed with distilled water,
mounted with Fluorescent Mounting Medium (Dako, S3023) and dried overnight. The cells
were examined by fluorescence microscopy using the Axioplan 2 Imaging fluorescence
microscope.

2.9. Proximity Ligation Assay

The proximity ligation assay (PLA) procedure was performed using the Duolink®
PLA Kit (Sigma-Aldrich, DUO92008) according to the manufacturer’s instructions. Cells
were spun on glass slides, fixed and permeabilized as described above. Incubation with
the primary antibody cocktail containing anti-PGRMC1 antibody (Abcam, ab48012) or anti-
ER« antibody (Abcam, ab259427) with PHB1 (Abcam, ab75766) or PHB2 (Cell signaling,
14085S) antibody was performed overnight at 4 °C. Negative control PLA was performed
using respective isotype control antibodies (goat isotype, Abcam ab37373; mouse isotype,
Abcam ab37355; rabbit isotype, Abcam ab37415). Nuclear DNA was labeled with DAPI for
10 min and slides examined by fluorescence microscopy within one week after storage at
4 °C in the dark. Each red dot represented a single interaction. Dots per cell were quantified
using image]J software [38].

2.10. Statistical Analysis

All experiments were performed as several independent biological replicates and
repeated a minimum of three times. Results were reported as means with standard devia-
tion. If not stated otherwise, data were tested for normal distribution using Shapiro-Wilk
test and QQ normality plots and analyzed by one-way or two-way ANOVA (unmatched
data) using GraphPad Prism (version 9.2.0, GraphPad Software, Inc., La Jolla, CA, USA).
Differences between groups were calculated with the Bonferroni post-hoc test. p < 0.05 was
considered as statistically significant. The exact test applied is described in the respective
figure legend.

3. Results
3.1. PGRMC1 Promotes Proliferation of Breast Cancer Cells upon Progestin Treatment

As already shown in previous studies, PGRMC1 represents a potential integration
point and transmitter of progestin signals responsible for the growth and proliferation of
breast cancer cells [27,29]. To further study this effect, we used the HA-tagged PGRMC1-
overexpressing breast cancer cell lines MCF7 /PGRMC1, T47D/PGRMC1 and MDA-MB-231
/PGRMC1 as well as the respective empty vector control cell lines MCF7/EVC, T47D/EVC
and MDA-MB-231/EVC, and performed the MTT assay to measure activated metabolism
as surrogate for cell proliferation upon treatment with various progestins used in CHT. For
the ERot/PR positive cell lines MCF7/PGRMC1 and T47D/PGRMC]1, treatment with the
progestins NET, DYD and DSP (10~® M) significantly increased cell proliferation compared
to the respective EVC cells while no effects were observed after treatment with CPA, NOM
and P4 (107° M) (Figure 1A,B). For MCF7 /PGRMC1 cells, significantly higher prolifer-
ation was also observed after treatment with MPA (10~ M). In contrast, treatment of
PGRMCl-overexpressing MDA-MB-231 cells with any progestin (10~° M) or P4 (10~° M)
did not increase their proliferation compared to MDA-MB-231/EVC cells (Figure 1C),
suggesting that progestin-mediated PGRMC1 signaling is mediated by proteins which are
expressed in the HR positive cell lines MCF7 and T47D, but not in the triple-negative cell
line MDA-MB-231.
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Figure 1. PGRMC1 promotes proliferation of breast cancer cells upon progestin treatment. Relative MTT-signal as surrogate
for cell number of (A) MCF7/PGRMC1 and MCF7/EVC cells, (B) T47D/PGRMC1 and T47D/EVC cells, (C) MDA-MB-
231/PGRMC1 and MDA-MB-231/EVC cells. Cells were treated with different progestins in the concentration of 107 M.
Relative MTT-signal of (D) MCF7/PGRMCI1 and (E) T47D/PGRMCI1 cells treated with different concentrations of progestins
(10~0-10~? M) for 72 h. Values were normalized to respective DMSO treated cells. Statistical analysis was performed with
twoway ANOVA and Bonferroni post—hoc test. *: p < 0.05, **: p < 0.01, ***: p< 0.001.

To analyze if effects of progestins on MCF7/PGRMC1 and T47D/PGRMC1 cells
can be observed at very low concentrations, cells were treated with progestins in con-
centrations ranging from 10~® M to 10~? M. For NET, we detected significantly higher
proliferation for PGRMC1-overexpressing cells even at 10~7 M compared to DMSO treated
cells (Figure 1D,E), whereas the respective EVC cells only responded at higher concen-
trations (Figure S1A,B). For DYD and DSP, significantly elevated proliferation compared
to the DMSO control was observed at concentrations down to 108 M, while for MPA
only the concentration of 1078 M resulted in increased proliferation (Figure 1D,E). As
in the previous experiment, CPA, NOM and P4 treatment did not influence prolifera-
tion of MCF7/PGRMC1 and T47D/PGRMCI1 cells compared to DMSO control at any
concentration (Figure 1D,E).

Taken together, these results demonstrate that PGRMC1-overexpression sensitizes
ER«/PR positive luminal breast cancer cells to treatment with specific progestins (NET,
DYD, DSP, and MPA; proliferation-promoting progestins, hereafter referred to as PPPs),
while other progestins (CPA, NOM and P4; non-proliferation-promoting progestins, here-
after referred to as N-PPPs) did not enhance proliferation under any condition. The increase
of proliferation in MCF7/EVC and T47D/EVC cells after treatment with NET, DYD and
DSP or NET and DYD, respectively (Figure S1A,B), may be conducted via the endogenously
expressed PGRMC1 which is still present in our system.
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3.2. PGRMC1 Associates with the ERa-Modulators PHB1 and PHB2 upon Treatment with NET

To gain insight into the mechanism by which PGRMC1 impacts proliferation of breast
cancer cells, we screened for potential PGRMC1 interaction partners upon treatment with
the PPP NET by mass spectrometry analysis of proteins co-immunoprecipitated from
whole-cell lysates of MCF7/PGRMC1 cells utilizing an antibody directed against the
HA-tag (Table S1). The volcano plot (Figure 2A) stratifies proteins exhibiting significantly
increased signals in Co-IP pellets from the NET treated MCF7 /PGRMC1 samples compared
to Co-IP pellets from the corresponding DMSO treated MCF7 /PGRMC1 cells. These could
represent progestin-dependent PGRMC1 interaction partners. In the NET and the DMSO-
treated MCF7/PGRMC1 cells, similar amounts of PGRMC1 proteins were precipitated
as indicated by similar signal intensities (Figure S2). Significantly less PGRMC1 protein
was precipitated by anti-HA beads in the DMSO and NET treated MCF7 /PGRMC1-GFP
control cells where PGRMC1 lacked the HA-tag (Figure S2), indicating the specificity of the
assay for the presence of the HA-antigen in the PGRMC1 target protein.
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Figure 2. PGRMCl interacts with the ERe-modulators PHB1 and PHB2 upon treatment with NET. Analysis of immunopu-
rified (HAbased) samples of MCF7/PGRMC1-GFP cells (PGRMC1-GFP) and MCF7/PGRMC1 cells (PGRMC1-HA) treated
with DMSO or NET (10~® M) for co-precipitated proteins. (A) Volcano plot showing the result of a Welch'’s t-test including
253 proteins with an increased abundance as revealed by a two-way ANOVA after HA-based enrichment. Proteins repre-

sented by red dots and blue triangles show a significantly altered abundance (FDR 0.01%). Mass spectrometry results for
co-precipitated (B) PHB1 or (C) PHB2, log2 normalized intensity +: significantly different (Welch'’s test). (D,F) Western blot
analysis for co-precipitated (D) PHB1 or (F) PHB2 (upper panel) and the protein level of PHB1, PHB2 and PGRMC1 in whole
cell lysates from the same cells (lower panel). (E,G) Densitometric analysis for precipitated (E) PHB1 or (G) PHB2. Signal
intensity was normalized to PGRMC1-HA /DMSO. Difference between DMSO- and NET-treated samples was calculated
with unpaired Student’s t-test. **: p < 0.01.
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Since the initial results point towards progestin-dependent increase of proliferation
in ERat/PR-positive PGRMC1-overexpressing cell lines, we hypothesized that progestin-
mediated PGRMC1 signaling is dependent on factors present in luminal cell types of breast
cancer. Among proteins with higher signal intensities in NET treated MCF7 /PGRMC1 cells
compared to DMSO treated cells we found Prohibitin-1 (PHB1) (ANOVA p-value, corrected
for multiple testing: tag 5.7 x 1077, treatment 0.005) (Figure 2B) and Prohibitin-2 (PHB2)
(ANOVA p-value, corrected for multiple testing: tag 3.2 x 107, treatment 0.01) (Figure 2C).
We had previously identified that both proteins were present in AG-205-dependent Co-IP
pellets with PGRMC1 [33]. Both PHBs are suggested to modulate transcriptional activity
by directly or indirectly interacting with transcription factors, including transcriptional
repression of ERx [39-41]. PHB2 is known as an ERx co-regulator that potentiates the
inhibitory activities of antiestrogens and represses the activity of estrogens [42]. Due to
their role as transcription factor modulators, we were interested in the association between
PGRMC1 and PHB1 and PHB2 upon progestin treatment.

The results from mass spectrometry were verified by Co-IP followed by Western blot
analysis. Both PHB1 (Figure 2D,E and Figure S13) and PHB2 (Figure 2E,G and Figure S14)
exhibited significantly higher signals in MCF7/PGRMCI cells after NET treatment. These
results indicate augmented interaction of PHB1 and PHB2 with protein complexes contain-
ing PGRMCT in the presence of NET compared to DMSQO treatment.

3.3. PGRMC1-5181-Phosphorylation Correlates with Increased Cell Proliferation and PHB
Binding upon Progestin Treatment

PGRMC1 is subject to differential phosphorylation, which has been reported to po-
tentially regulate its functions [43,44]. As previously published, we have investigated
PGRMC1 phosphorylation upon progestin treatment in MCF7/PGRMC1 cells by Co-IP
and subsequent mass spectrometry and identified S181 as the PGRMC1 site whose phospho-
rylation was significantly increased upon treatment with NET [27]. To further investigate
a potential relationship between PGRMC1-5181 phosphorylation and elevated cell pro-
liferation, we used MCF7 /PGRMC1, MCF7/EVC and MCF7 /PGRMC1-5181A cells, the
latter of which express a S181A-phosphorylation deficient PGRMC1-variant. We measured
PGRMC1-5181 phosphorylation by Western blot of whole cell lysates upon treatment with
both PPPs as well as N-PPPs. Both endogenously and exogenously expressed PGRMC1
showed increased 5181 phosphorylation in PPP-treated MCF7 /PGRMC1 cells compared
to DMSO-treated cells, whereas PGRMC1 protein levels were comparable for all cells
(Figure 3A—C and Figure S15). For the exogenously expressed PGRMC1, the most promi-
nent effect was observed after stimulation with NET, DYD and DSP, with a clear trend
for MPA. MCF7/EVC cells also exhibited increased S181-phosphorylation of endogenous
PGRMC1 upon PPP treatment (Figures S3A,B and 518). In MCF7/PGRMC1-5181A cells,
similar results were observed, except that the exogenous PGRMC1-5181A protein was not
phosphorylated on S181 (Figures S3C,D and S19).
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Figure 3. PGRMC1-5181-phosphorylation is essential for increased cell proliferation and PHB binding upon progestin
treatment. (A) Western blot analysis of PGRMC1-5181-phosphorylation and PGRMC1 protein levels in whole cell lysates
of MCF7 /PGRMC1 cells after treatment with progestins (10~® M) and DMSO. S181-phosphorylation occurs on both the
endogenous PGRMCT1 (lower band, ~25 kDa) and exogenous HA-tagged PGRMC1 (upper band, ~28 kDa). Densitometric
analysis of Western blot results for S181-phosphorylation of (B) exogenous PGRMC1 and (C) endogenous PGRMC1 relatively
to total PGRMC1 protein level. (D-F) Relative MTT signal as surrogate for cell number of (D) MCF7/PGRMC1-S57A, (E)
MCF7/PGRMC1-5181A, (F) MCF7/PGRMC1-557A /S181A cells treated with different progestins (all 10~¢ M) or DMSO for
72 h. Values were normalized to DMSO treated cells. (G) Western blot analysis of immunopurified HA-tagged PGRMC1
and co-precipitated PHB1 from MCF7/PGRMCI cells treated with different progestins (10-® M) and DMSO (upper panel)
and PHBI1 protein level in whole cell lysates in the same cells (lower panel). (H) Densitometric analysis of co-precipitated
PHBI1 (I) Western blot analysis of immunopurified HA-tagged PGRMC1-variants and co-precipitated PHB1 after treatment
with DYD (10~® M) or DMSO. (J) Densitometric analysis of co-precipitated PHB1. (B,C,H,J) Signal intensity was normalized
to corresponding DMSO-control and signal intensity of total PGRMC1 (B,C) or each precipitated PGRMC1-variant (H,]J).
Statistical analysis was performed by one-way ANOVA (A-H) or two-way ANOVA (J) and Bonferroni post-hoc tests.
* p<0.05,*: p <0.01, ***: p <0.001.

87

10 of 22



Cancers 2021, 13, 5635

11 of 22

To investigate the functional connection between PGRMC1-5181-phosphorylation and
increased proliferation, the proliferation of the phosphorylation deficient MCF7 /PGRMC1-
S181A cells upon treatment with progestins was investigated. In addition, we used
the cell line MCF7/PGRMC1-557A, which overexpresses the phosphorylation deficient
PGRMC1 variant S57A, and the double-variant cell line MCF7 /PGRMC1-S57A /S181A [34].
The phosphorylation site S57 was previously not found to be differentially phosphory-
lated upon NET treatment in MCF7/PGRMC1 cells [27] and therefore served as a con-
trol. In accordance with our previous findings, the proliferation of the control cell line
MCF7 /PGRMC1-557A significantly increased after stimulation with PPPs (Figure 3D),
similarly to MCF7/PGRMC1 cells, whereas the proliferation of MCF7/PGRMC1-5181A
(Figure 3E) cells and MCF7/PGRMC1-557A /S181A (Figure 3F) cells increased only after
NET treatment. This result suggested that PGRMC1-5181-phosphorylation was important
for the proliferative effect observed upon PGRMC1 overexpression and PPP treatment.

After demonstrating that PGRMC1-5181 phosphorylation accompanied the increase
in proliferation observed after treatment with PPPs, we investigated whether this phospho-
rylation was crucial for the recruitment of PHBs to PGRMC1. Since the Co-IPs followed
by mass spectrometry and Western blot indicated that PHB1 and PHB2 interacted with
PGRMC1 upon treatment with NET, we next performed the Co-IP after treatment with both
PPPs and N-PPPs and analyzed the precipitated proteins by Western blotting. Both PHB1
and PHB2 showed significantly higher abundance in PGRMC1 Co-IP pellets upon treat-
ment with the PPPs NET, DYD and DSP and a clear trend for MPA compared to treatment
with DMSO in MCF7 /PGRMC1 (Figure 3G,H, Figures S4A,B and S16) and T47D/PGRMC1
cell lines (Figures S4C-F, 521 and S22). PHB1 and PHB2 association was especially strong
for DYD-treated cells whereas PHB1 and PHB2 protein levels were similar in all cell lysates
(Figure 3G, Figures S4A and S20). PHB1 or PHB2 levels in Co-IP precipitates after N-
PPP treatments were not significantly different than control levels. Co-IPs with lysates
of cells overexpressing phosphorylation-deficient PGRMC1-variants demonstrated that
PGRMC1-5181 is crucial for the recruitment of PHBs to Co-IP pellets after treatment with
PPPs. PHB1 (Figure 3LJ and Figure S17) and PHB2 (Figures S4G,H and 523) could be
precipitated by PGRMC1 from lysates of the control cell line MCF7 /PGRMC1-S57A but
not from Co-IP pellets from MCF7/PGRMC1-5181A and MCF7/PGRMC1-S57A /S181A
cells. Taken together, these results suggest that treatment with PPPs leads to PGRMC1-5181
phosphorylation and increased interaction of PHB1 and PHB2 with protein complexes
containing PGRMC1.

