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Abstract

With over 2 million new cases each year globally, breast cancer is the most common
cancer diagnose worldwide, and with an aging population, the incidence is predicted
to rise. Tumor cells are programmed to adapt and survive even during anti-cancer
treatments, making drug resistance a concern in modern cancer care. Therefore, it is
crucial to identify new drug targets and biomarkers to identify treatment resistant

tumors.

To address this, the overall aim of this thesis was to explore molecular factors in breast
cancer and how they impact the benefit of common modes of treatment. Special
emphasis is placed on the G protein-coupled receptor 30 (GPR30), a putative
membrane estrogen receptor, and hypoxia inducible factor la (HIF-la), a

transcription factor accumulates in response to low oxygen levels.

Four specific aims were set for the thesis. The first aim was to evaluate GPR30 as a
prognostic and predictive marker, as well as a mediator of tamoxifen resistance in
contralateral breast cancer. We found that plasma membrane expression of GPR30 was
prognostic of poor outcome in contralateral breast cancer, but not predictive of

tamoxifen treatment.

The second aim was to study the relationship between GPR30 and the proposed
GPR30 ligands estrogen and G-1. Using a number of eukaryotic systems, we found no
supporting that G-1 acts as a selective GPR30 agonist, or that GPR30 is an estrogen
receptor. On the other hand, we found that GPR30 has considerable constitutive

activity.

The third specific aim was to identify functional signaling complexes containing
GPR30 in breast cancer cells. We found that GPR30 hetero-oligomerizes with the ;-
adrenergic receptor (B1AR), and that this influences f1AR-mediated signaling.

The fourth specific aim was to evaluate the relevance of tumor hypoxia in relation to
breast cancer outcome in general and radiotherapy specifically. Our results showed that
HIF-1a is prognostic of poor breast cancer outcome, but not predictive of radiotherapy

response.
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Populirvetenskaplig sammanfattning

Ar 2020 var bréstcancer den mest frekvent diagnosticerade cancertypen virlden éver,
med &6ver tvd miljoner nya fall. I Sverige drabbas mer 4n en av tio kvinnor av
bréstcancer. Prognosen for dessa kvinnor har sett stadigt bittre ut under de senaste 50
dren, mycket pa grund av nya och forbittrade behandlingar, men fortfarande kommer
en del av de kvinnor som fir en bréstcancerdiagnos att d6 av sin sjukdom. Dirfor

beh6vs brostcancerforskning.

Brostcancer dr egentligen inte en sjukdom, utan flera. Detta beror pa att
cancerutvecklingens natur gdr att varje tumér dr mer eller mindre unik. Anda har
forskningen identifierat ett antal olika subtyper av brostcancer som de flesta tumorer
kan beskrivas genom. Kategoriseringen av tumdorerna baseras pa forekomst av ett antal
olika proteiner, sa kallade biomarkérer, som man har kunnat koppla till tumérens
aggressivitet och respons pa vanliga behandlingar. Med hjilp av denna klassificering
kan man idag delvis individanpassa behandlingen av varje tumér, vilket minskar risken
for att en patient maste genomga en behandling som inte fungerar, och 6kar chansen

for att hon 6verlever sin sjukdom.

Ostrogenreceptor alfa (ERa) ir en biomarkér som uttrycks i ungefir atta av tio
brosttumorer. ERa aktiveras av konshormonet dstrogen, och startar direfter processer
i cancercellen som ofta leder till att den vixer och bildar dotterceller. Tamoxifen ir ett
likemedel som minskar aktiviteten hos ERa, och dirmed himmar tillvixten av ERa-
positiva tumdérer. Dirfér anvinds ofta tamoxifen for att behandla ERa-positiva
brosttumérer. Trots genomgingen tamoxifenbehandling 4r det dock manga
brésttumérer som bildar aterfall. En anledning kan vara att tumércellerna kommit pa
en metod som gor att de inte lingre skadas av tamoxifen. Denna typ av
resistensutveckling 4r en klinisk utmaning. Inom bréstcancerforskning finns dérfor ett
stort intresse for att forstd de brostcancercellers resistensmekanismer, samt for att

utveckla nya likemedel att anvinda pa tamoxifenresistenta tumérer.

I flera av delarbetena i denna avhandling underséker vi en receptor som heter G-
proteinkopplad receptor 30 (GPR30). GPR30 har linge klassats som en
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ostrogenreceptor, dirmed har dstrogen antagits vara den faktor som aktiverar receptorn.
Viss data frin tidigare studier har dven pekat pa att GPR30 kan vara inblandad i
resistens mot tamoxifen. I delarbete I studerar vi GPR30 i forhillande till
tamoxifenresistens och prognos i kontralateral bréstcancer, vilket dr nir en kvinna som
tidigare haft brostcancer i ena brostet utvecklar en ny tumor i det andra bréstet. Genom
att mita mingden GPR30 i kontralateral bréstcancer som utvecklats under
tamoxifenbehandling och jimfora det den med motsvarande som utvecklats utan
tamoxifenbehandling, kunde vi visa att GPR30 inte foljer ett monster som hade
forvintats av ett protein som bidrar till resistens. Vi sig dven i studien att GPR30 ir
associerat till andra markérer f6r tumoraggressivitet, och att receptoruttryck specifikt i

cancercellernas plasmamembran ir kopplat till en simre prognos.

Utdver dstrogen finns en syntetisk substans som ofta anvinds for att aktivera GPR30
inom forskning. Denna substans, som kallas G-1, har diremot blivit ifrigasatt genom
dren da vissa data pekar pa att G-1 inte verkar aktivera GPR30, eller att substansen
aktiverar nagot annat protein i cellen. I delarbete II undersokte vi aktiveringen av
GPR30 i forhéllande till dstrogen och G-1. Baserat pa de data vi samlade in kunde vi
inte finna négot bevis for att varken 6strogen eller G-1 aktiverar GPR30. Vira data
tyder dessutom pa att G-1 aktiverar signalering i celler som inte uttrycker GPR30.
Slutligen sag vi att GPR30 tenderar att vara aktiv inom signalering dven utan att nagot
stimuli tillsatts. Baserat pa detta foreslog vi atct GPR30 har en hog grundaktivitet, att
det inte finns data nog for att stirka act GPR30 4r en dstrogenreceptor, och att G-1
inte aktiverar GPR30.