3.4. PGRMC1-PHB1/PHB?2 Association Diminishes PHB1/PHB2 Binding to ERx

Since PHB1 and PHB2 were reported to regulate ERx signaling, which is a central
oncogenic pathway in luminal breast cancer, we focused on the implication of PGRMC1
in the ER« signaling network and its possible involvement in breast cancer promotion.
According to literature, PHB2 directly interacts with ERo and represses its transcriptional
activity [39]. Therefore, we investigated the associations between endogenously expressed
PGRMC1 and PHBs or ERa and PHBs, respectively, by PLA in parental MCF7 and T47D
cells-independent of overexpression and immunoprecipitation. For this experiment, NET
and DYD were used representatively for the PPP group while P4 and DMSO served as
controls. Upon treatment with NET and DYD, a significantly higher number of PLA interac-
tions between PGRMC1 and PHB1 (Figure 4A,B) or PHB2 (Figure S5A,B) could be observed
in both cell lines compared to treatment with P4 and DMSO (T47D in Figure S7A-D).

Regarding the interaction between ERox and PHB1 or PHB2, we obtained the inverse
picture: treatment with NET or DYD led to significantly less interactions than the treatment
with P4 or DMSO (Figure 4A,B and Figure S5A,B, T47D in Figure S7A-D), while the protein
expression levels of all tested proteins remained unchanged (Figure S10).
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To test whether the decrease of associations between PHBs and ER« after treatment
with NET and DYD is conveyed by PGRMC1, we established PGRMC1 deficient MCF7
cells (MCF7 /PGRMC1-KO) using the CRISPR/Cas9 approach. As control, we used cells
that were treated with the respective control plasmid (expressing an unspecific gRNA)
and analogously expanded from single cell clones (MCF7/PGRMC1-KO/Control). In
MCEF7/PGRMC1-KO cells that have been selected by PCR screening of single cell clones,
PGRMC1 expression was below detection level as tested by Western blotting using two
different antibodies (Figures S6, 524 and S25). The PLA in MCF7 /PGRMC1-KO cells demon-
strated that in the absence of PGRMC1, the interaction between ERx and PHBs did not
change with progestin treatment (Figure 4C,D and Figure S5C,D), while MCF7 /PGRMC1-
KO/ Control cells behaved similarly to parental MCF7 cells (Figure S8A-D), implying a
dependence upon PGRMC1 in the progestin-dependent release of ERx from PHBs. For
isotype controls of the PLA reaction, see Figure S9A,B.

3.5. ERa Is Activated upon Progestin-Treatment in a PGRMC1-Dependent Manner

After demonstrating that ER« is released from PHBs upon binding of PGRMC1 to
the latter after stimulation with PPPs, we speculated that progestin-dependent PGRMC1
interaction with PHB1 and PHB2 might result in elevated ERct activation and subsequent
increase in ER« target gene expression. To examine this hypothesis, we analyzed the
mRNA expression level of trefoil factor 1 (TFF1) as a reporter gene for ERo activation upon
treatment with both PPPs and N-PPPs in MCF7/PGRMC1 as well as in T47D/PGRMC1
cells and their respective EVC cells. Additionally, we stimulated MCF7/PGRMC1-5181A
cells, as the S181-phosphorylation site is critical for the interactions between PGRMC1
and PHBs. We observed increased expression of TFF1 upon treatment with PPPs in
both MCF7/PGRMC1 (Figure 5A) and T47D/PGRMC1 (Figure S11) cells compared to
DMSO control, whereas treatment with N-PPPs did not result in any significant differences.
Additionally, expression of TFF1 in MCF7 /PGRMC1-5181 cells did not vary upon treatment
with any progestin relative to MCF7/EVC control cells (Figure 5A), emphasizing the
importance of PGRMC1-5181 phosphorylation in progestin-dependent ER« activation.

Further, in order to verify that the proliferative effect observed after treatment with
PPPs correlated with TFF1 expression and ERx activation, we pre-treated the same cell
lines with the selective ERx-degrader fulvestrant [35] before the stimulation with NET
or DYD. As expected, degradation of ERa before progestin treatment (for confirmation
of ERa-degradation, see Figures S12, 526 and 527) resulted in diminished TFF1 expres-
sion (Figure 5C,D). In addition, the proliferative effect of NET was completely abolished
after pre-treatment with fulvestrant, validating that the progestin-dependent increased
breast cancer cell viability is conveyed through the ER«x signaling pathway (Figure 5B).
To further elucidate the role of PGRMC1 in progestin-dependent ERx activation, we
pre-treated MCF7/PGRMC1 and MCF7/EVC cells with the putative PGRMC1 inhibitor
AG-205 [45,46]. AG-205 antagonizes some PGRMC1 functions but also has PGRMC1-
independent effects [47]. Treatment with AG-205 before the stimulation with NET or DYD
representatively for PPPs completely abolished the increase of TFF1 expression in both cell
lines for DYD and significantly diminished the same for NET, indicating an essential role
of PGRMC1 in progestin-dependent ER«x activation (Figure 5E,F).
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Figure 5. ER« is activated upon progestin-treatment in a PGRMC1-dependent manner. (A) qRT-PCR analysis of TFFI mRNA
expression in MCF7 /PGRMC1, MCF7/EVC and MCF7/PGRMC1-5181A cells upon treatment with progestins (107 M) or
DMSO (0.01%) for 24 h. (B) Relative MTT signal as surrogate for cell number of MCF7/PGRMC1 and MCF7/EVC cells
treated with fulvestrant (10~7 M) and NET (10~° M) or DMSO (0.01%). Values were normalized to DMSO treated cells.
qRT-PCR analysis of TFF1 mRNA expression in MCF7/PGRMC1 and MCF7/EVC cells upon treatment with (C) fulvestrant
(10~7 M) and NET (10~° M), (D) fulvestrant and DYD (10~® M), (E) AG-205 (25 x 10~® M) and NET, (F) AG-205 and DYD,
or DMSO, respectively. Signal intensity was normalized to respective DMSO control. Statistical analysis was performed by
two-way ANOVA and Bonferroni post-hoc test. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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4. Discussion

Various studies have demonstrated that elevated PGRMC1 expression promotes a
more aggressive phenotype of breast cancer and participates in its carcinogenesis [48,49].
High expression of PGRMC1 correlates with poor outcome, which has been reported for
breast-, lung-, ovarian- and kidney cancer [48,50-52]. In previous studies, we demonstrated
that PGRMC1 is partially required for progestin signaling in MCF7 cells and therefore
suggested a potential role of PGRMC1 in the increased breast cancer risk upon progestin-
based HT [27-29].

Our present study focuses on a progestin-dependent crosstalk between PGRMC1 and
ER« signaling in ERx /PR positive breast cancer cells. Our findings suggest the function
of PGRMC1 as an important amplifier of ER-dependent transcription upon treatment
with the PPPs NET, DYD, DSP, and MPA, resulting in oncogenic signaling and tumor
progression in ERx positive breast cancer cells. These results are in accordance with a study
by Ruan et al., who also detected proliferation-enhancing effects of NET, DYD, DSP, and
MPA, whereas no effect could be observed for NOM or P4 [31]. They are further supported
by a recently published xenograft study by Zhao et al., who found higher tumor volumes
of PGRMC1 overexpressing MCF7 and T47D cells in NET treated mice compared to tumor
volumes of the respective EVC cells [30].

To identify responsible factors that are involved in oncogenic signaling of HR positive
breast cancer cells, we performed Co-IP with HA-PGRMC1 followed by mass spectrometry
and identified PHB1 and PHB2 as possible PGRMC1 interaction partners upon treatment
with NET. We do not demonstrate direct physical interactions, however at the very least
PGRMC1 and PHBs are present in the same Co-IP pellets and are sufficiently proximal
to permit a positive PLA signal. As reviewed by Cahill et al., PGRMC1 phosphorylation
could play a crucial role not only in terms of its function but also for its protein-protein
interactions and subcellular localization [44]. In a previous study, we investigated PGRMC1
phosphorylation in MCF7 breast cancer cells after treatment with NET and identified 5181
to be phosphorylated [27].

In the current investigation, we further demonstrate that PGRMC1-5181-phosphorylation
is promoted by PPPs and correlates with increased proliferation of treated cells. We ob-
served increased phosphorylation at S181 for both exogenously and endogenously expressed
PGRMC1 after treatment with PPPs. Hence, ablation of the S181 phosphorylation site by
single amino acid substitution to alanine or in combination with S57A significantly dimin-
ished proliferation of MCF7 /PGRMC1-5181A and MCF7/PGRMC1-557A /S181A cells. In
addition, we demonstrated that PGRMC1-5181 phosphorylation is essential for association of
PGRMC1 with PHBs after treatment with all PPPs and that the PGRMC1-PHB association
is abolished in PGRMC1-5181 phosphorylation-deficient cells. According to these findings,
we assume that phosphorylation of PGRMC1 at 5181 is crucial for its downstream signaling
and the resulting increase in cell proliferation upon progestin treatment. Future studies
should address the role, if any, of the adjacent Y180 residue in PHB interactions. Mutation
of Y180 in MIA PaCa-2 pancreatic cancer cells reduced signaling by the PI3K/ Akt pathway,
accompanied by large metabolic and epigenetic changes [43,53].

Both PHBs are reported to exert various functions depending on their localization in
the cell and can act independently as well as in a heterodimeric complex [32]. In addition to
being a scaffold for mitochondrial proteins in the inner mitochondrial membrane [32], both
PHBs have been described as transcription factor modulators which interact with various
transcription factors in the nucleus, particularly with ER« [32,39,40]. For luminal breast
cancer, PHB2 has been discussed as a potential tumor suppressor since its overexpression
significantly diminished ER« signaling, whereas its downregulation elevated the latter [40].

In the present study, we demonstrated that PGRMC1 may represent a regulating
factor in the PHBs-ER-interplay. Stimulation with PPPs increased the association between
PGRMC1 and PHBs, which reduced the interactions between PHBs and ERx. A potential
mechanism may be that this results in a reduced capability of PHBs inhibit ERoex transcrip-
tional activity in the promoter regions of ER-target genes (Figure 6). Indeed, the PLA
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between the different proteins using NET and DYD representatively for the group of PPPs
and P4 and DMSO as controls revealed significantly reduced interactions between ERx
and PHBs and significantly elevated ERo activation (measured as TFF1 transcription level)
upon treatment with NET and DYD. This finding points towards an indirect stimulatory
effect on ERax by PGRMC1 via neutralization of the inhibitory effect of PHBs. A similar
role has been reported for the brefeldin A-inhibited guanine nucleotide-exchange protein 3
(BIG3) which binds PHB2 to prevent its translocation into the nucleus, and thereby acts as
an ER« coactivator [54-56].
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Figure 6. Potential crosstalk between PGRMC1 and PHB1/2 in ER«-signaling cascades. S181-phosphorylation on PGRMCl1
mediates interaction with PHB1/2 upon treatment with proliferation-promoting progestins (PPPs). In absence of PPPs:

PHB1/2 act as ER«x co-regulators to inhibit the transcription of ERx-dependent genes. In presence of PPPs: S181-

phosphorylated PGRMCI1 interacts with PHB1/2, possibly inhibiting their function as transcription factor regulators

and enabling the transcription of ERx-dependent genes.

Consistently with this model, pharmacological inhibition of each of PGRMC1 by
AG-205 or ER« by fulvestrant annulled the stimulatory effect of DYD and significantly
diminished the same for NET, substantiating the assumption that both PGRMC1 and ERx
essentially contribute to the propagation of progestin signals in breast cancer. Interestingly,
in a recent publication, Teakel and coauthors identified PHBs as PGRMC1 interaction
partners in the pancreatic cancer cell line MIA PaCa-2 independently of progestin treat-
ment [33], pointing towards an implication of PGRMC1 in PHB1/PHB2- function that is
not limited to breast cancer or progestin stimulation, which deserves further investigation.
This is especially interesting considering that PHBs regulate additional transcription factors
to ER«, e.g., E2F1, p53 [57,58], and implicates new ways that PGRMC1 might modulate the
context of oncogenic signaling and apoptosis in other tumor settings.

Concerning the inhibitory function of AG-205 on PGRMC1, it is important to mention
that not all the effects observed upon AG-205 treatment in the literature appear to be
PGRMCl1-specific. AG-205 has been repeatedly used by several research groups as mutual
PGRMC1 inhibitor to confirm the role of PGRMC1 in membrane trafficking and epithelial
growth factor receptor (EGFR) activation, activation of glucagon-like peptide 1 receptor and
fatty acid 2-hydrolase [50,59-61]. However, as recently demonstrated by Wang-Eckhardt
et al., formation of large vesicular structures in response to AG-205 treatment occurred
independently of PGRMC1 expression [47]. Furthermore, in endometrial cells, AG-205
treatment led to increased expression of genes involved in cholesterogenesis and steroido-
genesis, both independently of PGRMC1 expression [62]. These two findings emphasize
that caution is advised when using AG-205 as a mutual PGRMC1 inhibitor. Although the
binding of AG-205 to PGRMC1 has been demonstrated [50], its exact mechanism of action
and possible activity on other targets remains uncharacterized.

In our experiments, the strongest proliferative effect and the highest increase of TFF1
expression was measured after NET stimulation, with DYD being the second most potent
progestin. However, as to PGRMC1-5181 phosphorylation and the interaction between
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PGRMC1 and PHBs, we found the highest level of PGRMC1-phosphorylation and the
strongest increase of PHB-interactions for DYD.

Concerning this issue, it is important to mention that in T47D cells, NET was pre-
viously shown to be bioconverted into the ERx-agonists 3x,5x-norethisterone and 5«-
norethisterone [63]. Hence, besides activation of PGRMC]1 and associated downstream
targets, metabolites of NET might also directly bind to ER«, facilitating ligand-dependent
ER« signaling. This is consistent with the observation that inhibition of PGRMC1 using
AG-205 resulted in a completely abolished increase of TFF1 expression when treated with
DYD, whereas treatment with NET was accompanied by a significantly decreased but still
measurable ERo activation, perhaps through direct ERo binding by NET metabolites.

In an earlier publication dealing with increased breast cancer risk for women receiving
combined hormone therapy, we used MPA in combination with E2 and reported that MPA
sensitized PGRMC1-overexpressing MCF7 cells to E2 at low concentration [64]. Further,
in in vivo studies a sequential combined treatment of E2 and NET significantly increased
tumor growth of MCF7/PGRMC1 cells, compared to E2-only treatment [29]. In the present
study, we treated the cells with the progestins alone in hormone free medium. Nevertheless,
as previously described, we measured increased production of estradiol in MCF7 /PGRMC1
cells [24], indicating that these cells might endogenously activate ERo even in the absence
of exogenous E2. Therefore, the exact mechanism of ER« activation and recruitment to the
TFF1 promotor needs further investigation.

Our data rather describes the impact of PGRMC1 on PHBs’ function as transcription
factor modulators and contributes to revealing the PGRMC1 regulatory network with
special focus on processes driving breast cancer progression. It is of notable interest that
nuclear steroid receptor transcription factors, of which ERx was the first in chordates,
evolved in bilaterian animals [65]. Bilaterians concomitantly gained the cognate of the
T178/Y180/5181 module in the eumetazoan PGRMC C-terminus [66], suggesting that
the processes we describe here may reflect ancient bilaterian biology that is perturbed in
cancer. Future studies should further elucidate the mechanism of elevated ERx activation
mediated by PGRMC1 to shed light on the regulation of this oncogenic signaling pathway.
The interaction partners detected in the present study will be an important starting point
to further investigate the PGRMC1 signaling cascade in HR positive breast cancer.

Since activated PGRMC1 may potentiate the oncogenic signaling of ERx and thereby
promote breast cancer progression, it may serve as a therapeutic target. In this context,
Kabe et al. recently identified glycyrrhizin, a major component in licorice extract with
anti-inflammatory and anti-viral effects [67], as a substance that directly binds PGRMC1
and inhibits some of its functions [68]. In a human colon cancer cell line, glycyrrhizin inhib-
ited the interaction of PGRMC1 with EGFR, suppressing EGFR signaling and increasing
chemosensitivity towards erlotinib and cisplatin [68]. Future studies should investigate the
effect of glycyrrhizin on PGRMC1 in the context of breast cancer. Given the potential mech-
anism presented in the current study, the possible pharmacologic inhibition of PGRMC1 in
combination with antihormonal treatment could be of high interest.

5. Conclusions

In the present study, we identified PGRMC1 as a factor that inhibits PHBs’ action as
ER« co-regulators in the presence of certain progestins in our luminal breast cancer cell
model. PGRMC1 is thereby involved in a key oncogenic signaling pathway in breast cancer.
Our data underline the contribution of PGRMC1 to especially hormone receptor positive
breast cancer pathogenesis and demonstrate the urgent need for further studies.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ cancers13225635/s1, Figure S1: Cell viability of breast cancer cells upon progestin treatment,
Figure S2: Relative amount of precipitated PGRMC1, Figure S3: PGRMC1 is phosphorylated at 5181
upon treatment with proliferation-promoting progestins, Figure S4: PHB1 and PHB2 are precipitated
by PGRMC1 after treatment with PPPs, Figure S5: PLA for PGRMC1 and PHB2 or ERx and PHB2
in MCF7 cells, Figure S6: PGRMCI1 protein level in parental MCF7 and PGRMC1-knockout cells,
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Figure S7: PLA for PGRMC1 and PHB1/PHB2 or ERx and PHB1/PHB2 in T47D cells, Figure S8:
PLA for PGRMC1 and PHB1/PHB2 or ERx and PHB1/PHB2 in MCF7/PGRMC1-KO/Control
cells, Figure S9: Negative control PLA using isotype antibodies, Figure S10: Immunofluorescence
staining of MCF7 cells for PGRMC1, PHB1, ERx and PHB2, Figure S11: qRT-PCR analysis of
TFF1 mRNA expression in T47D/PGRMCI1 and T47D cells, Figure S13. Left panel: analysis of im-
munopurified (HA-based) precipitate from PGRMC1 overexpressing cell lines MCF7 /PGRMC1 and
MCEF7 /PGRMCI1-GFP cells; detection of PHB1 and PGRMC1. Right panel: Protein level in whole cell,
Figure S14. Left panel: analysis of immunopurified (HA-based) precipitate from PGRMC1 overex-
pressing cell lines MCF7 /PGRMC1 and MCF7/PGRMC1-GFP cells; detection of PHB2 and PGRMC1.
Right panel: Protein level in whole cell, Figure S15. Analysis of PGRMC1-5181-phosphorylation
after progestin treatment in whole cell lysates of MCF7/PGRMCI1 cells. Upper panel: detection
of S181-phosphorylated PGRMC1; Lower panel: detection of PGRMC1 protein level, Figure S16.
Analysis of immunopurified (HA-based) precipitate from MCF7/PGRMCI1 cells after progestin
treatment (upper panel) and protein level in whole cell lysates of the same samples (lower panel).
Detection of PHB1, Figure S17. Analysis of immunopurified (HA-based) precipitate from MCF7
cells overexpressing PGRMC1 or phosphorylation-deficient PGRMC1 variants after treatment with
DYD. Detection of PHB1, Figure S18. Analysis of PGRMC1-5181-phosphorylation after progestin
treatment in whole cell lysates of MCF7/EVC cells. Upper panel: detection of S181-phosphorylated
PGRMC1; Lower pan-el: detection of PGRMC1 protein level, Figure S19. Analysis of PGRMC1-
S181-phosphorylation after progestin treatment in whole cell lysates of MCF7/PGRMC1-S5181A
cells. Upper panel: detection of S181-phosphorylated PGRMC1; Lower panel: detection of PGRMC1
protein level, Figure 520. Analysis of immunopurified (HA-based) precipitate from MCF7 /PGRMC1
cells after progestin treatment (upper panel) and protein level in whole cell lysates of the same
samples (lower panel). Detection of PHB2, Figure S21. Analysis of immunopurified (HA-based)
precipitate from T47D/PGRMCI1 cells after progestin treatment (upper panel) and protein level
in whole cell lysates of the same samples (lower panel). Detection of PHB1, Figure S22. Analysis
of immunopurified (HA-based) precipitate from T47D/PGRMCI1 cells after progestin treatment
(upper panel) and protein level in whole cell lysates of the same samples (lower panel). Detec-
tion of PHB2, Figure 523. Analysis of immunopurified (HA-based) precipitate from MCF7 cells
overexpressing PGRMC1 or phosphorylation-deficient PGRMC1 variants after treatment with DYD.
Detection of PHB2, Figure S24. Analysis of PGRMC1-expression in whole cell lysates from MCF7,
MCF7/PGRMC1-KO/Control and MCF7/PGRMC1-KO cells. Detection of PGRMC1 with the N-
terminal antibody (Cell Signaling), Figure S25. Analysis of PGRMC1-expression in whole cell lysates
from MCF7, MCF7 /PGRMC1-KO/Control and MCF7/PGRMC1-KO cells. Detection of PGRMC1
with the C-terminal antibody (Abcam), Figure S26. Analysis of ERx- and PGRMC1-protein level
in MCF7/PGRMC1 and MCF7/EVC cells after treatment with fulvestrant and NET, Figure 527.
Analysis of ERx- and PGRMC1-protein level in MCF7 /PGRMC1 and MCF7/EVC cells after treat-
ment with fulvestrant and DYD, Table S1: List of proteins identified in the precipitate by mass
spectrometry after HA-based enrichment of PGRMC1 from whole cell lysates of MCF7/PGRMC1
and MCF7/PGRMC1-GFP cells treated with NET (10~° M) or DMSO.
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Appendix A

Table S1: List of proteins identified in the precipitate by mass spectrometry af-
ter HA-based enrichment of PGRMC1 from whole cell lysates of MCF7/PGRMC1 and
MCF7/PGRMC1-GFP cells treated with NET (10~ M) or DMSO. In addition to the data on
the statistical analysis, the tables contain mean values of LFQ-intensity values for the differ-
ent groups and ratios of selected mean values as indicated. Additionally relevant protein
identification and quantification data from MaxQuant is shown. For details please refer to
Tyanova et al., 2016 [69]. List of 701 co-precipitated proteins (Table S1 701 Proteins) iden-
tified by mass spectrometry from HA-immunopurified proteins of MCF7/PGRMCI1 and
MCF7/PGRMC1-GFP cells treated with NET (10~¢ M) or DMSO. GFP DMSO: immunopu-
rified samples of DMSO treated MCF7/PGRMC1-GFP cells. GFP NET: immunopurified
samples of NET treated MCF7 /PGRMC1-GFP cells. HA DMSO: immunopurified samples
of DMSO treated MCF7/PGRMC1 cells. HA NET: immunopurified samples of DMSO
treated MCF7 /PGRMC1 cells. Potential PGRMC1 interacting proteins were selected by a
ratio HA/GFP > 2 and additionally a corrected p-value < 0.01 for the variable “TAG” in the
2 way-ANOVA. For the 253 remaining proteins (Table S1 253 Proteins) additionally Welch-
tests were performed (significance analysis of microarrays, SO = 0.1, 1% false discovery
rate, Tusher et al., 2001) [70] comparison of NET and DMSO treated HA-PGRMC1 samples.
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8. PGRMC1-PHB Interactions in Endometrium

8.1. Impact of PGRMC1 on Female Fertility

PGRMC1 is involved in steroid metabolism, as demonstrated by several groups and by us in
the first manuscript. PGRMC1 overexpression is associated with increased activity of CYP51A1
and with increased production of cholesterol and estradiol in hormone receptor positive MCF7
cells [99]. Taken together, it may be hypothesized that PGRMC1 impacts steroid metabolism

and signaling in additional settings besides breast cancer.

Indeed, PGRMC1 has been widely associated with female fertility, a factor strongly regulated
by steroid hormones. Male and female reproductive tracts are one of the main sites of
PGRMC1 expression [28]. In the human endometrium, PGRMC1 is differentially expressed
during menstrual cycle [125], while de-regulated PGRMC1 expression is associated with

several infertility-related diseases [126], [127].

McCallum et al. generated PGRMC1-KO mice using the Cre-Lox system, lacking PGRMC1
selectively in the uterus or in the ovaries. Both PGRMC1-KO-mice demonstrated impaired
fertility, producing fewer pups per litter or fewer litters, respectively, and an aberrant
endometrial histopathology [15]. Similarly, in zebrafish, PGRMC1-KO resulted in reduced
fertility manifested in a lower number of offspring, and a reduced steroidogenesis [128]. The
effect on fertility was connected to impaired hormone signaling, strengthened by in vitro

experiments on zebrafish oocytes [128].

8.2. Decidualization and Fertility

During female menstruation cycle, the human endometrium undergoes substantial structural
changes, mainly regulated by the female ovarian hormones estradiol and progesterone. The
endometrial cycle comprises of two major phases: endometrium is built up in the proliferative
phase after menstruation in control of the hormone E2, followed by differentiation and
morphological change of the newly built endometrial stomal cells in the secretory phase,
mediated by increased levels of P4, preparing the endometrium for embryo implantation. The
process of dramatic morphological and functional changes of the endometrial stromal cells
during the secretory phase is termed decidualization (Figure 11). This process is a key
prerequisite of a receptive endometrium and is therefore tightly connected with fertility.
Deregulation of decidualization leads to implantation failure, even after in-vitro fertilization

[129].
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Figure 11: Schematic representation of the human endometrium during different menstrual phases. Endometrial tissue is
built up during the proliferative phase, followed by decidualization of endometrial stromal cells in the secretory phase. The
stromal cells (yellow, left) undergo morphological and functional changes during decidualization and differentiate into
decidualized cells (right). Based on [129]. Created with BioRender.

The onset of stromal cell decidualization is marked by an increase of progesterone production
and intracellular cAMP. Decidualization of stromal cells can be stimulated in vitro, by addition
of cAMP and P4 or a progestin to cultured human endometrial stromal cells (ESC). The
essential receptor for progesterone during decidualization is the nuclear PR, and ablation of
PR in mice results in abrogated decidualization. However, PGRMC1 has been additionally
investigated in this context. Salsano et al. performed co-immunoprecipitation of PGRMC1 in
decidualized and non-decidualized ESC and suggested involvement of PGRMC1 in morphologic
remodeling of ESC [130]. Later, the same group used AG-205 as a PGRMC1 inhibitor on ESC
during decidualization and observed changes in transcriptome compared to control cells
[131]. The authors assumed that PGRMC1 impacts metabolism and vesicular transport during
morphological changes in ESC. However, the molecular mechanism by which PGRMC1 is

involved in decidualization remains unsolved.

Since decidualization is a major factor in female fertility, a possible impact of PGRMC1 on this

process is intriguing. Maximal knowledge should be collected about biological mechanisms of
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endometrial restructure to develop future treatment options for infertility-related diseases.
In the following manuscript, we used an in vitro ESC decidualization model and studied the
impact of PGRMC1 expression level on morphological and biochemical changes during the
process. Further, we detected interactions between PGRMC1 and PHBs, that we previously
observed in breast cancer cells, additionally in ESC cells, demonstrating the broad context of

these interactions.

102



8.3. Manuscript Ill (Aim 4)

“Progesterone-induced progesterone receptor membrane component 1 rise-
to-decline changes are essential for decidualization”

Hailun Liu, André Franken, Alexandra P. Bielfeld, Tanja Fehm, Dieter Niederacher, Zhongping

Cheng, Hans Neubauer™ and Nadia Stamm™*
*: These authors contributed equally to this manuscript.

*: Corresponding authors.

Original research article in Reproductive Biology and Endocrinology
Impact factor: 4.2 (2023)

Authorship: Shared senior author, corresponding author

Status: published in February 2024

DOI: 10.1186/s12958-024-01188-9

Full citation: Liu, H., Franken, A., Bielfeld, A.P. et al. Progesterone-induced progesterone
receptor membrane component 1 rise-to-decline changes are essential for
decidualization. Reprod Biol Endocrinol 22, 20 (2024). https://doi.org/10.1186/s12958-024-
01188-9

Author contribution:

| planned experiments and discussed and analyzed data, did literature research and
conceptual design of the manuscript together with Hailun Liu. | revised the original draft and
adapted the reviewed manuscript, uploaded and managed publication and communication

with the editors/reviewers.

103



8.4. Summary

This study by Liu et al. explores the role of PGRMC1 in the process of decidualization, which is
essential for embryo implantation and placenta formation. Decidualization is driven by rising
levels of progesterone following ovulation and is necessary for the transformation of

endometrial stromal cells and preparation of a receptive endometrium.

To investigate the role of PGRMC1, RNA-sequencing datasets were analyzed to track PGRMC1
expression throughout the menstrual cycle. Further, an in vitro decidualization model was
utilized to study PGRMC1’s impact on the process. We detected a rise-to-decline PGRMC1
expression pattern during decidualization, which was crucial for the process, since knocking
down PGRMC1 before induction resulted in decidualization failure. However, when PGRMC1
was knocked down after the induction phase, decidualization proceeded unaffected,
indicating that the initial increase in PGRMC1 is essential for initiating decidualization but not

for maintaining it.

Importantly, PGRMC1 interacted with PHB1 and PHB2 during decidualization. These
interactions appear to play a role in regulating the process, as knocking down either of the
PHBs resulted in delayed decidualization. This suggests that PGRMC1 works in concert with

PHBs to ensure proper endometrial transformation.

These findings highlight the importance of the dynamic regulation of PGRMC1 during
decidualization. Disruptions in the rise-to-decline pattern of PGRMC1 expression could impair
decidualization and potentially contribute to infertility. By shedding light on the mechanisms
governing decidualization, this study provides new perspectives on fertility and potential

targets for treating infertility-related conditions.
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Abstract

Background Decidualization of endometrial cells is the prerequisite for embryo implantation and subsequent
placenta formation and is induced by rising progesterone levels following ovulation. One of the hormone receptors
contributing to endometrial homeostasis is Progesterone Receptor Membrane Component 1 (PGRMC1), a non-
classical membrane-bound progesterone receptor with yet unclear function. In this study, we aimed to investigate
how PGRMC1 contributes to human decidualization.

Methods We first analyzed PGRMC1 expression profile during a regular menstrual cycle in RNA-sequencing datasets.
To further explore the function of PGRMC1 in human decidualization, we implemented an inducible decidualiza-

tion system, which is achieved by culturing two human endometrial stromal cell lines in decidualization-inducing
medium containing medroxyprogesterone acetate and 8-Br-cAMP. In our system, we measured PGRMC1 expression
during hormone induction as well as decidualization status upon PGRMC1 knockdown at different time points. We
further conferred proximity ligation assay to identify PGRMCT1 interaction partners.