Den grundliggande behandlingen vid bréstcancer 4r att tumdéren avligsnas kirurgiske.
For att ta bort eventuella tumérceller som finns kvar i brostet ges tilliggsbehandlingar.
Stralbehandling 4r en av de vanligaste tilliggsbehandlingarna, och har god effekt mot
dterfall. Man vet dock att det finns patientgrupper dir risken for aterfall 4r sd pass liten
att stralbehandling inte 4r nodvindigt, och att det finns tumérer som 4r sa aggressiva
att det kan vara gynnsamt att ge extra strilbehandling. I delarbete IIT undersékte vi om
proteinet HIF-1a, som finns i tumérer med lag syretillging, kan verka som biomarkér
for att prediktera behandlingssvar pa strilbehandling. For att underséka detta hade vi
tillgang till kliniska och biologiska data frin en studie dir ca 1000 kvinnor med
brostcancer randomiserades att fi eller inte fi stralbehandling. Biologiska data
inkluderade proteinuttryck av HIF-law samt genuttryck. Vi fann att HIF-1a inte

verkade predicera tumérens svar pé strilbehandling, men kunde identifiera patienter
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med simre prognos. Vidare tittade vi pd genuttryckssignaturer relaterade till en
syrefattig tum6rmikromiljo for att se om dessa kunde tjana som alternativ for HIF-1a
som prognostisk markor. Vi sag att medan genuttryckssignaturerna associerade med
prognos, var ingen starkare kopplad till prognos an HIF-1a. Studiens slutsats var att

HIF-1a ir en prognostisk markér, men kan inte predicera stralbehandlingssvar.

I delarbete IV var var hypotes att cellens respons pa aktivering av GPR30 paverkas
mycket av vilka proteiner som finns i receptorns omedelbara nirhet. Vi fann att det i
den omedelbara nirheten kring GPR30 sitter en receptor som kallas B;-adrenerg
receptor (B1AR), som ir involverad i kroppens svar pd adrenalin. Dessutom kunde vi
se att GPR30 himmade aktiviteten hos B1AR, och dirmed paverkade cellens svar pa
adrenalin. Detta kan ha en viktig funktion i bréstcancer, dir 1AR kopplats till prognos

och incidens.

Sammanfattningsvis har jag med denna avhandling arbetat fo6r att bidra med ny
kunskap om mekanismer viktiga for brostcancerutveckling- och behandling, frin

proteininteraktioner och signalering, till patientens prognos och behandlingssvar

(Figure 1).
. . Molecular properties
Tumor cell Protein interactions and driving f
bl g forces
Patient outcome phenotype and and signaling
and treatment ;
traits
response

Figure 1. Hierarki inom bréstcancerforskning. Det slutgiltiga malet inom cancerforskning ar att
forsta, forutse och forbattra kliniska resultat, men detta kraver aven kunskap pa cellniva, proteinniva
och pa biofysisk niva.
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Introduction

Cell signaling and oncogenesis

With life on earth involving constant transformation, our bodies depend on their ability
to resist change. We maintain our body temperature in warm and cold climates, readily
clear out consumed toxins, and after exposure to harmful sunrays, our skin produces
pigment to minimize future damage. Maintaining status quo at the chemical level is
just as important, where factors essential for our survival often have harmful or even
lethal effects when exceeding their stringent concentration intervals. Therefore, strict
regulation of such factors is of utmost importance. In order to understand human
physiology, it is central to recognize the fine-tuned balances of physiological, chemical,

and biophysical conditions in our bodies.

The human body consists of trillions of cells with a high diversity in morphology and
function. Cells communicate either physically, using sensor proteins that detect
markers on the surface of neighboring cells, or chemically, by orchestrating release of
messenger molecules that reach receptors on other cells by paracrine or endocrine
communication. To maintain healthy tissues, cells are replaced continuously
throughout life. This is governed by the processes of proliferation, where a healthy cell
produces identical daughter cells, and apoptosis, where an old cell undergoes
programmed cell death. These processes also play an important role in maintaining the
genetic integrity of the tissue. Within each cell, sophisticated defense mechanisms are
dedicated to detect DNA damage, foreign proteins, and pathogenic genetic material,
and launch molecular programs to prevent the spreading of a detected abnormality.
The latter is achieved by preventing a corrupt cell from proliferating, and either trigger
defense and repair mechanisms, or initiate apoptosis. Evidently, proliferation and
apoptosis are crucial pillars in maintaining healthy tissues. For this reason, cells express
a plethora of proteins dedicated to these mechanisms exclusively, by sensing, regulating,

and sending feedback information. However, occasionally these processes fail, and an
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abnormal cell manages to divide and spread. This is the mechanism behind oncogenesis

— the development of cancer.

Oncogenesis is a highly dynamic and complex process involving stepwise genetic and
epigenetic alteration, generally assumed to be unique for each case. Yet, some general
traits have been acknowledged as vital in the development of any tumor. In two articles
in 2000 and 2011, Hanahan and Weinberg proposed ten universal biological attributes
fundamental in tumor formation [3, 4] (Figure 2). These include adaptations in the
behavior of the tumor cells — such as genome instability and capacity to grow and divide
even in the absence of growth signals, and adaprtations in the interaction between the
tumor cells and their microenvironment — such as ability to promote growth of blood
vessels to better provide nutrients and clear out toxic metabolites from the tumor. These
attributes, called Hallmarks of Cancer, are to this day considered a useful model for

rationalizing the intricate process of oncogenesis.

Self-
sufficiency in

Tumor- proliferative Insensitivity
promoting signaling to anti-growth
inflammation signals

Limitless
replicative
potential

Tissue
invasion and
metastasis

Hallmarks of
Cancer

Genome
instability and
mutation

Resisting
apoptosis

Avoiding
immune
destruction

Deregulated
cellular
energetics

Ability to
induce
angiogenesis

Figure 2. The ten Hallmarks of Cancer, as described by Hanahan and Weinberg 2000 and 2011 [1, 2].
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The fundamentals of tumor genetics are often explained by categorizing mutated
cancer-promoting genes into two groups; oncogenes and mutated tumor suppressor
genes. An oncogene is a growth-promoting gene which through mutation has either
been duplicated to an inordinate number, or acquired an activating mutation —
resulting in an elevated growth-stimulatory effect. In their normal, healthy state,
oncogenes are called proto-oncogenes. Tumor suppressor genes normally restrain cell
growth and proliferation. When a tumor suppressor gene is mutated, resulting in either
gene deletion or reduced function, the tumor suppressor fails to contribute to the
control of cell division. If successive mutations of proto-oncogenes and tumor
suppressor genes occur and the balance between the growth-stimulatory activity and

growth suppression becomes skewed, a tumor may form [5].

Breast cancer

Epidemiology

As 0f 2020, breast cancer is the most commonly diagnosed cancer worldwide, with over
2 million new cases annually [6]. Breast cancer is among the most common causes of
pre-term mortality in women globally [7, 8]. In Sweden, it represents almost 30% of
all detected malignancies among women, and more than 1 in 10 Swedish women will

receive a breast cancer diagnosis during her life [8].