Results In a regular menstrual cycle, PGRMCT mRNA expression is gradually decreased from the proliferative phase
to the secretory phase. In in vitro experiments, we observed that PGRMC1 expression follows a rise-to-decline

pattern, in which its expression level initially increased during the first 6 days after induction (PGRMC1 increas-

ing phase) and decreased in the following days (PGRMC1 decreasing phase). Knockdown of PGRMC1 expression
before the induction led to a failed decidualization, while its knockdown after induction did not inhibit decidualiza-
tion, suggesting that the progestin-induced 'PGRMCT1 increasing phase’is essential for normal decidualization. Further-
more, we found that the interactions of prohibitin 1 and prohibitin 2 with PGRMC1 were induced upon progestin
treatment. Knocking down each of the prohibitins slowed down the decidualization process compared to the control,
suggesting that PGRMC1 cooperates with prohibitins to regulate decidualization.

Conclusions According to our findings, PGRMC1 expression followed a progestin-induced rise-to-decline expression
pattern during human endometrial decidualization process; and the correct execution of this expression program
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was crucial for successful decidualization. Thereby, the results of our in vitro model explained how PGRMC1 dysregula-
tion during decidualization may present a new perspective on infertility-related diseases.

Keywords Decidualization, Progesterone receptor membrane component 1 (PFGRMC1), Endometrium, Telomerase-
immortalized human endometrial stromal cells (T-HESCs), Infertility, Prohibitin-1 (PHBT1), Prohibitin-2 (PHB2), AG205,

Rise-to-decline pattern

Background

Human endometrium tissue is highly dynamic going
through proliferative, secretory, and menses phases dur-
ing a regular menstrual cycle [1-3]. Correspondingly,
its functional layer exhibits steroid hormone-dependent
proliferation, progesterone-stimulated differentiation,
and shedding in the absence of the trophoblast [3]. After
the postovulatory phase, the rising circulating levels of
progesterone drive human endometrial stromal cells
(HESCs) to differentiate into decidual cells, which is
referred to as the decidualization process [2-5]. Decidu-
alization is the morphological transformation of HESCs
from a proliferating fibroblastic phenotype to an enlarged
and rounded epithelial shape, accompanied by secretion
of prolactin (PRL) and insulin-like growth factor binding
protein-1 (IGFBP-1), which is required for female fertil-
ity [2, 3, 5]. In the presence of a trophoblast, the decid-
ualized endometrium will be maintained through the
increased level of progesterone. Otherwise, it will be shed
away with a rapid drop of the progesterone level [3]. A
successful decidualization process is an essential prereq-
uisite for embryo implantation and subsequent placenta
formation.

During decidualization, progesterone (P4) classi-
cally affects the endometrium through activation of two
major well-characterized progesterone receptor PR-A
and PR-B [5]. Progesterone receptor membrane compo-
nent 1 (PGRMC1), one of the non-classical progesterone
receptors, also rapidly respond to progesterone during
decidualization; however, its function in this process
is still being elucidated. In the human endometrium,
PGRMCI1 is abundantly expressed during the prolifera-
tive phase of the menstrual cycle in both endometrial and
stromal cells. Whereas, in the secretory phase its expres-
sion levels dramatically decreased [6]. Overexpression of
PGRMCI in primary HESCs abrogated decidualization
[7] and reduced PGRMCI expression observed in multi-
ple gynecological and obstetrics diseases [8—10]. There-
fore, PGRMC1 was proposed as a fertility stabilizer to
decidualization, whose expression must be finely tuned
during the entire decidualization to support female fertil-
ity [11]. How this is achieved remains an enigma.

The prohibitin proteins (PHBs), prohibitin-1 (PHB1)
and prohibitin-2 (PHB2), are ubiquitously expressed and
highly conserved in eukaryotic cells [12]. PHBs has been
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reported to act as transcriptional corepressors for ER«
in vitro and in vivo [13-15]. Loss of PHBs led to dysfunc-
tional mitochondria, further resulting in male infertility
and ovarian aging in females [16, 17]. Besides, PHBI is
downregulated in the eutopic and ectopic endometrium
of patients with endometriosis compared to women
without endometriosis [18]. An uterus-selective, condi-
tional PHB2 knockout mouse model showed a subfertil-
ity phenotype with litters reduced both in number and
size [19]. This implies that appropriate protein levels of
PHB1/2 as well as of PGRMC1 are required for opti-
mal uterine function and fertility. In breast cancer cells,
progestin-activated PGRMC1 associated with PHBs to
stimulate cellular proliferation [20]. Binding of activated
PGRMCI to PHBs was accompanied by decreased PHBs-
ERa-interaction, resulting in elevated expression of ER-
dependent genes. Whether the progestin-depended
interaction between PHBs and PGRMC1 also occurs dur-
ing decidualization has never been characterized before.
Therefore, the role of their interaction with regards to
female fertility remains to be elucidated.

In this study, we aimed to explore the functional role
of PGRMC1 and PHBs, and their interplay for successful
decidualization.

Materials and Methods

Data sources

We collected the associated gene expression profiles in
publicly available Gene Expression Omnibus (GEO) data-
base (https://www.ncbi.nlm.nih.gov/geo/). Samples from
different menstruation phases (proliferative/PE, early
secretory/ESE, mid-secretory/MSE, late secretory/LES)
were chosen from GSE4888 and GSE56364 to detect
expression of PGRMCI1 [21, 22]. All raw data were back-
ground-subtracted and normalized.

Cell culture

The hTERT-immortalized human endometrial stromal
cells (T-HESCs) were purchased from abm (T0533).
Both the cell lines T-HESCs and St-T1 were maintained
in phenol-red free Dulbecco’s Modified Eagle Medium//
Ham’s F12 (DMEM/F12; Gibco, Thermo Fisher Scien-
tific, 11039021) medium supplemented with 10% (v/v)
charcoal-stripped fetal bovine serum (Thermo Fisher Sci-
entific, 12676029), 100 units/mL penicillin—streptomycin


https://www.ncbi.nlm.nih.gov/geo/

Liu et al. Reproductive Biology and Endocrinology (2024) 22:20

(Thermo Fisher Scientific, 2321118), 50 ug/ml gentamy-
cin sulfate (Biowest, L0012), 200 uM sodium pyruvate
(Biowest, L0624) and 1.5 g/L sodium bicarbonate (Bio-
west, L0680) (hereafter referred to as complete medium)
in a humidified incubator at 37 °C in the presence of 5%
CO,. Cells (passage number<10) were regularly tested
negative for mycoplasma.

Chemical compounds

AG205 (Sigma-Aldrich) was diluted in 2% charcoal-
stripped FBS complete medium to 15 mM. Medroxypro-
gesterone acetate (MPA) and 8-Br-cAMP MPA (cAMP)
were prepared from a 10 mM and 5 mM stock solution,
respectively.

MTT Assay

We measured activated cellular metabolism as a sur-
rogate for proliferation by performing the MTT assay.
Briefly, T-HESCs cells (5 X 10 cells per well) were seeded
in triplicates in 96-well plate in complete medium and
grown for 24 h. After the attachment, cells were either
treated with or without induction cocktail in decidualiza-
tion medium. On the day of assay, cells were incubated
with 0.25 mg/ml MTT (Sigma-Aldrich) in decidualiza-
tion medium for 3 h at 37 oC. Following 1 h of incubation
with DMSO at 37 oC and 300 rpm in a microplate shaker,
absorption was measured at 540 nm using TECAN
Spark® spectrophotometer.

Immunofluorescence staining

Cells were seeded and cultured in chamber slides (Nunc
Lab-Tek, Thermo Fisher Scientific C7182-1PAK) fixed
with 4% formaldehyde (Sigma-Aldrich, 20649296018) for
10 min at room temperature (RT), washed with wash-
ing buffer (Dako, Glostrup, Denmark, S3006) (3 x5 min
each). Then, cells were permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich, T8787) in PBS for 10 min at RT
and washed with washing buffer again (3%x5 min each).
DAKO protein block buffer (Dako, X0909) was added
and incubated for 1 h at RT before incubating with pri-
mary antibodies specific for PGRMC1 (Abcam, ab48012),
PHB1 (Abcam, ab75766), PHB2 (Cell signaling, 14084S)
and Vimentin (Abcam, ab02547) overnight at 4 °C.
The next day, cells were washed with washing buffer
(3% 5 min each) and incubated with secondary antibodies
(Donkey-anti-goat, Alexa 488: Invitrogen, A11055; Don-
key-anti-rabbit, Alexa 488: Invitrogen, A31573) for 1 h at
RT in a humidified chamber in the dark. Nucleic acid was
stained with DAPI (Thermo Fisher Scientific, 15733122)
simultaneously with co-incubated secondary antibodies.
After the final wash, the cells were mounted with Fluo-
rescent Mounting Medium (Dako, S3023). Negative con-
trols were prepared for each sample following the same
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staining procedure with isotype controls instead of pri-
mary antibodies. Fluorescence signals were detected with
an Axioplan 2 Imaging fluorescence microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany).

Proximity ligation assay

The in-situ proximity ligation assay (PLA) procedure was
performed with the Duolink® PLA Kit (Sigma-Aldrich,
DUO92008) and following the manufacturers protocol.
The cells were incubated with the primary antibodies i.e.,
anti-PGRMC1 (Abcam, ab48012) with PHB1 (Abcam,
ab75766) and PHB2 (Cell signaling, 14085S) overnight at
4 °C. The slides were washed twice for 5 min with buffer
A, followed by incubation with the PLA probes (anti-
goat PLUS and anti-rabbit MINUS) in antibody diluent
for 60 min at 37 °C. After washing twice for 5 min with
buffer A, ligation was performed using ligase diluted in
ligation buffer for 30 min at 37 °C. Then the cells were
washed with buffer A before incubation for 100 min with
amplification stock solution at 37 °C. After washing twice
for 10 min with buffer B, nuclear DNA was labeled with
DAPI for 10 min and slides were mounted with mount-
ing medium. Negative PLA control was performed using
respective isotype control antibodies (isotype goat,
Abcam, ab37373; isotype rabbit, Abcam, ab37415). Red
fluorescence dots inside the cellular areas representing a
single protein—protein interaction were quantified using
image J software.

Western blotting

Cell suspensions were washed twice with ice cold PBS
(Thermo Fisher Scientific, 2176323) and lysed in RIPA
lysis buffer (50 mM TRIS (Sigma-Aldrich, 74,385),
150 mM NaCl (VWR corporation, 16C030032), 1%
NP-40 (Sigma-Aldrich, 74,385), 0.5% Sodium deoxy-
cholate (Sigma-Aldrich, D6750), 0.1% SDS (Sigma-
Aldrich, S34121136), containing protease inhibitor
(Roche, 49,422,800) and phosphatase inhibitor (Roche,
49121300). Protein concentration was determined using
Pierce” BCA Protein Assay Kit (Thermo Fisher Scien-
tific, 23225). An amount of 20 ug of total protein was
supplemented with 4XxLaemmli buffer (Bio-Rad, Feld-
kirchen, Germany, 1610747) containing 2-Mercap-
toethanol (Sigma-Aldrich, M6250) and loaded onto
Mini-PROTEAN® Precast Gels (Bio-Rad, 4568123) and
separated via SDS-PAGE in SDS buffer (25 mM TRIS,
192 mM glycine (Sigma-Aldrich, 50046), 0.1% SDS, pH
8.3) at 100-150 V. Protein was transferred to Immun-
Blot® PVDF Membranes (Bio-Rad,1620177) overnight at
4 °C and 10 mA in blotting buffer (20 mM TRIS, 200 mM
glycine, 20% (v/v) methanol). Unspecific binding was
blocked by incubation of the PVDF membrane with 5%
skim milk powder (Sigma-Aldrich, 70166) in TRIS-buffer
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(20 mM TRIS, 150 mM NaCl, pH 7.6) containing 0.1%
Tween 20 (TBS-T) for 1 h at RT. Primary antibodies
including PGRMC1 (Cell signaling, Danvers, MA, USA,
D6eM5M), PHB1 (Cell signaling, 2426S), PHB2 (Cell
signaling, 14085S) and f3-actin (Santa Cruz Biotechnol-
ogy, sc-4778) were added in 5% skim milk—TBS-T and
incubated overnight at 4 oC. Secondary antibodies were
applied in 5% skim milk—TBS-T at RT for 1 h. Proteins
were detected using Amersham"™ ECL"™ Western Blotting
Detection Reagent (Cytiva, 17190731).

Subcellular protein fractionation

A subcellular protein fractionation kit (Thermo Fisher
Scientific) was used to fractionate proteins into cyto-
plasmic, membrane, and nuclear fractions. Cells were
harvested as pellets. The pellet was lysed with cytoplas-
mic extraction buffer, membrane extraction buffer, and
nuclear extraction buffer. Primary antibodies specific
for P-actin (Santa Cruz Biotechnology), Calreticulin
(Santa Cruz Biotechnology), and Histon H3 (Cell signal-
ing) were used to indicate the purity of the cytoplasmic,
membrane, and nuclear fractions, respectively.

Co-immunoprecipitation

Co-immunoprecipitation was performed using the Pierce
Co-IP kit (Thermo Fisher Scientific). Briefly, the anti-
PGRMCTI antibody (Cell signaling) was first immobilized
for 2 h using AminoLink Plus coupling resin. In parallel,
cell pellets were resuspended in ice-cold IP Lysis buffer.
An amount of 500 pg protein was incubated with resin at
4 °C overnight. After incubation, the resin was washed,
and protein complexes bound to the antibody were eluted
using elution buffer. Subsequent western blot analyses
were performed as described before.

Gene silencing (siRNA Transfection)

To knock down PGRMC1 expression in T-HESCs, Flex-
iTube GeneSolution (Qiagen) was used, containing
four siRNA(s) that specifically target human PGRMC1
mRNAs. Cells were transfected with the final concen-
tration of 10 nM PGRMCI siRNA(s) or negative control
siRNA (siCTL) (Thermo Fisher Scientific) using Lipo-
fectamine RNAiIMAX Transfection Reagent (Thermo
Fisher Scientific) according to recommended procedures.
Afterwards, cells were treated with decidualization
medium containing either induction cocktail or DMSO,
and harvested at different time points for downstream
experiments. For PHB1 and PHB2 mRNA expression
inhibition (siPHB1, siPHB2: Qiagen), the same siRNAs
concentration was used.
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Quantitative reverse-transcription PCR (qRT-PCR)

RNA was isolated using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s specifications. Reverse
transcription of RNA into cDNA was performed with
the Omniscript RT kit (Qiagen) according to the manu-
facturer’s instructions. Quantitative PCR was performed
using QuantiFast SYBR Green PCR Kit (Qiagen) and
LightCycler ®480 System (Roche). Primers for PGRMCI
(Qiagen), PRL (Qiagen) and HPRT1 (Qrigene, Rockville,
MD, USA). The delta-delta cycle threshold method was
used to normalized expression to the reference gene
HPRT1 [23, 24].

Statistical analysis

A two-tailed paired Student’s ¢-test was used to analyze
experiments comparing two experimental groups or two-
way ANOVA for multiple comparisons of more than two
groups. A value of p<0.05 was considered significant.
All statistical analyses were performed with GraphPad
Prism 9.0. Results were reported as means with standard
deviation.

Results

PGRMC1 expression profile during regular menstrual cycle
To understand the dynamics of PGRMCl1’s expression
changes during normal decidualization, we initially inves-
tigated its expressional profile by mining publicly availa-
ble RNA-sequencing data sets from endometrial biopsies
(GEO accession numbers: GSE6364 and GSE4888). In a
regular menstrual period, PGRMC1 mRNA level gradu-
ally decreased from the proliferative phase to the secre-
tory (including early-, mid-, and late-) phase, manifesting
the highest level in the proliferation phase and the low-
est level in the late-secretory phase (Fig. 1A-B), consist-
ent with previously reported data [9, 25]. This indicates
that PGRMC1 may have an important role in regulating
cellular proliferation and may not be required for decid-
ualization in the secretory phase as it is consecutively
decreased at mRNA level after progesterone stimulation.
We hypothesized that the dynamic changes of PGRMC1
have an important role during the menstrual cycle that
must be finely tuned.