The incidence of breast cancer has been rising in higher-income countries over the last
50 years, and recently also in lower-income countries. In Sweden, the number of breast
cancer diagnoses per 100 000 women has increased by 70% since the early 70s [9],
which to some degree may be explained by the implementation of breast cancer
screening programs in recent years [6]. Changes in lifestyle patterns, including a
growing prevalence of overweight, a trend of lower parity, higher age at first birth,
earlier menarche, as well as use of hormone replacement during menopause are also
believed to be reflected in the incidence [6]. However, the breast cancer survival rate
has improved steadily the past 50 years. This improvement may partly, but not fully,
be accredited to earlier detection [6]. The rising survival rate in combination with an
increased incidence has made breast cancer the most prevalent cancer globally. In 2020,
almost 8 million women were diagnosed with breast cancer within the preceding 5 years

[7].
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The strongest risk factors for breast cancer are gender and age; around 50% of all breast
cancer patients have no other known risk factor than female sex and an age over 40 [7].
It is clear that family history and specific inherited genetic mutations are strong risk
factors for breast cancer. More common breast cancer-related mutations often show
marginal impact on the breast cancer risk, while mutations that increase the risk more
severely are rare. Among the most notorious mutations in the latter group are those in
tumor suppressor genes BRCAI and BRCA2, which are estimated to increase the
lifetime breast cancer risk of up to 72% and 69%, respectively [10, 11].

Prognostic and predictive factors

While some data suggest that lifestyle factors including smoking, physical activity, and
overweight may influence the outcome of breast cancer, most prognostic factors are
purely tumor-related [12, 13]. For operable breast cancer, factors that strongly relate to
outcome are tumor size, spread to regional lymph nodes, and histological grade.
Histological grade is an estimate of tumor cell differentiation, i.e., how much they
resemble normal cells in terms of nuclear pattern, mitotic activity, and ability to form
ductal structures. Breast cancers are further classified based on a number of molecular
markers and tumor traits that aid clinically in prediction of prognosis and treatment
decisions. Molecular biomarkers currently used in the clinic are ERa, progesterone
receptor (PR), human epidermal growth factor receptor 2 (HER2), and the
proliferation marker Ki67. These markers are used in ensemble as surrogate markers
for the four intrinsic subtypes Luminal A, Luminal B, HER2 positive, and triple-
negative breast cancer (TNBC) based on definitions from the 13th St. Gallen
International Breast Cancer Conference [14], a classification system initially based on
gene expression data [15]. Both luminal A and luminal B are ERa-positive, which in
Sweden means that more than 10% of tumor cells express ERa. Further, luminal A is
HER2 negative, with low or intermediate Ki67 and histological grade 1 or 2. Luminal
B is HER2 negative, with histological grade 2 or 3, and intermediate to high Ki67. The
HER?2 positive breast cancer subtypes may be luminal or non-luminal, and are defined
by overexpression of the proliferative HER2 receptor [16]. Lastly, TNBC is defined by
absence of both ERa, PR, and HER2 amplification [17]. TNBC is highly
heterogeneous but often described as aggressive, with complex, prominently mutational
genomes, younger age of presentation, and higher risk of early metastasis and mortality

[18, 19].
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ERa and HER2 are not only prognostic, but also predictive factors, meaning that they
predict tumor sensitivity to breast cancer treatments. While ERa is a biomarker of the
tumor being sensitive to hormonal agents, including tamoxifen and aromatase
inhibitors, HER2 amplification predicts likeliness that a tumor responds well to anti-
HER?2 drugs, including trastuzumab (Herceptin) and trastuzumab emtansine (Kadzyla)
[16].

Contralateral breast cancer

Contralateral breast cancer (CBC) is a second tumor developed in the contralateral
breast after the first breast tcumor (Figure 3). CBC is presumed to be a second primary
tumor independent of the first tumor, but data suggest that some CBCs may be a
metastatic spread from the first tumor [20]. A CBC may be synchronous, meaning that
it is assumed to have existed concurrently with the first tumor. CBCs diagnosed later

are referred to as metachronous.

Figure 3. Contralateral breast cancer, here presented in a synchronous setting with both primary tumors
present simultaneously. The primary tumors are colored blue and red, with lymph node metastases colored
yellow and orange. lllustration by Madeleine Torén.

Current treatments

The standard treatments available for breast cancer management is surgery, postsurgical
radiotherapy, and systemic therapy. Chemotherapy is most often given prior to RT,
and sometimes in a neoadjuvant setting, meaning that the treatment is given before

surgery to reduce tumor size [16].
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Surgery

The most common surgical management of breast cancer is breast conserving surgery
with axillary sentinel lymph node biopsy. The axillary sentinel node is the first site for
lymph drainage from the tumor. This method has been proven as a safe alternative to
the previous standard procedure of axillary clearance [21], where all identified axillary

lymph nodes are removed, often causing side effects such as edema.

After surgery, further treatment may be given to target any microscopic tumor residues
left after resection [22]. Mastectomy — surgical removal of one or both breasts — may
be of benefit for women with a strong hereditary disposition of recurrence or
contralateral breast cancer (for example, carriers of a mutation in BRCAI/2 or other
highly penetrant breast cancer genes), for large and/or multifocal cancers, or in cases

where a patient wishes to avoid radiotherapy.

Radiotherapy

Radiotherapy is generally given after surgery. It decreases the risk of ipsilateral breast
tumor recurrence (IBTR) substantially, and plays a central role in reducing the long-
term risk of recurrence in breast cancer patients [23]. The benefit of radiotherapy varies
between patients, and despite progresses in molecular profiling during the last decades,
there is still a lack of knowledge regarding the molecular basis of breast cancer
radiosensitivity. As of today, radiotherapy is normally prescribed based on tumor stage

and type of surgery [24].

Systemic treatment — ER and endocrine therapy

ERa is a steroid receptor expressed in around 80% of all breast cancers, where it
mediates cell growth and proliferation stimulated by estrogen. Endocrine treatments
designed to disrupt ERa signaling through suppression of receptor activity (e.g.,
selective ER modulators; SERMs, or downregulators; SERDs), or by inhibition of
estrogen production (e.g., aromatase inhibitors) are central in management of these
tumors. For young patients with a high risk of recurrence, ovarian suppression is also
an option to decrease estrogen levels and reduce the risk of recurrence [16]. The SERM
tamoxifen is one of the most widely prescribed endocrine agents for ER-positive breast
cancer and has been a cornerstone treatment for over 30 years [25, 26]. Five years of
adjuvant tamoxifen reduces the annual risk of breast cancer mortality by almost one-
third, and the 10-year risk of recurrence by almost 50% [27, 28]. However, not all ER-

positive tumors are susceptible to tamoxifen, and resistance may exist de novo or arise
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during treatment. Surprisingly, resistance to ER targeting drugs often occurs without
loss of ER expression, indicating the existence of growth signaling sidetracks allowing
the cancer cells to keep proliferation independently of ER [29]. Mutations in the ER
gene ESRI have been connected to, but cannot entirely explain, endocrine resistance
mechanisms [30-32], and although widely studied, the machineries governing

tamoxifen resistance remain relatively poorly understood.

Systemic treatment

The standard combination of chemotherapy agents is cyclophosphamide, epirubicin,

and a taxane agent, which may be given in a neoadjuvant or an adjuvant setting.