Rise-to-decline trend of PGRMC1 expression during in vitro
decidualization

To investigate our hypothesis, we established a hormone-
inducible in vitro decidualization model in T-HESCs
based on visualizing its morphological changes and by
measuring the expression level of the decidual marker
prolactin (PRL) (Fig. 2A). After being exposed to the
decidualization induction cocktail consisting of the P4
analog MPA plus cAMP for 10 days, morphological
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Fig. 1 PGRMCI1 expression profile during menstrual cycle. Relative transcript scores of PGRMC1 expression in different stages of a regular menstrual
cycle (GSE6364) (A) and (GSE4888) (B). Relative transcript scores of PGRMC1 expression level are shown as mean + SEM. Statistical analysis
was performed by two-way ANOVA. *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001

changes of T-HESCs were inspected by microscopy
in bright-field and by immunofluorescent analysis of
the cytoskeletal marker vimentin. With this protocol,
T-HESCs underwent a transformation from a fibroblast-
like shape to a polygonal epithelial-like shape (Fig. 2B-C)
accompanied with a significant increase of PRL mRNA
expression compared to non-induced controls (Fig. 2D).
Both the morphological changes and enhanced expres-
sion of PRL indicate a successfully established the
hormone-induced decidualization model, allowing to
investigate the role of PGRMC1 in decidualization.

We aimed to determine and modulate the expression
level of PGRMC1 in our system to study its impact on the
decidualization process. First, we determined the protein
expression profile of PGRMCI1 during the in vitro decid-
ualization program. Intriguingly, we found that PGRMC1
expression gradually increased from the day the induc-
tion cocktail had been added (D0), peaking at day 6 (D6)
post-induction, followed by a constant decrease until
day 14 (D14) (Fig. 2E-F). This protein expression change
could also be observed in the St-T1 cell line (Supplemen-
tary Fig. 1A). In contrast with the observation of gradu-
ally decreased mRNA levels of PGRMC1 during the
secretory phase of the normal menstrual cycle (Fig. 1A-
B), our in vitro decidualization model revealed that the
promotion of cells into decidualized state comprises a
PGRMCI1 increasing phase and a PGRMC1 decreas-
ing phase, both on protein and mRNA level (Fig. 2E-G).
This data suggests that PGRMCI1 was regulated at tran-
scriptional level during decidualization. We termed this

PGRMC1 protein dynamic changes as PGRMCI1 ‘rise-to-
decline’ changes in decidualization.

It is well known that increasing P4 levels initiate decid-
ualization, although the activity of PGRMCI in decidual-
ization seems to be independent of P4 [3, 5]. Consistently,
the T-HESC cells can go through the decidualization pro-
cess treated with either P4, MPA, or cAMP (Supplemen-
tary Fig. 1B-C). Intriguingly, the PGRMCI1 expression
changes can be observed at each condition, which led
us to the conclusion that the PGRMCI rise-to-decline
changes are a universal mechanism within the deciduali-
zation program.

The rise-to-decline changes of PGRMC1 are required

for decidualization

To explore the potential role of the PGRMCI1 rise-to-
decline changes during the decidualization, we firstly
downregulated its expression before hormone induc-
tion with an optimized concentration of an siRNA-mix
specific for PGRMC1 mRNA (Fig. 3A). Importantly,
PGRMC1 mRNA levels were remained suppressed
throughout 10 days post-siRNA-transfection (Fig. 3B).
Likewise, expression of PGRMCI1 protein was completely
abrogated from day 2 (D2) to day 10 (D10) after siRNA
transfection (Supplementary Fig. 2A-B).

T-HESCs with suppressed PGRMCI1 expression were
further treated with the decidualization induction cock-
tail. As indicated by the lack of morphological transfor-
mation and PRL production over 10 days of hormone
treatment period (Fig. 3C, Supplementary Fig. 3), these
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Fig. 2 A rise-to-decline expression pattern of PGRMC1 was revealed by in vitro decidualization. A Schematic representation of in vitro
decidualization system. The cellular morphology changes of T-HESCs on day 0 and day 10 were imaged with microscopy in bright filed

(B) or immunofluorescence staining (C). PGRMC1 was stained by Alexa Fluor-488 (green), and the nucleus was stained by DAPI in blue.

Scale bar: 200 pm. The mRNA expression levels of PRL in T-HESCs were analyzed with gRT-PCR when cells were cultured with MPA/cAMP

(red line) for decidualization or DMSO (black line) as control (D). The dynamic changes of PGRMCT protein expression from 1 to 14 days
induction and non-induction control (on Day 14) were measured by western blot (E) and the bar plot with the relative densitometric analysis
of the corresponding PGRMCT1 protein level (p value calculation based on‘D0’) (F). 3-actin was used as a loading control. The mRNA expression
levels of PGRMCT in T-HESCs during decidualization (G). Results are shown as the mean + SEM from three biological replicates. Statistical analysis
was performed by two-way ANOVA. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001
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cells did not undergo decidualization. Thus, in the
absence of the progestin-induced PGRMCI1 increasing
phase decidualization failed.

These results prompted us to investigate if expres-
sion of PGRMCI1 is needed for decidualization at the
time point of induction — as a kind of a program switch
— or later. To this aim, we postponed the transfection of
PGRMCI suppressing siRNAs to after the induction of
decidualization. First, we treated T-HESC cells for 2 days
with the combination of MPA and cAMP to induce
decidualization followed siRNA transfection (Fig. 3D)
and investigated the cells up to day 10 (D10) after induc-
tion. As expected, PGRMC1 mRNA levels started to
decrease (Fig. 3E, blue line) after 2 days of transfection
of PGRMCl1-specific siRNAs and the PGRMC1 mRNA
levels stayed below mRNA levels reached during normal
induction of decidualization (Fig. 3E, red line). Interest-
ingly, in addition to morphological changes (Supplemen-
tary Fig. 4), PRL mRNA expression level first dropped,
but between D6 and D8 not only recovered to a com-
parative level to that of normal induction, was even four
days earlier compared to the normal induction, indicat-
ing a promoted decidualization (Fig. 3F). We further
measured the effects of knocking down PGRMCI1 after
4 days of induction with MPA/cAMP on the decidualiza-
tion program. The results are very similar to the outcome
achieved when suppressing PGRMC1 after 2 days of
induction (Fig. 3G-H). The results could be additionally
reproduced in the St-T1 cell line (Supplementary Fig. 5A-
D). Taken together, the PGRMCI rise-to decline changes
are required for a proper decidualization.

PGRMC1-signal increases in the peri-nuclear region

during decidualization

It has been reported that PGRMCI1 translocates from
cytoplasmic membranes to the nucleus during decidu-
alization [7]. Recently, PGRMCI1-mediated proteomic
changes have been well characterized after decidualiza-
tion, suggesting that PGRMCI1 binds to proteins involved
in translation, ATP generation, protein maturation, glu-
cose transport, and lipid metabolism [26]. Almost all

(See figure on next page.)
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these proteins locate in the cytoplasm or on membranes,
but not in the nucleus. This raises the question of why
proteins interacting with PGRMCI are barely found to be
in the nucleus.

To better understand the question, we initially assessed
PGRMCI1 protein subcellular localization by immu-
nofluorescence. Without induction of decidualization
PGRMCI1 was essentially located in the cytoplasm, but
more intense signals were observed around the nucleus
after 10 days induction (Fig. 4A). To further verify these
observations, we fractionated the cells into soluble
parts containing cytoplasm, membrane, and nucleus
and detected the PGRMC1 protein by western blot. In
line with the immunofluorescence results, PGRMC1
was only observed in the membrane fraction but not in
the nucleus (Fig. 4B). This indicates an accumulation of
PGRMC1 in the peri-nuclear region during hormone-
induced decidualization.

Interactions of PHB1/PHB2 to PGRMC1 mediate
decidualization

We have recently demonstrated in breast cancer cells,
that progestin-activated PGRMC1 interacts with PHB1/
PHB2 resulting in enhanced ERa-dependent transcrip-
tion and cell proliferation [27]. In analogy, here we found
that PGRMCI1 colocalized with PHB1 and PHB2 in the
cytoplasm and at the nucleus periphery after induction,
whereas barely colocalization signals could be observed
without induction revealed by immunofluorescence
(Supplementary Fig. 6A-B). This suggests a potential
interaction between PHBs and PGRMCI introduced by
progestin treatment. Then, PLA was performed to fur-
ther explore the associations between PGRMCI1 and
PHB1/2. Upon induction, a significantly higher PLA sig-
nal suggesting the interaction of PGRMC1 to PHB1/2
could be observed compared to the control (Fig. 5A-B,
Supplementary Fig. 7A-B).

To explore the function of PGRMC1-PHBs interac-
tion during decidualization, we downregulated PHBs via
siRNA transfection, reaching expression levels decreased
by 60—80% compared to the control for individual PHBs

Fig. 3 The rise-to-decline changes of PGRMCT1 are required for decidualization. (A): Schematic representation of in vitro decidualization system
after PGRMC1 downregulation by siRNA. gRT-PCR analysis of PGRMCT mRNA expression changes in T-HESCs transfected with either 10 nM

of siRNA against PGRMC1 (siPGRMCT1) or 10 nM control siRNA (siCTL) for up to 10 days (B). The PRL mRNA expression level in T-HESCs after MPA/
cAMP-induced decidualization upon transfection with 10 nM siPGRMC1 or siCTL, analyzed with gRT-PCR (C). The workflow for PGRMC1
downregulation after decidualization induction (D). mRNA expression levels of PGRMCT (E, G) and PRL (F, H) in T-HESCs treated with MPA/cAMP
for decidualization induction (red line) and non-induction (black line). Blue lines indicate the mRNA levels of PGRMCT and PRL when transfected
with 10 nM siPGRMC1 on the second (E, F) and fourth (G, H) day after decidualization induction, respectively. The statistical analysis of MRNA levels
of PGRMCT (and PRL) between cells with non-induction and induction indicated by red stars, or cells with PGRMC1 knockdown after induction
indicated by blue stars. Results are shown as the mean + SEM from three independent biological replicates. Statistical analysis was performed

by two-way ANOVA. *p < 0,05, **p < 0.01, **p < 0.001, ***p < 0,0001
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Fig.4 Prei-nuclear PGRMC1-signal increased during decidualization. (A): Immunofluorescence staining of PGRMCT1 in T-HESCs treated with DMSO
(left) as control or MPA/cAMP (right) for 10 days decidualization induction. PGRMC1 shows in red and the nucleus was stained with DAPI in blue.
Scale bar: 200 um. (B) Analysis of PGRMCT1 localization by subcellular fractionation in T-HESCs treated with DMSO (left) or MPA/cAMP (right),
measured by western blot. PGRMC1 was immunoblotted in equal amounts of cytoplasmic (CE), membrane (ME), and nuclear (NE) biomaterial.
Compartment-specific markers: Calreticulin (55 kDa), B-actin (47 kDa), and Histon H3 (17 kDa) were used as loading controls for the membrane,

cytoplasmic, and nuclear fractions, respectively

(Fig. 6A-B). Knocking down each of the PHBs before
hormone induction partly impaired the decidualization
process (Fig. 6C-E), but the cells still could achieve mor-
phological transformation (Supplementary Fig. 9). These
effects on decidualization are comparable to the results
achieved with suppressed PGRMC1.

AG205 does not affect PGRMC1 rise-to-decline changes
and decidualization

AG205 was reported to be a specific inhibitor of
PGRMCI1 and was broadly used to explore PGRMCl1’s
role in decidualization [28, 29]. Recent data, however,
question the specificity of AG205 for PGRMCI [29-31].

113

Taking advantage of the critical role of PGRMCI rise-
to-decline changes for decidualization, we tested the
effect of AG205 on PGRMCI1 and the decidualization
process. Since AG205 concentrations used in previous
reports were high enough to impair cellular viability
[30, 32, 33], we initially determined the appropriate
concentration of AG205 that did not affect cell viabil-
ity. In the MTT assay (Fig. 7A), a concentration below
15 pM had no (or a moderate) effect, whereas a con-
centration higher than 15 pM had a detrimental effect
on cellular viability, which is consistent with previously
reported [29]. In addition, decidualization was success-
fully achieved with T-HESCs treated AG205 with con-
centrations below 15 uM, as indicated by the increasing
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Fig. 5 PGRMC1 interacts with PHBs during decidualization. The interactions between PGRMC1 and PHB1 (A) or PHB2 (B) in T-HESCs were analyzed

with proximity ligation assay upon decidualization induction from day 2 to day 10.'Day 0'indicates the |nductlon day. Each red spot represents

a single interaction. Nuclear stain: DAPI. Magnification 40 x

expression of PRL and the change in cell morphology
(Fig. 7B-C). Furthermore, AG205 treatment did nei-
ther affect PCRMCI1 protein level during decidualiza-
tion, nor its rise-to-decline expression profile (Fig. 7D).
Moreover, the interaction of PGRMC1 to PHBs was not
disturbed as confirmed by PLA (Fig. 7E-F), which is in
line with a previous report [32]. Based on these results,
we propose that AG205 (<15 pM) has no effect on the
observed PGRMC1 functions during decidualization.

Discussion

PGRMCI has been demonstrated to play a role in various
reproductive tissues, particularly endometrial stromal
cells [27, 34-36]. It influences the decidualization pro-
cess and female fertility [37]. We revealed that PGRMC1
protein exhibits a rise-to-decline pattern after progestin
stimulation, essential for normal decidualization (Sup-
plementary Fig. 10). Additionally, during decidualization,
PGRMCI1 interacted with PHB1 and PHB2, suggesting
their joint contribution to the decidualization program.
Despite the unclear mechanisms behind PGRMCI1-
dependent decidualization failure, PGRMCI1 expression
profile may serve as a useful fertility indicator.

Previous reports focused on PGRMC1 mRNA profile
changes during decidualization, with few investigations
into protein level dynamics. We measured both mRNA
and protein levels of PGRMCI1 after inducing decidu-
alization and observed a rise-to-decline pattern. The
observed increase and decrease of PGRMC1 protein
expression fits into cyclic changes observed in vivo [25].
The overall dynamic changes of the PGRMC1 protein
level during a normal menstrual cycle are composed of
two peaks: one occurs in the secretory phase, as revealed
in this study and the other one occurs in the proliferative
phase as previously reported [9, 25]. It resembles estro-
gen dynamics during the menstrual cycle, suggesting
PGRMCI1 expression may be regulated by estrogen con-
centration or a similar mechanism [1-3]. As PGRMCI1
overexpression in breast cancer cells leads to higher
E2 secretion, T-HESCs E2 production might depend
on PGRMC1 activation. Further research is needed
to understand the relationship between estrogen and
PGRMCI1 expression, including the possibility of estro-
gen receptor-mediated transcription regulation.

Knocking down PGRMCI1 before hormone treatment
inhibited decidualization, highlighting its crucial role
as a 'switch’ at this stage. Appropriate PGRMCI1 protein
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Fig. 6 Downregulation of PHBs partly impairs decidualization. The PHBs protein expression level on day 2 or day 10 after transfection of T-HESCs
with 10 nM siPHB1 (A), 10 nM siPHB2 (B), respectively, was analyzed by western blot. Densitometric analysis was performed with imagej and values
were normalized to 3-actin. The PRL mRNA expression changes in T-HESCs with (red line) and without (black line) induction was determined

by gPCR and normalized to HPRTT as a reference gene (C). The PRL mRNA expression changes in T-HESCs transfected with 10 nM siPHB1 (D),

10 nM siPHB2 (E) upon decidualization induction were determined by gPCR. Results are shown as the mean +SEM from three biological replicates.
Statistical analysis was performed by two-way ANOVA. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001

(See figure on next page.)