Hypoxia and breast cancer

Oxygen is an essential element of cell homeostasis, acting as an electron acceptor in
vital biochemical reactions including ATP production in normal cell metabolism.
Hypoxia is a state where the oxygen saturation is beneath the requirements for normal
cellular functions. This condition may occur systemically due to inadequate breathing,
or locally through e.g. poor vessel support or obstructed blood flow. On a cellular level,
adaptation to hypoxia is predominantly controlled by the hypoxia induced
transcription factors HIF-1ot and HIF-2au. In this thesis, emphasis will be on HIF-1o.
In an oxygenated environment, HIF-1o is inhibited and targeted to proteasomal
degradation by the Factor Inhibiting HIF-1 (FIH) and proline-hydroxylase-2 (PHD-
2) proteins, together with von-Hippel-Lindau (VHL) ubiquitin ligase complexes. As
cellular oxygen levels drop, these mechanisms are inhibited, as the VHL proteins, FIH
and PHD-2 are oxygen-dependent. The HIF-1a subunits accumulate rapidly and
translocate to the nucleus, where they dimerize with the constitutively expressed HIF-
1B and activate transcription of genes that participate in hypoxic adaptation [33-37].
These genes are recognized by the HIF complex via a specific promoter sequence called

a hypoxia response element (HRE) [38].

Solid tumors frequently exhibit fast and dense growth, often exceeding the support
from local vascularization (Figure 4). Consequently, hypoxia is a common feature in
solid tumors. Hypoxia represents a double-edged sword in cancer, as the limited oxygen
supply may decrease metabolism and restrain proliferation, leading to apoptosis and
necrosis. On the other hand, hypoxia may also select for more hostile traits, leading to

a more aggressive phenotype among the enduring tumor cells.
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The hypoxic response facilitated by HIF-related gene expression involves several of the
Hallmarks of Cancer, including an increased proliferation, expression of growth factors
and cytokines, and alters cellular metabolism [39]. Furthermore, HIF-10-governed
gene expression supports aggressive behavior and migration of cancer cells [40, 41]. In
breast cancer, HIF-1ol protein expression has been associated with development of

distant metastases and poor prognosis [42-44].

—

High oxygen Low oxygen

Figure 4. An illustration of tumor hypoxia. Solid tumors grow dense and fast, often leading to formation
of areas of poor blood supply and hypoxia. The illusration was made for and first appeared on the blog
post How does intra-tumour low oxygen levels relate to the clinical outcome after radiotherapy in breast
cancer? by Jogi and Tutzauer published at Nature Portfolio Cancer Community. Re-used with permission
from Nature Communities.

Hypoxia and tumor radiosensitivity

Studies have connected in-tumor hypoxia with disease progression and resistance to
therapy, including radiotherapy [45]. Ever since the 50s, is has been known that a lack

of oxygen reduces the biological effects of radiation. Clearly, effective radiation requires
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oxygen to be present at the time of irradiation, or within microseconds after exposure.
The theory behind this is debated, but a suggested explanation is the oxygen fixation
hypothesis. This hypothesis describes the radical species that may form when ionizing
particles interact with biological matter, of which the oxygen-based peroxyl radical
RO;e is anticipated to be most detrimental. In absence of ROz, the radiation causes

less irreparable DNA damage [46].

Protein conformation and activity

The central dogma of molecular biology states that DNA is transcribed into RNA,
which in turn is translated into proteins. Synthesized as linear, disordered peptide
chains, the newly translated proteins fold into the correct three-dimensional structure
of their native state within microseconds to seconds. In 1969, Levinthal calculated that
if protein folding would transpire through stochastic sampling of possible
conformations, the folding process for one single protein would take longer than the
age of the universe [47]. To this background, the rapidity by which these
macromolecules enter correct folding states from almost infinite alternatives may

appear astonishing.

The explanation lies in thermodynamics, the branch of physics that describes the
transfer of energy in different forms. The laws of thermodynamics define that an event
will occur spontaneously if it is accompanied by a decrease in the inner energy of the
system. In the case of protein folding, a spontaneous event may be a reorganization that
minimizes electrostatic repulsion, e.g. through arranging positive net charges close to
negative net charges by formation of hydrogen bonds, ion-dipole forces, and Van der
Waals forces, or by minimizing hydrophobic repulsion by assembling non-polar amino
acids together to minimize hydrophobic-hydrophilic interfaces [48, 49]. Stepwise, the
newly synthesized polypeptide selects new arrangements, and a near infinite number of
folding variants funnel down to one or a few conformations of approximately equally
low energy. If a multitude of conformations are of equally low energy, these will
equilibrate with each other and the protein will fluctuate between them in its native
state [50].

The propensity that a protein exists in a particular conformation at a given moment is
called the conformational or basal equilibrium. Several different events may alter the
conformational equilibrium of a protein. One example is post-translational covalent

addition of side groups, e.g., disulphide bonds, glycosylation, acetylation, and
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phosphorylation. This may alter the protein organization either sterically or by shifting
the electrostatic properties of the protein. Another fundamental event that may
influence the conformational equilibrium of a protein is the interaction with a ligand.
A ligand is a substance that binds to a biomolecule, e.g., a protein, which also is reflected
in the name origin “ligare”, the Latin word for binding. Interaction of a protein with a
ligand impacts the energy landscape of the protein, favoring one or several different
conformations. Hence, ligand binding may increase the inclination of the protein
taking active conformations and unlock functions, for example catalytic activity,

dimerization, or the ability to interact and communicate with partner proteins.

For an enzyme, a protein with a catalytic function, the ligand is often the material for
catalysis, i.e., the substrate. Some proteins lack catalytic function and instead respond
to the ligand by prompting an effect on other proteins, often leading to chains of
protein activities and the release of small signaling molecules (second messengers),
resulting in a cascade-like activation. These proteins are called receptors and are critical
for all functions in the human body and have become an important pillar in

pharmacology and therapeutics.

G protein-coupled receptors (GPCRys)

G protein-coupled receptors (GPCR) are membrane-spanning proteins that reside in
the plasma membrane and on intracellular membranes. GPCRs make up one of the
largest and most versatile mammalian protein families, with more than 800 members
in the human genome. The presence of GPCRs in nematode genomes demonstrates
that these receptors evolved at least 600-1200 million years ago, at the time of our last
common ancestor [51, 52]. Arguably, the notable conservation through millions of
years of evolution emphasizes their extensive biological role. Certainly, GPCRs play a
central part in a broad section of physiological processes studied in modern medicine —
from metabolism and muscle function, vision, and cognition, perception of taste, smell,
and pain, to the immune system. GPCRs are also among the most common drug targets
in modern medicine, both for established drugs and for new compounds explored in

clinical trials [53].

Basal structure
GPCRs exhibit a wide variation in amino acid sequence but share structural features.
Arguably, the most distinctive attribute of a GPCR is the serpentine structure, with

seven consecutive membrane-spanning alpha helices (Figure 5). The hydrophobic
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profile of the helical structures allows them to pass through the lipid bilayers of cellular
membranes, explaining why these receptors are also referred to as 7-transmembrane
receptors. Flanking the ends, the GPCR has an extracellular amino (N)- terminal
domain that often contains sites participating in binding extracellular signaling
molecules, and an intracellular carboxyl (C)- terminal domain that houses interfaces for
interaction with cytoplasmic and membrane-bound effector proteins that transfer
signals further [54]. This structure enables the GPCR to detect extracellular signals,
such as hormones or neurotransmitters, and promote a cellular response by activating

a signaling cascade inside of the cell.