Fig. 7 AG205 does not affect decidualization. The influence of AG205 on T-HESCs viability was performed after the cells were incubated

with indicated concentrations of AG025 for 10 days and analyzed with colorimetric assay (A). The absorbance values for cultures with AG205 were
compared to the DMSO control (0 uM). The PRL mRNA expression levels were analyzed after cells were cultured with (black line) or without (red line)
15 UM AG205 (B). Results are shown as the mean + SEM from three independent biological replicates. Statistical analysis was performed by two-way
ANOVA. *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001. The cellular morphology changes of T-HESCs were imaged with microscopy in the bright
field when cells were cultured without (upper panel) or with (down panel) MPA/CAMP upon 15 pM AG205 treatment (C). Scale bar: 200 um. The
PGRMCT protein expression changes in T-HESCs were analyzed by western blot when cells were treated with DMSO (left panel) or 15 uM AG205
(right panel) upon decidualization induction (D). B-actin was used as a loading control. The interactions between PGRMC1 and PHB1 (E) or PHB2
(F) in T-HESCs were analyzed by proximity ligation assay when cells were cultured with 15 uM AG205 upon decidualization induction. Each red spot
represents a single interaction. Nuclear stain: DAPI. Magnification 40 X
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levels are needed to initiate decidualization upon P4/
cAMP stimulation. The PGRMCI1 rise-to-decline pat-
tern can be induced by various treatments (Supplemen-
tary Fig. 1), suggesting a common signaling pathway that
correlates with decidualization, which requires further
investigation. PGRMCI1 seems less necessary after decid-
ualization initiation, as knocking it down either does not
affect or even facilitates the process. It is unclear why
PRL expression initially drops and then increases when
PGRMC1 is knocked down after decidualization induc-
tion. Downregulating PGRMC1 after progestin treat-
ment doesn't hamper decidualization, indicating its
critical role during the increasing phase and induction.
This aligns with observations that PGRMC1 downregu-
lation in the secretory phase promotes decidualization
[28]. Overall, PGRMCI activation by P4 may facilitate
the switch from cellular proliferation to decidualization
initiation through various biological processes, while the
mechanism of how downregulated PGRMC1 promotes
decidualization warrants further investigation.

PGRMCI1 has been known to occupy multiple subcellular
locations, from endoplasmic reticulum, cytoplasm, plasma
membrane, nucleus, and mitochondria, and its localiza-
tion is regulated by including phosphorylation, ubiquit-
ination, and sumoylation [34, 36]. In our study, we noticed
an induction-associated peri-nuclear phenomenon, pre-
senting as more intense signals in the peri-nuclear region
at 10 day’s induction (Fig. 4A). PGRMC1’s peri-nuclear
expression has been observed in various cells, suggesting
its involvement in processes near or within the nucleus [7,
38, 39]. In our current study, we did not detect any nuclear
PGRMCI1 under the explored conditions, as demonstrated
by subcellular fractionation analysis (Fig. 4B).

PGRMCI1 associates with proteins involved in protein
biosynthesis, intracellular transport, and mitochondrial
activity to promote decidualization [26, 35]. However,
little is known about how PGRMCI interacts with these
proteins to regulate decidualization. We found that
PGRMCI1 binds to PHBs at the nucleus periphery after
P4 treatment, suggesting it may function as a scaffold
protein for decidualization in endometriosis stromal
cells. PGRMCI1 could be anchored on the membrane
of various organelles, co-transporting with them dur-
ing decidualization-related morphological changes [40].
PHBs form a super complex in mitochondria, playing
roles in lipid biogenesis, ATP generation, and more [12,
41]. Knocking down PHBs partially impaired decidu-
alization, similar to PGRMC1 knockdown, suggesting
PGRMC1-PHBs interactions may influence deciduali-
zation as a complex, requiring further investigation. We
speculate that PGRMC1 binding to PHBs may inhibit cel-
lular proliferation and facilitate differentiation, acting as
a proliferation-differentiation switch.
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We found that the small molecule AG205 neither affect
PGRMC1-PHBs interaction, nor decidualization in our
study (Fig. 7). Although AG205 has been shown to inter-
act with PGRMC1 in vitro, its in vivo interaction remains
unknown. Our data align with a recent study demon-
strating that AG205 concentrations over 15 uM reduce
cell proliferation, and concentrations above 30 uM result
in cell death in HEC-1A and T-HESC cells [29]. Further-
more, our findings are consistent with a previous report
indicating that a high concentration (50 pM) of AG205
did not affect decidualization [30].

This study on PGRMC1-PHB association, while informa-
tive, presents several limitations. Firstly, while PLA data
suggests a close proximity and potential functional inter-
action between PGRMC1 and PHB, confirming a physical
interaction necessitates additional in vivo interaction detec-
tion methods. Co-immunoprecipitation (Co-IP) has signifi-
cant limitations, as it disrupts cellular integrity and loses
crucial information about protein localization and physi-
ologically relevant interactions due to cell lysis and poten-
tial interference from the buffer system, particularly for
detecting weak, transient interactions or those confined to
specific cellular compartments. Thus, in vivo crosslinking,
which enables interaction detection in their native envi-
ronment, should be considered. Secondly, the efficiency of
PHB1 and PHB2 silencing via siRNA is lower compared to
the almost complete knockdown of PGRMC1, suggesting
the need for PHB knockout or stable knockdown models
for clearer background results. Finally, a general limitation
needs to be taken into account. The in vitro experiments
performed in cell lines assured reproducibility within the
established system, while primary patient endometrium
tissues are highly heterogeneous and, in general, require
analysis of a large cohort in order to obtain a statistically
significant result. Consequently, this study primarily ana-
lyzed publicly available datasets and two cell lines. How-
ever, to validate the switch-like rise-to-decline expression
pattern of PGRMC1 in vivo, future studies could utilize a
mouse model with inducible PGRMC1-downregulation.

Conclusion

Based on the results of our study, we postulate that P4/
progestin-induced PGRMC1 rise-to-decline expression
is essential to start the decidualization program, but,
once decidualization started, PGRMCI1 is not needed
to drive it. Our PGRMCI1-knockdown experiments
demonstrated that PGRMC1 expression is specifically
important at decidualization induction, leading to
decidualization failure upon disruption. Taken together,
we explained how dysregulated PGRMCI1 expression
could impact endometrial stromal cell decidualization,
which may provide a new perspective on infertility-
related diseases.
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Additional file 1: Supplementary Fig. 1. Rise-to-decline expres-

sion pattern of PGRMCT is linked to the decidualization program. (A)
PGRMC1 protein expression changes during 9 days of decidualization
were measured by western blot in the St-T1 cell line. (B) PGRMC1 protein
expression changes during 10 days of stimulation with MPA, CAMP, and
DMSO, respectively, were measured by western blot in T-HESCs. (C)
PGRMCT1 protein expression levels on day 6 and day 10 when cultured
with DMSO, nomegestrel (NOM), P4, cCAMP, MPA/CAMP (M +A), and MPA,
respectively, measured by western blot in T-HESCs. Supplementary

Fig. 2. PGRMCT1 is effectively downregulated by siRNA on protein level. (A)
The PGRMC1 protein expression on day 2 and day 10 after transfection of
T-HESCs with either 10 nM anti-PGRMC1 siRNA (siPGRMCT) or unspecific
scrambled-control siRNA (siCTL). (B) A comparison of the PGRMC1 protein
expression changes within 10 days after transfection of T-HESCs with
either 10 nM siPGRMC1 or 10 nM siCTL. Supplementary Fig. 3. PGRMC1-
downregulation before decidualization induction impairs morphological
remodeling of T-HESCs. The cellular morphology changes of the T-HESCs
induced with either DMSO (upper panel) or MPA/cAMP (down panel)
after 10 days of siRNA treatment (siCTL, left panel; siPGRMCT1, right panel).
Scale bar: 200 um. Supplementary Fig. 4. PGRMC1-downregulation after
decidualization induction does not impair morphological remodeling

of T-HESCs. The cellular morphology changes of the T-HESCs induced

with either DMSO (non-induction, column 1) or MPA/cAMP (Induction,
columns 2-4). | (column 3) and I (column 4) indicate that siRNA treatment
on T-HESCs was conducted on day 2 or day 4 of decidualization induc-
tion, respectively. Scale bar: 200 um. Supplementary Fig. 5. PGRMC1-
downregulation after progestin induction does not impair decidualization
in the St-T1 cell line. The mRNA expression levels of PGRMCT (A, C) and
PRL (B, D) in St-T1 treated with MPA/cAMP for decidualization induction
(red line), and non-induction (black line). The mRNA expression levels of
PGRMC1 and PRL in St-T1 cells transfected with 10 nM siPGRMC1 (blue
line) on the second (A, B) and fourth day (C, D) after decidualization
induction, respectively. Results are shown as the mean + SEM from three
independent biological replicates. Statistical analysis was performed by a
two-way ANOVA test. *p < 0.05, **p <0.01, ***p <0.001, ***p < 0.0001. The
red * indicates the comparison between the red and black lines. The blue
* indicates the comparison between the red and blue lines. Supple-
mentary Fig. 6. PGRMC1 and PHB1/PHB2 co-localize in T-HESCs. Double
Immunofluorescence staining for PGRMC1 (red) and PHB1 (green) or PHB2
(green) in T-HESCs treated with DMSO (A) as control or MPA/cAMP (B) for
decidualization induction. Magnification: 40x. Scale bar: 20 um. Supple-
mentary Fig. 7. PGRMC1 does not interact with PHBs without induction.
The interactions between PGRMC1 and PHB1 (A) and PHB2 (B) in T-HESCs
without induction were analyzed with proximity ligation assay from day

2 today 10. Each red spot represents a single interaction. Nuclear stain:
DAPI. Magnification 40X. Supplementary Fig. 8. PGRMC1 co-precipitate
with PHB1/PHB2 upon decidualization induction. PGRMC1 was immu-
nopurified from native whole cell lysates of T-HESCs using anti-PGRMC1
antibody. Western blot analyses of co-immunoprecipitated PHB1 (upper)
and PHB2 (bottom) in T-HESCs with and without decidualization induc-
tion. Supplementary Fig. 9. Morphological changes during decidualiza-
tion upon PHBs downregulation. The cellular morphology changes of the
T-HESCs induced with either DMSO (non-Induction) or MPA/cAMP (Induc-
tion) upon either PHBs knockdown alone or both. Scale bar: 200 pm.
Supplementary Fig. 10. Overview over the role of PGRMC1 in human
endometrial decidualization. Upon stimulation with progesterone or MPA,
the PGRMCT1 rise-to-decline changes are essential for successful deciduali-
zation of the human endometrial cells (upper panel). With downregulated
PGRMC1 expression before induction, the decidualization program cannot
be carried out, leading to decidualization failure (bottom panel).
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9. Discussion and Outlook

Breast cancer accounts for 25% of all new cancer cases in women, making it the most common
female cancer. Although various therapeutic options are available for all breast cancer-
subtypes, relapse and metastasis occur in nearly 30 % of patients, which calls for identification

of novel cancer dependencies and vulnerabilities to improve treatment options [132].

One of the factors contributing to breast cancer progression is the multifunctional and highly
conserved putative progesterone receptor PGRMC1 [133]. In the context of breast cancer,

PGRMC1 overexpression in tissue biopsies was associated with worse overall survival [134].

9.1. PGRMC1 Associates with Enzymes of the Mevalonate Pathway and Impacts
Sterol Metabolism
In the first manuscript presented in this thesis, we described the influence of PGRMC1 on
sterol metabolism and oncogenic signaling. Overexpression of PGRMCL1 in hormone receptor
positive breast cancer cells resulted in increased proliferation in cell culture and in mice
xenografts. In the same cells, PGRMC1 interacted with enzymes of the mevalonate pathway
CYP51A1 and FDFT1, and of the lipid synthesis pathway SCD1. Further, PGRMC1-
overexpressing MCF7 cells contained more neutral lipids, more cholesterol, more lipid rafts
compared to controls, and the amount of estradiol released to culture medium was likewise
increased. Importantly, MCF7/PGRMCI1 cells also presented a higher expression and activation
level of ERa, and an increased activation of EGFR and MAPK signaling, while PGRMC1
downregulation by siRNA resulted in the opposite effect. Finally, treatment of simvastatin in
PGRMC1-overexpressing cells significantly reduced proliferation compared with respective
control cells, emphasizing the importance of the mevalonate pathway for these cells. Taken
together, data of this manuscript provided evidence towards the involvement of PGRMC1 in

sterol homeostasis and thereby in oncogenic signaling.

Although several observations of PGRMC1 involvement in sterol metabolism were presented
in 4.3.3, additional aspects shall be discussed in the following paragraph. PGRMC1 reportedly
interacted with two key regulators of cholesterol (and its precursor mevalonate)- and lipid-
synthesis pathways Insig-1 and SCAP [13], as well as with several CYP450 enzymes [135].
CYP450-enzymes are involved in synthesis and metabolism of sterols, steroid hormones, and
hydrophobic substances. Consequently, increased activation of CYP3A4 by PGRMC1 led to

detoxification from doxorubicin and increased chemoresistance in human colon cancer cells
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in a heme dependent manner [22] and PGRMC1 overexpression was associated with
decreased response to anthracyclin therapy in breast cancer [134]. Further, interaction with
CYP51A1, an enzyme catalyzing the second last step of cholesterol de-novo synthesis, was
detected in different systems [14], [22], [99]. The implication of PGRMC1 in lipid metabolism
in the context of cancer is relevant, since energy production within cancer cells differs from
that of non-malignant cells: cancer cells take advantage of alterations in lipid metabolism
involving changes in lipid synthesis, lipid catabolism, and fatty acid oxidation in order to meet
the demands for energy, membrane biogenesis and signaling molecule generation [78], [75].
Several studies have confirmed that inhibition of different enzymes within the fatty acid
biosynthesis pathway can block cancer cell growth, whereas genes involved in lipid synthesis
and oxidation appear to be highly upregulated during rapid growth of breast cancer [137],
[138], [139]. Interestingly, activation of lipid metabolism and uptake take place in the healthy
breast tissue before cancer diagnosis, potentially predisposing or favoring cancer initiation,
emphasizing lipid metabolic reprogramming as an important hallmark for breast cancer

progression [140].

Additionally, PGRMC1 expression was found to be associated with oncogenic signaling of EGFR
and ERa. Concerning the ERa signaling pathway, the observed elevation of endogenous
estradiol production by the cells themselves could activate ERa intrinsically and boost
proliferation of hormone receptor positive breast cancer cells. Further, ERa could be activated
by other cholesterol derivates that bind ERa as selective estrogen receptor modulators
(SERMs). This effect has been demonstrated for 27-hydroxycholesterol and is speculated to
apply also to other metabolites [74] [141]. To dissect the role of different cholesterol
metabolites in the observed read-outs, lipidome analysis on cells with different PGRMC1
expression levels could be performed. In general, PGRMC1 association with ERa has been
observed by several groups [142] [143]. Nevertheless, PGRMC1 is overexpressed also in a
fraction of hormone receptor negative breast cancers [144] and may be involved in distinct

functions there.