Figure 5. Structure of a GPCR.

Receptor conformations and the role of ligands

Biophysical studies show that GPCRs exist in a variety of conformations alternating in
intervals of hundreds of microseconds, illustrating how GPCRs in their ground state
equilibrate in a landscape of different low-energy conformations [55]. The propensity
of a GPCR spontaneously entering an active state able to couple to intracellular
effectors varies between different receptors. Based on this equilibrium, all GPCRs have
some basal activity, also called constitutive activity. Basal activity is very low with most

receptors, but some receptors do exhibit measurable basal activity.

Binding of a ligand shifts the conformational equilibrium towards one or more states
(Figure 6) [55, 56]. Most GPCR ligands reach the receptor from the extracellular space
and bind in a pocket created by the N-terminal and a helical bundle consisting of the

transmembrane domains. This binding allosterically favors a structural reorganization
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of the protein that promotes interaction with intracellular effector signaling proteins
[54, 57]. A ligand that binds and stabilizes active receptor conformations, increasing
the biological response, is called an agonist, whereas a ligand that reduces basal activity
by stabilizing inactive receptor conformations is called an inverse agonist. A substance
capable of blocking the action of an agonist by binding to the receptor is called an

antagonist. The most common types of ligands are described in Table 1.

The effectiveness by which an agonist generates a cellular response through interacting
with a receptor is described by the efficacy of the agonist, and the concentration at
which a substance generates its maximal effect is designated to its potency. The strength
of interaction between two species, in this case a receptor and a ligand, is described by
their affinity to each other. In similarity to protein conformations, affinity is controlled
by the strive to minimize inner energy, where interaction strength correlates with the

decrease in free energy it permits.
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Figure 6. Activity associated to conformations of an arbitrary receptor in relation to inner energy. The
blue graph illustrates the level of activity in relation to the inner energy of an unliganded receptor. The dotted
line denotes the energy threshold above which the conformations will not be energetically favorable, thus
not occur, in the normal repertoire of conformations. The red graph illustrates the activity in relation to the
inner energy of a receptor that has bound an agonist, which reduces the energy required to go from relatively
inactive conformations (R) to a relatively active conformations (R*). Note that even the unliganded receptor
exhibits some degree of basal activity, as demonstrated by the area between the blue graph and dotted line
in the R* space.

The members of the GPCR family show a high diversity in ligand recognition, ranging
from endogenous compounds including peptides and adhesion molecules, to external
stimuli such as odorants and even photons [58]. The significance of GPCRs in human
physiology is vast, which may be illustrated by the fact that around 80% of known

neurotransmitters and hormones act via GPCRs [59].
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Table 1. A summary of different types of ligands [60-62].

Ligand

Agonist A ligand able to bind to and stabilize the receptor in one or several active conformations to
increase activity.

Inverse agonist A substance that binds to a receptor and stabilizes a less active state, to reduce basal
activity and agonist-stimulated activity.

Partial agonist Agonists that induce a submaximal response.

Biased agonist An agonist with functional selectivity and stabilizes the receptor in a conformation that
favors one or a few specific receptor activities, activating a distinct signaling profile.

Antagonist A substance capable of blocking the action of an agonist.

Competitive Competes with the agonist for the agonist binding site.

antagonist

Non-competitive Acts allosterically by binding at a different site than the agonist, stabilizing the receptor in a

antagonist conformation to which the agonist has decreased affinity.

Allosteric regulator | A substance that binds to a receptor at a different site than the ligand, regulating ligand
affinity by favoring specific conformations.

Regulation of GPCR activity

The archetypical model of G protein-dependent GPCR signaling starts with an agonist
binding to the extracellular part of the receptor, stabilizing the receptor in an active
state. This enables interaction with guanine nucleotide-binding (G) protein
heterotrimers positioned near the plasma membrane, in proximity to the receptor C-
terminus [63]. The active GPCR exchanges the guanosine diphosphate (GDP) on the
alpha-subunit of the G protein trimer for guanosine triphosphate (GTP), activating the
heterotrimer and leading to dissociation of the subunits Ga and GBy. These can in
turn interact with other proteins nearby, which subsequently may influence a range of
signaling pathways and cellular functions. One role of Gat is to regulate activity of the
enzyme adenylate cyclase (AC). AC catalyzes the conversion of adenosine triphosphate
(ATP) to cyclic adenosine monophosphate (cAMP), a second messenger that is crucial
in many signaling pathways [64]. Four Ga classes have been described in humans. G;
and G, inhibit AC, while G, isoforms stimulate the enzyme [57]. G12/Gi3does not affect
AC, but a variety of other signaling proteins [65]. Other proteins may influence the G
protein-dependent signal transduction in terms of specificity, duration, efficiency, and
strength. These include guanine nucleotide exchange modifying protein groups
guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs).
GEFs stimulate the release of GDP, enabling GTP binding, and therefore boosting G
protein activation. In contrast, GAPs enhance the rate of hydrolysis of G protein-bound

GTP into GDP, terminating G protein activity.
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In the last 30 years, it has become clear that GPCR signaling extends far beyond the G
protein-dependent mechanisms. G protein-independent activity has been described for
a range of GPCRs, including a- and B-adrenergic, dopamine, opioid, purinergic,
bradykinin, rhodopsin, angiotensin, and muscarinic receptors [66], establishing that
GPCRs may activate signal transduction systems without involvement of G-proteins.
GPCRs show an extensive diversity in functional coupling, and the list of proteins
identified to bind to GPCREs is rapidly expanding. GPCR-interacting proteins may act
either by coupling the receptor to G protein-independent pathways, or even by altering

ligand selectivity or specificity [67].

The cascade-like nature of GPCR signaling makes it possible to achieve a full cellular
response with a comparatively sparse receptor pool. The expression of GPCRs is
therefore often relatively low. Moreover, for some receptors, an agonist occupancy as
low as <1% is enough to stimulate a maximum response in some cells [68],
demonstrating a generous reserve capacity that enables tissues to respond to agonist

stimulation even at very low concentrations.

GPCR desensitization

Active GPCR conformations initiate mechanisms of negative feedback, including
regulation of G protein coupling and receptor desensitization. GPCR desensitization is
a highly conserved process that involves inhibition of receptor sites critical for signaling,
internalization of plasma membrane bound receptors, and general downscaling of the
receptor pool through receptor degradation and reduction of receptor mRNA. The
effect ranges from relative decreases to full termination of signaling [67]. Internalized
receptors are retained for lysosomal or proteasomal degradation, or recycled back to the
plasma membrane [69]. This regulatory loop averts physiologically harmful effects that

may come from persistent receptor activity.