Concerning PGRMC1’s connection with EGFR-signaling, several observations were obtained
by different groups. Kabe et al. described interaction between dimerized PGRMC1 and EGFR
[22]. Further, Pedroza et al. observed decreased EGFR and PI3K signaling when PGRMC1 was
downregulated, while the same pathways were activated when PGRMC1 was overexpressed

in benign breast MCF10a cells [59]. A possible explanation for these effects could be increased
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abundance of lipid rafts in the plasma membrane, where EGFR and other surface receptors

are harbored.

Further, an interesting observation was the inhibition of MCF7/PGRMC1 cells’ proliferation
upon treatment with simvastatin. Importantly, statins have been used in several clinical trials
to reduce breast cancer risk or to prevent recurrence if combined with endocrine therapy, and
most studies indicated a protective function of statin use on breast cancer
incidence/recurrence [145]. An additional retrospective analysis of PGRMC1 expression in
these cohorts would be beneficial to evaluate whether PGRMC1 expression could be a

prognostic factor for efficacy of combined statin therapy.

PGRMC1 itself could also be possibly targeted in future. A lot of research has been performed
with a putatively PGRMC1-specific inhibitor, the small-molecule AG-205. AG-205 has been
identified as a ligand for an Arabidopsis thaliana MAPR protein [146] and first used as a
PGRMC1-ligand in 2010 by Ahmed et al. [147]. Since then, it has been associated with PGRMC1
in several readouts [17], [59], [148]. However, emerging evidence pointed towards PGRMC1-
independent AG-205 effects [100], [149], [150]. Recently, Kabe et al. revealed a binding and
inhibition of PGRMC1 by glycyrrhizin (a natural compound of licorice) and screened
glycyrrhizin derivatives for PGRMC1 affinity [151]. Of note, particularly one derivative bound
PGRMC1 with increased affinity in vitro and treatment with that derivative in combination
with cisplatin had a synergistic effect in mouse xenograft tumors in vivo. Interestingly, AG-205
in vitro binding to PGRMC1 could not be detected in the same study by Kabe et al. [151]
Whether the synergistic effect is indeed based on PGRMC1 inhibition, remains to be evaluated
in future studies. Glycyrrhizin has been reported to bind at least one other protein (high-
mobility group box 1 (HMGB1)) and is surely not PGRMC1-specific [152]. However, another
step towards a PGRMC1 inhibitor is made, opening up perspectives for inhibitor design in the

future.

9.2. Possible Implication in Ferroptosis: Oxidative Damage-Triggered Cell Death and
PGRMC1

Within the lipid metabolic pathway, PGRMC1 interacted with SCD1, a key enzyme in fatty acid

metabolism, and PGRMC1 overexpression upregulated SCD1 mRNA. SCD1 is an iron-

containing enzyme that catalyzes a rate-limiting step in the synthesis of mono-unsaturated

fatty acids. The expression of the protein is associated with increased tumor growth, since its
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activity feeds dividing tumor cells with fatty acids and protects cancer cells from ferroptotic
cell death — a form of cell death from oxidation of cellular membranes by reactive oxygen
species resulting from excessive cellular metabolism [153]. Although SCD1 is not an oncogene,
beneficial gain-of-function mutations of SCD1 have been observed in some tumors, driving
metabolic reprogramming of rapidly diving cells [137]. Although we did not characterize the
nature of PGRMC1-SCD1-interactions (activating/stabilizing or inhibitory), the measured
increased level of neutral lipids in PGRMC1-overexpressing cells may indicate an activating
interaction, which would boost SCD1 enzymatic activity and stimulate cancer growth.
However, the amount of mono-unsaturated fatty acids in the cells could be measured by gas

chromatography to confirm this hypothesis.

Interestingly, PGRMC1 possesses several features/functions that indicate its involvement in
the above mentioned ferroptotic cell death. PGRMC1 chelates heme and thereby iron [22], it
is involved in lipid production and interacts with SCD1 [99] and FECH [29], both crucial
enzymes in the context of ferroptosis. PGRMC1’s contribution to the process has been
addressed with yet controversial results. You et al. observed an increased sensitivity towards
ferroptosis inducers upon overexpression of PGRMCL1 in head and neck cancer cells [154],
while Zhao et al. described a protective effect of PGRMC1 on ferroptosis in MDA-MB-231
breast cancer cells [155]. Since ferroptosis is recently being discussed as an important damage
regulation mechanism that needs to be overcome by cancer cells and could be chemically
induced to improve cancer treatment, the involvement of PGRMC1 in ferroptosis seems

intriguing and deserves further investigation.

9.3. PGRMC1-Knockout Cells Do Not Present Any Deficiency Phenotype

To further characterize PGRMC1 implications in breast cancer progression, CRISPR/Cas9
technology was used to generate PGRMC1-knockout cells in three breast cancer cell lines.
Using plasmids for three different gRNAs simultaneously transfected into cells in a transient
manner, and subsequent limiting dilution, clones with absent PGRMC1 protein could be
successfully generated for MCF7, T47D and MDA-MB-231 cell lines. These clones were further
characterized by sequencing of PCR fragments in the mutated PGRMC1-locus, as well as
sequencing the mutated mRNA, if present. Functional analysis was performed for MCF7 cells
with different PGRMC1 protein expression levels. Long-term PGRMC1-KO cells did not present
any deficiency phenotype in contrast to transient downregulation of PGRMC1 by siRNA as
performed for manuscript 1. Proliferation of MCF7/PGRMC1-KO43 and MCF7/PGRMC1-KO64
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and production of neutral lipids was not significantly different from parental PGRMC1-WT
cells. Interestingly, one clone (MCF7/PGRMC1-KO5) had elevated expression of EGFR and
increased activation of EGFR and MAPK signaling. The same clone demonstrated highest
response to EGF treatment. However, the second tested clone had a different expression

pattern, so that no PGRMC1-KO associated tendency could be detected.

The CRISPR/Cas9 approach selected for this thesis did not include any selection for
successfully manipulated clones. The straightforward technique allowed transcription of
gRNAs and Cas9 from plasmids transfected into the cells. Once transcribed, the CRISPR/Cas9
reaction could take place, before the cells were detached and subcloned via limiting dilution.
The efficiency of this workflow could have been improved if a plasmid with a resistance
cassette flanked by homology arms targeting the PGRMC1 locus had been transfected
together with the CRISPR/Cas9 plasmids [156]. This way, in case of repair by HDR, the
resistance cassette would have been inserted into the PGRMC1 locus and destroyed the gene,
providing an opportunity to select for successfully manipulated clones. Another mean to
improve efficiency would have been lentiviral transduction of cells with the respective
CRISPR/Cas9 plasmids [157]. However, in both ways the genome is disturbed by stable
insertion of either a resistance gene or the CRISPR/Cas9 genes under regulation of
constitutively active promoters, which could potentially interfere with cellular functions.
Therefore, an approach which would leave back as little modifications of the genome as

possible was selected, taking the costs of more intensive and thorough screening.

The resulting clones were demonstrating different DNA aberration patterns, resulting mostly
from CRISPR/Cas9 reaction at gRNA 2 and gRNA 3 binding sites (exon 2 and exon 3,
respectively). In clone MCF7/PGRMC1-KO64, two mutations were detected on DNA (insertion
of guanine in exon 2 and deletion of 24 nucleotides in exon 3 and on mMRNA. The G-insertion
alone results in a frameshift and a truncated protein. Both mutations are located on the same
chromosome, since both were detected on mRNA. For clone MCF7/PGRMC1-KO43, two
transcripts were sequenced, with a deletion of 7 base pairs or 10 base pairs at the same
location, respectively, while on DNA only the 7 base pair mutation was detected. The reason
for this is likely alternative splicing, since the mutation is close to the splicing site. However,
some clones did not produce any detectable band neither in PCR on DNA, nor on mRNA that
could be sequenced (clones MCF7/PGRMC1-KO5, MDA-MB-231/PGRMC1-KO34, -KO18;
T47D/PGRMC1-KO146). These clones are potentially the ones with largest aberrations on both
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alleles and best suitable for future experiments. The locus could be sequenced using next

generation sequencing methods to confirm potential loss of the PGRMC1 locus.

In other clones, only one mutation was detected, pointing towards a non-mutated second
chromosome. However, even in those cases PGRMC1 protein expression was completely
absent. Important for the understanding of this phenomenon is the location of PGRMC1 on
the X-chromosome. One of the X-chromosomes is subject to X-chromosomal inactivation to
balance out gene doses effects. Not the entire X-chromosome is inactivated and condensed
by this process, but some genes escape inactivation and remain transcriptively active [158].
Importantly, the PGRMC1 locus is located in the inactivated region, resulting in only one
actively transcribed PGRMC1 allele [159], [160]. If this allele is subject to CRISPR/Cas9
reaction, the consequence is a phenotypic knockout, even in presence of an intact but silenced
allele. This circumstance may explain why some knockout clones with only a single identified
mutation on one allele are totally absent of PGRMC1 protein. Importantly, mutations in other
chromosomes and genes generated by off-target binding of gRNAs and additional changes in
not sequenced PGRMC1 regions cannot be excluded. Therefore, if this information is required
in the future, long-read sequencing for the PGRMC1 locus or whole exome sequencing for off-

target effects may be performed.

Regarding the functional assays, the common information from all read-outs was the lack of a
definite PGRMC1-knockout phenotype — based on the read-out systems applied by us. A
possible explanation for this discrepancy to previously observed PGRMC1 knock-down
phenotypes may be genetic compensation, which occurs when homologues or genes with
related function are upregulated in response to a loss-of-function mutation. Genetic
compensation has been observed in different biologic systems, where knockdown results
could not be reproduced in genetic knockouts. In zebrafish, knockdown of the gene egfl7
results in vascular defects, while egf/7 deleterious mutants did not exhibit any phenotype
[161]. The authors performed proteome and transcriptome analysis and identified several
differentially expressed genes, which were confirmed to rescue the loss-of-function
phenotype. Genetic compensation was further reported in mice and in human cells, as
reviewed by Brolosy and Stainier [162]. The authors provide an overview of published studies
with phenotypic discrepancy between transient knockdown and permanent gene loss, and
outline that genetic compensation is a common phenomenon. The mechanism by which

compensating genes are upregulated upon a mutation may be related to the mutant mRNA.

125



A recent publication demonstrated that nonsense-mediated mRNA decay — a process to
degrade error-bearing mRNA —triggers upregulated expression of genes that exhibit sequence
similarity with the degraded mRNA, suggesting compensation for a gene’s loss by upregulation
of homologues [163]. To test this hypothesis in cells generated in this thesis, proteome and/or
transcriptome analyses could be performed. A candidate for compensatory effects could be
PGRMC2, but since compensation does not only apply to homologous genes, an -omics
technique could provide insights into compensating pathways and into essential PGRMC1

functions.

9.4. PGRMC1 Interacts with PHBs and Influences ERa-Signaling in Breast Cancer
Cells

PGRMC1’s ability to bind progesterone is not proven yet. However, previous finding indicated

an involvement of PGRMC1 in signaling of progesterone and its synthetic analogues

progestins, since PGRMC1 overexpressing breast cancer cells exhibited increased proliferation

upon stimulation with progestins, and PGRMC1 was shown to be phosphorylated at S181 upon

treatment with the progestin NET [124].

NET is used in hormone replacement therapy together with estradiol to counteract
menopausal symptoms. Several studies have revealed an increased risk for breast cancer for
women with HRT, especially if the progestin compound was NET, MPA and cyproterone
acetate [123]. Since PGRMCL1 is phosphorylated upon progestin treatment and confers a
proliferative effect on breast cancer cells, it seems reasonable that the increased incidence
for breast cancer under specific HRT may be at least partially associated with PGRMC1

activation.

To address this hypothesis in manuscript 2, PGRMC1’s interaction partners upon stimulation
with NET were analyzed by mass spectrometry, and PHBs were identified to be significantly
enriched after PGRMCL1 co-immunoprecipitation. Interaction between PHBs and PGRMC1 was
further demonstrated by PLA selectively after treatment with progestins that increase
proliferation (proliferation-promoting progestins, PPPs), and was absent after treatment with
progestins that do not increase proliferation (non-proliferation-promoting progestins; NPPPs).
Importantly, PHB2 has been reported to negatively regulate stimulative function of ERa,
putatively by binding ERa in the nucleus and preventing transcription of its’ target genes [164],

[165]. By PLA, binding of PHBs to ERa and to PGRMC1 was then analyzed. Both PHBs were
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found to associate either with PGRMC1, or ERa, but not with both simultaneously. After
stimulation with NET or other PPPs, PGRMC1 was phosphorylated at S181 and associated with
PHBs, while PHBs-ERa interaction was significantly reduced. When stimulated with NPPPs, this
effect could not be observed. Importantly, in this context, PLA in MCF7/PGRMC1-KO64 did not
provide any significant signal for PGRMC1-PHBs interaction after treatment with PPPs (since
PGRMC1 was absent), and PHBs were associated with ERa when treated with both PPPs and
NPPPs. Therefore, we hypothesize that PGRMC1, when phosphorylated at S181, associates
with PHBs, thereby preventing their binding to ERa and negative regulation of ERa-signaling.

ERa could thereafter establish an increased activity and increased proliferative signaling.

Negative regulation of PHB2 has been demonstrated for another protein, brefeldin A-inhibited
guanine nucleotide-exchange protein 3 (BIG3). Kim and colleagues found out that BIG3
associates with PHB2, putatively via binding a specific region that is necessary for nuclear
import and thereby prevents PHB2's translocation into the nucleus [166]. Later, the same
group targeted the BIG3-PHB2 complex by a cell-permeable peptide inhibitor to decrease ERa-
dependent growth of breast cancer cells in vivo and in vitro and to reduce resistance to
tamoxifen [167]. For PGRMC1, a similar function could be hypothesized. PGRMC1 could
associate with PHBs directly or through adapter proteins/in a protein complex and thereby

regulate their function.

PHB1 and PHB2 are evolutionary conserved ubiquitous proteins, reported to be localized in
the nucleus, the mitochondria and the cytosol [168]. Depending on the localization, they
exhibit distinct functions. For instance, in mitochondrial membranes, PHB1 and PHB2 form
hetero-multimeric complexes with yet speculative stoichiometry and putatively serve as
scaffolds for respiratory chain complexes. Deregulation of PHBs results in increased
degradation and lower expression of some respiratory chain complexes and is associated with
defects in proliferation and increased apoptosis [169]. Further, PHBs are reported to interact
with transcription factors other than ERa in the nucleus, and to differentially regulate gene
expression. In the breast cancer cell line T47D also used in this study, PHB1 was demonstrated
to suppress activity of E2F transcription factors, which in their majority convey proliferative
and anti-apoptotic signals. Additionally, PHB1 also bound retinoblastoma (Rb), a tumor
suppressor, without inhibiting the protein [170]. In MCF7 breast cancer and B-cell lymphoma
cells, PHB1 overexpression mediated transcription of the tumor-suppressor p53 dependent

genes and suppressed activity of E2F transcription factors [171].
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Figure 12: Schematic representation of the hypothetic interplay between ERa and PGRMCL1 through stimulation of cholesterol
and estradiol production on one hand, and through binding of ERa negative regulators PHB1 and PHB2 on the other hand.
PGRMC1 was associated with increased cholesterol and estradiol levels in manuscript 1 [99], and was demonstrated to
interact with PHBs upon stimulation with proliferation-promoting progestins (PPPs), possibly inhibiting the ERa-PHBs
interaction, in manuscript 2 [108]. Both described pathways potentially increase ERa oncogenic signaling.

Taking this background into account, assuming a possible involvement of PGRMC1 in
regulation of PHBs is intriguing. By interaction with PHBs, PGRMC1 could indirectly enhance
oncogenic signaling of several transcription factors and possibly decrease activity of others
(like the tumor suppressor p53) and thereby promote breast cancer progression. Since
PGRMC1 is not only upregulated in breast cancer, but also in other tumor entities like lung,
cervical, head and neck cancer and others [62], [61], the interplay between PGRMC1 and PHBs

could be further evaluated there.