Specificity in space and time

A large fraction of the signaling proteins in human cells participate in a multitude of
pathways, necessitating sophisticated molecular control systems to avoid signals from
being over-processed or misdirected. A protein group with a key role in advocating
signaling specificity are the scaffold proteins. Scaffold proteins are characterized by
multiple binding modules for specific protein-protein interactions. This attribute
allows them to gather and act as hubs in multi-molecular complexes which may include
receptors, effectors, and positive or negative regulators of signaling (Figure 7). By

recognizing distinct intracellular compartments such as the plasma membrane, or
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interacting with spatially immobile proteins such as transmembrane receptors, the
scaffold proteins may retain the complex at specific intracellular sites. Thereby, they
control not only which effectors communicate, but also the efficiency of signal
transduction in terms of both frequency and amplitude. Thus, scaffold proteins control
signal transduction in both space and time, enabling specificity in the regulation of the
cells’ signaling profile [70]. The adaptor proteins are a group of proteins functionally
related to the scaffold proteins. In resemblance to scaffold proteins, adaptor proteins
act to bridge interactions between two or more proteins, but generally in a smaller scale

and less commonly in a spatially defined manner [71].
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Figure 7. lllustration of a scaffold protein nucleating a complex where protein 1, 2, and 3 are
aligned in proximity to a GPCR to promote their interactions and enhance signaling.

GPR30 - history, function, and controversies

For decades, cellular responses to the steroid hormone estrogen was assumed to mainly
originate from the cell nucleus, where a larger fraction of estrogen receptor o (ERa)
and B (ERP) are found. These receptors act primarily as ligand-activated transcription
factors, which upon activation translocate to the nucleus and activate transcription
[72]. However, it had also been documented that estrogen triggers non-nuclear
signaling within seconds to minutes after stimulation, including activation of
phosphatidylinositol 3-kinase (PI3K), extracellular signal-regulated protein kinase 1/2
(ERK1/2), calcium flux, and production of the second messenger cyclic adenosine
monophosphate (cAMP) [73]. Some data propose that classical ERs to some degree are

also capable of localizing to the plasma membrane and initiate rapid signaling after
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stimulation by estrogen [74], suggesting the existence of different ER pools with various
roles in the estrogenic response [75]. However, the ER antagonist fulvestrant was found
to be insufficient in blocking all rapid estrogenic mechanisms [76]. These observations

led to the search for novel ERs eliciting rapid, non-genomic responses.

In the mid-90s, new molecular techniques led to the discovery of a surge of new
GPCRs. During this era, G protein-coupled receptor 30 (GPR30) was cloned by several
independent research groups [77-80]. Due to a high level of homology with peptide-
binding chemoattractant receptors such as IL-8R-A and CCR5, GPR30 was initially
believed to be a chemokine receptor. Yet, the receptor failed to respond to stimulation
by a wide range of chemotactic peptides [81]. In 2005, two research groups reported
that GPR30 binds 17B-estradiol (E2) with high affinity, mediating cAMP production
and ERKY2 phosphorylation [82, 83]. Following this, the receptor was officially named
G protein-coupled estrogen receptor (GPER) by the International Union of Basic and
Clinical Pharmacology [84]. However, many researchers refer to the receptor by the
orphan name GPR30 due to persistent controversies regarding the identity of the native

receptor ligand [85, 86].

GPR30-mediated signaling

GPR30 has been linked to a multitude of different pathways. Most consistently, the
receptor has been described to influence intracellular cAMP levels, ERK1/2
phosphorylation, and Ca* releases [87-89]. The receptor was early described as a G,
coupled GPCR increasing intracellular levels of cAMP in response to E2 [82]. In
contrast, later studies suggest the receptor to inhibit cAMP production, and several
GPR30-dependent signaling event are Gi-dependent, as demonstrated by sensitivity

to pertussis toxin [90].

The GPR30-mediated increase in ERK1/2 phosphorylation has been suggested to go
via pertussis-toxin sensitive transactivation of epidermal growth factor receptor (EGFR)
in MDA-MB-231 cells [88]. However, in HEK293 cells, inhibition of EGFR tyrosine
kinase did not abolish the ERK1/2 activation, and neither did blockade of PLCf
activation. However, PI3K inhibitors wortmannin and LY-290002 did, suggesting that
the GPR30-mediated ERK1/2 stimulation occurs via PI3K in HEK293 cells [90]. In
summary, the GPR30-mediated signaling may be dependent on the system and

experimental setting (Figure 8).
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Subcellular localization

The subcellular localization of GPR30 is complex, with receptors both on intracellular
membranes and in the plasma membrane. Through clear discrepancies between
different studies on both native and recombinant systems have addressing the
distribution of GPR30 iz vitro, and image have emerged that the intracellular
positioning of the GPR30 is highly dependent on cell line. An early study reported that
an enhanced green fluorescent protein (EGFP)-GPR30 fusion protein transfected into
COS7 cells localized to the endoplasmic reticulum, and that endogenous GPR30 in
breast cancer cell lines MCF-7, MDA-MB231, and SkBr3 mainly stained
intracellularly, leading to the idea that the receptor mainly signals from the endoplasmic
reticulum [83]. In a study from 2008, Otto et al. stained for GPR30 in transfected
HEK293 and COS-7 cells. They reported only cytoplasmic GPR30 staining co-
localized with a marker for the endoplasmic reticulum, while also adding that none of
their data can dismiss the probability that part of the receptor pool localizes to the

plasma membrane, but that their signal was below the limit of detection [91].

Yet, several studies report expression and activity of GPR30 at the plasma membrane.
Plasma membrane expressed GPR30 was reported in HEK293 cells stably expressing
HA-tagged GPR30 [92]. Moreover, several studies show that GPR30 participates in
protein-protein interactions with effectors positioned in the PM. For instance, GPR30
has been reported to interact with scaffold proteins of the membrane-associated
guanylate kinase (MAGUK) family [89]. Interestingly, clinical data show that GPR30
staining specifically in the plasma membrane associates strongly to poor outcome in
breast cancer, while total receptor expression did not, indicating that positioning of the

receptor may have relevance in breast cancer pathophysiology [93].

Which factors contribute to determining the subcellular localization of GPR30 remains
poorly understood. It was observed that estrogen treatment triggered GPR30
translocation to the plasma membrane [94]. Interestingly, the latter interaction appears
to contribute to retaining GPR30 in a plasma membrane bound position, and depend

on a four amino acids long [89].

Taken together, the existing data suggest the GPR30 subcellular distribution to be
complex and highly dependent on the biological context. Importantly, the subcellular
localization of the receptor may have important implications for receptor function on

the cellular as well as physiological level (Figure 8).
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Constitutive GPR30 activity and the C-terminal PDZ motif

In recent years, it has become clear that GPR30 harbors a considerable level of
constitutive activity. It was shown early that knockdown and overexpression of GPR30
had opposing effects on baseline cell growth of breast cancer cell line MCF-7 in the
absence of added ligands [95]. Similarly, GPR30 was found to constitutively suppress
growth of MDA-MB-231, MDA-MB-468, and HEK293 cells [96, 97].

In later studies on recombinant mammalian systems, it has been demonstrated that the
basal GPR30 activity also includes effects on cAMP and ERK1/2 phosphorylation [89,
90]. Interestingly, all constitutive GPR30 signaling studied in such systems has been
found to rely on a canonical type I PDZ motif at the receptor C-terminal, -SSAV [89,
90, 98]. PDZ motifs are conserved interaction motifs found on the C-terminal of some
GPCRs, where they govern interactions that are involved in regulation of receptor
trafficking and signaling. Further, truncation of the GPR30 PDZ-motif led to an
increased level of receptor endocytosis [89], indicating that this motif governs an
interaction that retains the receptor in a plasma membrane position, and that this

position is essential for constitutive GPR30 activity (Figure 8).
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Figure 8. Factors that may influence GPCR activity. The activity of a GPCR balances on opposing
mechanisms stimulating or preventing effector coupling. The main factors are the relative time in which the
receptor exists in active conformations, and receptor presence at a localization where ligand and effector
interactions are feasible. The third main factor is effector availability, which may depend on e.g. cell-specific
expression of the effectors and other proteins competing for the same effector interactions, or presence of
other receptor or effector-interacting molecules that may disturb essential interaction interfaces.

E2 and G-1 - the proposed natural ligand and synthetic agonist
Following the early reports that GPR30 mediates rapid signaling upon binding E2
(Figure 9) [82, 83], E2 has been assumed to be the native ligand of GPR30. As E2
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could not offer selective pharmacological targeting of GPR30 due to potential
background noise from ERa and ERP, a screening project aiming on identifying
selective GPR30 ligands was performed on a library of compounds pre-optimized for a
GPCR-privileged substructure, and further narrowed down based on structural
similarity to E2. This project led to the identification of G-1 (Figure 9), a proposed
GPR30 agonist [1]. Since then, G-1 has been used extensively in research to implicate
GPR30 activity, and the compound is commercially marketed as a selective GPR30

agonist [99].
Yet, a plethora of studies report findings questioning the identity of GPR30 as an

estrogen receptor activated by G-1. In a study published only one year after the initial
reports that GPR30 is an estrogen receptor, Levin and colleagues showed that
membranes prepared from ER-positive  MCF-7, but not ER-negative SkBr3,
significantly binds isotope-labeled E2 [87]. Interestingly, both cell lines express
GPR30. Additionally, treatment with E2 triggered rapid signaling in terms of ERK1/2,
PI3K, calcium and cAMP in MCF-7 cells. In contrast, E2 triggered only a calcium flux
in SkBr3 cells, a mechanism that was not sensitive to GPR30 knockdown [87]. Several
other independent efforts have been made to confirm the initial observations through
the years; some supporting the initial reports of E2 stimulating GPR30 activity [88,
100], while other report a lack of an E2-stimulated signal in systems expressing GPR30
(87, 89, 91, 101], or that the E2 signal was insensitive to GPR30 knockdown [87].
Similarly, GPR30-dependent G-1 effects have been presented in a number of studies,
while other studies fail to observe any GPR30-dependent effects [91, 98, 101].

17-B-Estradiol G-1

Figure 9. Structure of 173-estradiol and G-1. Image adapted from [1, 2]

Interestingly, both E2 and G-1 have also been shown to elicit rapid, non-genomic
signaling through the ERa splice variant ERa-36 [101], and E2 through a

palmitoylated plasma membrane-anchored version of ERa [102].
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In summary, the identity of GPR30 as an estrogen receptor, and G-1 as a selective
GPR30 agonist, remain disputed. The conflicting findings through the years have led
to discussions on the soundness of the initial reports [85, 86, 103], and some researchers

still consider GPR30 an orphan receptor.

Potential interaction partners of GPR30

AKAP5

Protein kinase A (PKA) is a family of enzymes that respond to intracellular cAMP levels.
When intracellular cAMP levels rise, cAAMP binds to PKA and allosterically initiates a
conformational change that enables the PKA holoenzyme to transfer a phosphate from
cAMP to a target protein [104]. PKA has hundreds of substrates and participates in a
plethora of pathways [105]. With this diverse signaling profile, and with numerous
PKA-responsive events being simultaneously active at any given time, molecular
systems dedicated to spatiotemporal regulation of PKA activity have evolved to prevent
inadvertent crosstalk or over-stimulation of signaling pathways. Additionally, cAMP
elevations often appear as gradients around the site of accumulation, making it crucial
to position cAMP-dependent enzymes and ion channels correctly [106-108]. The idea
that PKA specificity is governed by anchoring proteins that tether the holoenzyme to
particular microdomains has been supported by a considerable body of data through
the years [109, 110].

A-kinase anchoring proteins (AKAPs) are a growing group of scaffold proteins
functionally related through their ability to link PKA to selected targets and specific
subcellular locations. Due to distinct targeting repertoires of each specific AKAP, these
proteins direct signaling transduction in different manners [111]. AKAPS5, also named
AKAP79/AKAP150, is an AKAP involved in e.g. directing B-adrenergic signaling
[112].

Interestingly, a recent study found a prominent enrichment of somatic mutations and
differential expression of AKAP genes in metastatic breast cancer lesions compared to

primary tumors [113].

Membrane-associated guanylate kinases (MAGUKs)

The membrane-associated guanylate kinases (MAGUKs) constitute a well-conserved
family of scaffold proteins that is widely expressed in human cells. MAGUKSs reside by

the plasma membrane, where they assemble protein complexes to streamline or direct
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signaling. The defining trait of MAGUKSs are their inclusion of three protein-protein
interaction domains, including the PDZ domain. The PDZ domain recognizes PDZ
motifs present on other proteins, including GPCRs [114]. A report that estrogen
increases expression of a number of postsynaptic MAGUKSs, especially synapse-
associated protein 97 (SAP97), led to the finding that GPR30 interacts with SAP97 in
the mouse hippocampus [115]. Since then, complexes between GPR30 and MAGUKs

have been identified in a number of systems.

In HEK293 cells, ectopically expressed GPR30 interacts withSAP97 and post-synaptic
density-95 (PSD-95). Truncation of the receptor PDZ motif to prevent this interaction
leads to a reduced constitutive signaling, but also an increased receptor endocytosis,
suggesting plasma membrane localization to be essential for this activity [89]. GPR30
has also been shown to interact with PSD-95 in the rat hippocampus, where the
interaction supports receptor plasma membrane expression [116]. Lastly, members of
the MAGUK family interacts with AKAPS5 via a unique interaction domain [117, 118].

Other potential GPR30 interaction partners

Receptor-activity-modifying proteins (RAMP) proteins are a group of proteins
previously known to influence the pharmacological profile and ligand recognition of
the calcitonin-receptor-like receptor (CRLR) [119, 120]. Evidence show that GPR30
interacts with RAMP3 in some cell systems, and RAMP3 was increasingly located by
the plasma membrane when co-expressed with GPR30 [121]. Additionally, RAMP3 is
transcriptionally activated by estradiol, which is not the case for either RAMP1 or
RAMP2 [122, 123]. However, RAMP3 did not promote plasma membrane
positioning of GPR30 in MCF-7 breast cancer cells (unpublished data gathered for the

projects of this thesis).