Interestingly, PGRMC1 was associated with ERa signaling in manuscript 1 and 2 in two
different mechanistical ways. As described in Asperger et al., increased production of
cholesterol and estradiol by PGRMC1 overexpression could trigger a vicious circle of hormone
dependent breast cancer, having cancer cells providing their own proliferation-stimulating
factor. Second, as addressed in Bai et al., PGRMC1 could inhibit negative ERa-regulation by
blocking PHBs, allowing ERa to fully exert its proliferative potential. Both mechanistic
pathways indicate a deep implication of PGRMC1 in ERa-signaling, which should be further
evaluated in breast cancer tissues. Getting insights into the impact of these mechanisms in
vivo would provide a better understanding of breast cancer dependencies and vulnerabilities

and potentially offer a new avenue for cancer treatment.
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9.5. PGRMC1 Interacts with PHBs and Influences Decidualization in Endometrial

Stromal Cells
Besides cancer, female fertility is a prominent field in PGRMC1 research. Its implication has
been demonstrated in mice and zebrafish, and women with infertility related diseases often

have a dysregulated PGRMC1 expression in the endometrium [12].

Since PHB2 was reported to be downregulated during decidualization and to control the
process, and PGRMC1 was hypothesized to be a potential co-regulator of PHB2 activity, we

decided to address the role of PGRMC1 in decidualization and its interplay with PHBs.

Therefore, a decidualization workflow using human endometrial stromal cell lines HESC and
St-T1 was established, using 8-Br-cAMP and MPA as decidualization inducers in cell culture
and by performing a gPCR for the prolactin (PRL) gene mRNA, which secretion marks
successful decidualization. Subsequently, PGRMC1 expression was analyzed throughout the

decidualization process and a PGRMC1 rise-to-decline expression pattern was revealed.
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Figure 13: Graphical overview over the findings presented in manuscript 3. Endometrial stromal cells (ESC) are treated with
MPA/cAMP (blue triangle) to trigger decidualization. PGRMC1-expression follows a rise-to-decline expression pattern,
represented in the upper panel. If PGRMC1-expression was silenced on day 2 or 4 after decidualization induction (panel 2,
upper path), cells were still able to decidualize. If PGRMC1-expression was silenced before decidualization induction (panel
2, lower path), ESCs were unable to decidualize. This graph was created by me and published as Supplementary Figure 10 in
Liu et al. [172]. Reproduced with the journal’s permission.

129



Further, PGRMC1 was downregulated before decidualization induction leading to
decidualization failure, pointing toward an essential role of PGRMC1 expression induction
during decidualization start. When PGRMC1 was downregulated at day 3 after decidualization
induction, no difference in or rather an increased decidualization could be detected.
Importantly, throughout its rise-to-decline expression change, PGRMC1 interacted with PHB1
and PHB2 [172].

The PGRMC1 expression peak during decidualization was essential for the successfully
completed process and raises the hypothesis of a possibly impaired decidualization in
infertility-related diseases with PGRMC1-deficiency. PHB2 was discovered to be
downregulated towards the end of decidualization, suggesting that its function requires
reduction during HESC differentiation. A possible role of PGRMC1 as an additional PHB2
inhibitor during decidualization similar to its role in breast cancer may be suggested. The
findings of this study emphasize the possible general function of PGRMC1-PHBs interactions
which is probably not limited to the analyzed breast cancer and endometrial stromal cells but

may occur in several tissues and organs.

9.6. Outlook

The findings presented in this thesis provide novel insights into the role of PGRMC1 in breast
cancer progression, sterol metabolism, oncogenic signaling, and female reproductive biology.
PGRMC1 has been demonstrated to interact with enzymes of the mevalonate pathway and to
enhance cholesterol, estradiol and lipid production, potentially influencing ERa and EGFR
signaling. Further, PGRMC1 interacted with PHBs upon stimulation with progestins that
stimulated proliferation, presumably preventing PHBs-ERa interaction and thereby indirectly
promoting ERa-signaling. Interestingly, this mechanism could be strengthened by
observations in newly generated PGRMC1-KO cells. The same interaction has been observed
in endometrial stromal cells during decidualization, emphasizing the broad context and
overarching relevance of these interactions. During decidualization, PGRMC1 expression
followed a rise-to-decline pattern, and the presence of PGRMC1 at the start of the process

was essential for successful decidualization.

Although this work emphasizes the potential involvement of PGRMCL1 in central cellular
networks, several questions remain to be addressed in the future. One major aspect to explore

is the precise molecular mechanism through which PGRMC1 modulates sterol metabolism and
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oncogenic signaling. Lipidomic and transcriptomic analyses in PGRMC1-overexpressing and
knockout models could help dissecting how PGRMC1 influences cholesterol metabolism, lipid
raft composition, and estradiol biosynthesis in breast cancer cells. Since sterol metabolism is
a key determinant of cancer cell survival and therapy resistance, targeting PGRMC1's
involvement in these pathways could offer new therapeutic opportunities, particularly in

hormone receptor-positive breast cancer.

Another critical area for future research is the apparent discrepancy between transient
knockdown and long-term knockout of PGRMCL1. The lack of a distinct knockout phenotype
suggests potential genetic compensation, which could be investigated through genome-wide
transcriptomic and proteomic analyses. ldentifying compensatory pathways may reveal
PGRMC1-dependent vulnerabilities and thereby provide new ideas on the exact PGRMC1-

function.

The interaction between PGRMC1 and PHBs, particularly in the context of ERa signaling and
breast cancer proliferation, opens up another avenue for research. Given that PHBs are
involved in transcriptional regulation of other transcription factors besides ERa, PGRMC1-
PHB-interaction my present a mechanism of general indirect transcriptional regulation. The
potential parallels between PGRMC1’s modulation of PHBs and other known PHB regulatory

proteins, such as BIG3, also deserve further exploration.

Beyond breast cancer, the role of PGRMC1 in female reproductive health, particularly in
decidualization and fertility, presents another intriguing research direction. The dynamic
regulation of PGRMC1 during decidualization, its interaction with PHBs, and its impact on
endometrial function highlight its relevance in reproductive biology. Investigating PGRMC1 in
the context of infertility-related disorders, such as endometriosis or recurrent pregnancy loss,

could provide valuable translational insights.

In summary, projects associated with this thesis have uncovered novel functions of PGRMC1
in cancer metabolism, signaling, and reproductive biology, while also raising important
guestions about its precise molecular mechanisms. Future studies integrating functional
genomics, metabolomics, and in vivo models will be essential to fully understand the

implications of PGRMC1 and to translate these findings into clinical applications.
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11. Supplementary Material

11.1. Supplementary Figures
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Supplementary Figure 1: Establishment of direct screening PCR using primers flanking each gRNA binding site. A: PCR on
isolated MCF7 DNA (500 ng) and cDNA (1 pg) using each of the primer pair separately in 0.2 uM and in combination
(multiplex). Detected bands correspond to predicted 125 bp (exon 1), 213 bp (exon 2), 250 bp (exon 3) and 203 bp for
exonl_fw+exon2_rev on cDNA and 335 bp for exon1_fw+exon3_rev on cDNA. B: Temperature and concentration gradient
for primer pair exon1_fw+exonl_rev on isolated MCF7 DNA (500 ng), predicted band size: 125 bp. C: Comparison of PCR on
lysates in different solvents and conditions (ultrapure water = lysate H20; TRIS lysate buffer = Lysate TRIS; TRIS lysate buffer
+ proteinase K digestion = Lysate TRIS+Proteinase K), purified MCF7 DNA (100 ng or 500 ng) for primer pair
exon3_fw+exon3_rev or multiplex PCR. Predicted band sizes: 250 bp for exon3_fw+exon3_rev; 250 bp, 213 bp and 125 bp
for multiplex.
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Supplementary Table 1: Statistics of the CRISPR/Cas9 knockouts in MCF7, T47D and MDA-MB-231. MCF7 cells were subcloned
by two approaches: FACS and limiting dilution. Up to 131 cell clones were screened by PCR to detect PGRMC1-KO cells. KO-
rates between 0.3 and 2.6 % were achieved.

MCF7 MCF7 T47D MDA-MB-231
Subcloning FACS Lim. dilution | Lim. dilution | Lim. Dilution
Number of clones screened | 14 (7%) 61 (10%) 131 (22%) 105 (18%)
(% of seeded)
Number of 5 (36%) 2 (3%) 3(2%) 5 (5%)
(potentialPGRMC1-KOs
(% of screened)
Rate of PGRMC1-KOs 2.6% 0.3% 0.5% 0.8%
(% of seeded)
F o 9 > W
L € € v .~ S R 3 ©
R AN R s S s S
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Supplementary Figure 2: Western blot of CRISR/Cas9-modified MDA-MB-231 and T47D cells. Whole cell lysates were blotted
and analyzed with two different a-PGRMC1 antibodies. A+C: N-terminus detecting antibody (Cell signaling); B+D: Antibody
binding the C-terminus of PGRMC1 (Abcam). As loading control, B-Actin was detected. Adapted according to Oles, 2013.
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Supplementary Figure 3: A: Analysis of PCR products resulting from different primer combinations on all selected
CRSIPR/Cas9- modified clones for the cell lines MCF7, T47D and MDA-MB-231 and the respective control cells. Combinations
of primers from top to bottom: Exon2_fw+Exon2_rev; Exon3_fw+Exon3_rev; Exonl_fw+Exon2_rev; Exon2_fw+Exon3_rev;
Exonl_fw+Exon2_rev. Bands sequenced from PCR are marked with a blue triangle; bands sequenced after TA-cloning and
purification in E. coli are marked with a red triangle. B: graphical presentation of the primer binding sites in the PGRMC1
locus. bp: base pairs; kb: kilo base pairs. Reference band sizes: 213 pb for parental cells in panel 1; 250 bp for parental cells
in panel 2.
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Supplementary Table 2: Overview of the detected aberrations in CRISPR/Cas9 generated PGRMC1-deficient cells.

Cell line | DNA cDNA
MCF7/PGRMC1-
KO5 e Deletion 1: 6491 bp from exon 1 to e Not amplified
exon 3
e Deletion 2: 3651 bp from exon 1 to
exon 2 with insertion of 482 bp
originating from exon 3
KO43 e Deletion 1: 7bp exon 3 e Deletion 1: 7 bp exon 3
e Deletion 2: 22 bp exon 2
e Deletion 2: 10 bp exon 3
KO64 e Deletion: 24 bp exon e Deletion: 24 bp exon 3
T47D/PGRMC1-
KO26 e Deletion: 38 bp exon 2 e Deletion: 38 bp exon 2
KO126 e Deletion: 36 bp exon 3 e Deletion: 36 bp exon 3
KO146 e Deletion: 6474 bp from exon 1 to exon e Not amplified
3
MDA-MB-231/PGRMC1-
KO18 e Deletion: 6474 bp from exon 1 to exon e Not amplified
3
KO34 e No mutation in the amplified fragment e Not amplified
from exon 2
e Missing fragment from exon 3
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-K043
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gRNAL ! gRNA3
gRNA2
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nucleotides >
missense
S57 Y113
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-K043
(Isoform 2) 1 A A A
gRNAL | gRNA3
gRNA2
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nucleotides
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A A A
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gRNA1 ! gRNA3
gRNA2
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Supplementary Figure 4: Schematic representation of the primary PGRMC1-protein structure resulting from the mutated

DNA/mRNA, with color code analogous to Figure 1 (magenta: TMH; green CytB5-domain, important phosphorylated amino
acids tagged with a flag), and the position gRNAs on respective DNA indicated by the arrows. Structure is depicted for
MCF7/PGRMC1-KO43 with only one mutation detected on DNA (deletion of 7 nucleotides in exon 2), but two mutations found
on mRNA (/soform 1 and Isoform 2). Both mutations would lead to an early stop codon and a truncated protein. For
MCF7/PGRMC1-KO64, one 24 bp in-frame-deletion in exon 3 was detected. However, Only for MCF7/PGRMC1-KO43, a weak

band of lower size was detected in western blot, while in -KO64 PGRMC1 protein was absent.
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Supplementary Figure 5: Western blot analysis of long-term PGRMC1 expression in CRISPR/Cas9-generated MCF7/PGRMC1-
Control and -KO clones. Cell were cultured for up to 52 passages and whole cell lysates were analyzed for A: MCF7/PGRMC1-

Controll; B: MCF7/PGRMC1-Control2; C: MCF7/PGRMC1-KO43; D: MCF7/PGRMC1-KO64. For loading control, B-actin was
detected.
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11.2. Supplementary figures of uncropped western blots
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Supplementary Figure 6: Presentation of entire western blot membranes for Figure 6A. Western blot analysis of some
PGRMC1-KO and -Control clones of MCF7. PGRMC1 was detected by the N-Terminus binding antibody (Cell Signaling). For
loading control, B-Actin was detected. Clones selected for further analysis are marked with an asterisk (*).
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Supplementary Figure 7: Presentation of entire western blot membranes for Figure 6B. Western blot analysis of some
PGRMC1-KO and -Control clones of T47D. PGRMC1 was detected by the N-Terminus binding antibody (Cell Signaling). For
loading control, B-Actin was detected. Clones selected for further analysis are marked with an asterisk (*).
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Supplementary Figure 8: Presentation of entire western blot membranes for Figure 6C. Western blot analysis of some
PGRMC1-KO and -Control clones of MDA-MB-231. PGRMC1 was detected by the N-Terminus binding antibody (Cell Signaling).
For loading control, B-Actin was detected. Clones selected for further analysis are marked with an asterisk (*).
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Supplementary Figure 9: Presentation of entire western blot membranes for Supplementary Figure 2 — MDA-MB-231.
Western blot analysis of some PGRMC1-KO and -Control clones of MDA-MB-231. PGRMC1 was detected by the N-Terminus
binding antibody (Cell Signaling). For loading control, B-Actin was detected. Clones selected for further analysis are marked
with an asterisk (*).
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Supplementary Figure 10: Presentation of entire western blot membranes for Supplementary Figure 2 — T47D. Western blot
analysis of some PGRMC1-KO and -Control clones of MDA-MB-231. PGRMC1 was detected by the N-Terminus binding
antibody (Cell Signaling). For loading control, B-Actin was detected. Clones selected for further analysis are marked with an
asterisk (*).
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Supplementary Figure 11: Presentation of entire western blot membranes for Figure 10. Activation of oncogenic signaling
upon stimulation with hormones in MCF7 cells with different PGRMC1-expression levels. A+B: Westen blot analysis of whole
cell lysates of MCF7/PGRMC1 (HA-tagged), MCF7/EVC, parental MCF7, MCF7/PGRMC1-Control2, MCF7/PGRMC1-KO5 and -
KO64 upon stimulation with 10 ng/ml EGF or control medium for 10 min. A: Detection of pEGFR, pMEK, pERK, pAKT, PGRMC1
and B-Actin on two separate blots (upper panel and lower panel). For blot 1, sequence of detection was as follows: 1.
MEKpS217/S221, 2. PGRMC1, 3. B-Actin. For blot 2, sequence of detection was as follows: 1. ERK pT202/Y204, 2. B-Actin. B:
Detection of total protein levels of EGFR, MEK, ERK, ERa and B-Actin on two different blots (upper panel and lower panel).
For blot 1, sequence of detection was as follows: 1. EGFR, 2. ERK, 3. ERa, 4. B-Actin. For blot 2, sequence of detection was as

follows: 1. MEK, 2. Akt, 3. B-Actin.
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