A study from 2020 studying the role of follicle-stimulating hormone receptor (FSHR)
in cAMP-driven oocyte maturation reported that FSHR heteromerizes with GPR30.
FSHR is generally assumed to be Gi-coupled, and therefore elevate intracellular cAMP,
leading to a decrease in cell viability. Intriguingly, heteromerization with GPR30
shifted the signaling profile towards suppressing cAMP production, subsequently
promoting oocyte viability. Interestingly, it was shown that this effect was dependent
on AKAPS5 expression [124].
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ERa-36

Three major ERat isoforms have been reported in breast cancer cell line MCE-7,
corresponding to three mRNA variants generated by different promoters and
alternative splicing [125]. The full-length 66 kDa isotype (ERa-66) is the most
explored and well-known of the ERs. However, in recent years, the splicing variant
ERa-36 has caught attention in ER research. This variant is a 36 kDa isotype preserving
the DNA-binding domain, dimerization faculty and a partial ligand-binding domain
[126]. In contrast to the full-length variant, data suggest that a high fraction of ERa-
36 resides in the plasma membrane. ERa-36 has been detected in both ER positive and
ER negative breast cancer cells [127], and shown to mediate E2-effects in TNBC [128].
Studies report that ERa-36 activates ERK in response to estrogens, tamoxifen [127],
and G-1 [101, 129]. Hence, there is an overlap in downstream events reported for
GPR30 and ERa-36. Interestingly, GPR30 expression has been reported to induce
endogenous expression of ERa-36 in HEK293 and COS7 cells [101].

Expression

GPR30 is ubiquitously expressed in normal human and rodent tissues [77, 79, 80, 130-
132]. The receptor generally shows a sexually dimorphic pattern in rodents, but no
clear data for humans currently exists [133]. Nonetheless, data suggest GPR30
expression to vary with periods of distinct hormonal changes, such as progression of

puberty [134] and menopause in humans [135].

GPR30 in breast cancer

Being assumed to mediate rapid, non-genomic signaling events in response to estrogen,
GPR30 has attracted attention in breast cancer research. Numerous studies have
addressed GPR30 expression in relation to breast cancer outcome, with varying
findings. High expression of the receptor has been associated with ER and PR positive
status [93, 97]. However, while some reports show that high GPR30 expression
associates to an improved prognosis [97, 136], other find either an association to a poor

prognosis [93, 137] or no relationship to outcome [138].

Similarly, while the receptor has been shown to promote apoptosis in the ER-positive
breast cancer cell line MCF-7 in vitro, receptor expression increased proliferation in the
ER-negative breast cancer cell line SkBr3 [95, 97, 139], suggesting the biological

context to influence the role of GPR30 in breast cancer. Interestingly, plasma

44



membrane expression of the receptor was found to be a strong prognostic factor for

poor breast cancer outcome, while total receptor expression was not [93].

GPR30 as a mediator of tamoxifen resistance

Through the years, both in vitro and clinical data have suggested that there may be an
association between GPR30 and the endocrine agent tamoxifen. An early study
reported that tamoxifen resistant MCF-7 cells responded with an increased growth and
ERK1/2 activity to low concentrations of tamoxifen, in contrast to the growth
inhibition shown in native MCF-7. This effect was abrogated by GPR30 silencing,
leading to the idea that tamoxifen acts as a GPR30 agonist [94]. Interestingly, a later
study showed that ERa isotype ERa36 also inhibited growth and suppressed EGFR
and ERK1/2 signaling. Additionally, it was shown that GPR30 induced ERa36
expression [140].

A clinical study reported that GPR30 was a favorable factor for risk-free survival (RFS)
for breast cancers that was not treated with tamoxifen, with a non-significant indication
that the prognostic function of the receptor was reversed in breast cancers receiving
tamoxifen [141]. Similarly, a study from 2019 compared the outcome of breast cancer
patients treated with tamoxifen or aromatase inhibitor in relation to their GPR30
status, declaring that patients with high GPR30 responded poorer to tamoxifen than
aromatase inhibitor treatment. However, this conclusion was not supported graphically
or by an interaction test [142]. A small study quantified GPR30 expression in 21 paired
biopsies from breast cancer before and after adjuvant tamoxifen treatment. The
observation that GPR30 expression generally was elevated in recurrences after
treatment was interpreted that increased receptor expression may contribute to

tamoxifen resistance [141].

Based on these findings, GPR30 has been proposed to facilitate a mechanism allowing
breast cancer cells to resist tamoxifen. However, large-scale GPR30 expression data
from tamoxifen resistant breast tumors is needed to further understand the role of

GPR30 in tamoxifen resistance.

GPR30 in hypoxia

Several independent research groups have documented a link between GPR30 and
hypoxia. GPR30 upregulation was reported after hypoxic exposure in mice muscle cells
and human breast cancer cell line SkBr3, and it was shown that the promoter region of

GPERI contains HRE [143, 144]. Knockdown of GPR30 was reported to abrogate
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hypoxia-induced activation of the VEGF promoter in cancer associated fibroblasts,
suggesting the receptor to play a part in hypoxic adaptation [145]. Interestingly,
unpublished data from the contralateral breast cancer material presented in study I of
this thesis revealed a linear relationship between HIF-10ot and GPR30 protein levels in
contralateral breast tumors. Additionally, HIF-10-positive BC1 were more than twice
as likely to express GPR30 at the plasma membrane, and HIF-10t-positive BC2 were

four times as likely. These relationships were independent on ERat status (unpublished

data).

The [1-adrenergic receptor

The adrenergic receptors are a class of GPCRs activated by epinephrine and
norepinephrine. Their functions are forged through evolution to optimize the
mammalian fight-or-flight response, including mechanisms such as elevated heart rate
and blood pressure. The adrenergic receptors comprise the two major types « and f,
which despite sharing the same group of ligands wield different physiological functions
due to tissue expression and ligand potency rank. Adrenergic targeting has been widely
utilized in pharmaceutical management of cardiovascular diseases [146]. The f:-
adrenergic receptor (B1AR) is the predominant adrenergic receptor in the heart, where
it regulates myocardial contractility and heart rate. Selective B1AR blockade is
prescribed for several cardiovascular conditions, including hypertension, post-

myocardial infarction, and heart failure, but also tremor and anxiety.

The activated B1AR increases cellular levels of cAMP via Gs-dependent activation of
AC. In cardiomyocytes, the B1AR-induced rise in cAMP activate PKA, leading to
phosphorylation of a number of Ca** regulatory proteins [147]. In summary, f1AR
augments the reuptake of Ca* into the sarcoplasmic reticulum, which enables more
frequent and stronger Ca®* releases. This subsequently increases heart muscle

contractility and amplifies the heart rate [148].

B1AR and GPR30

The interactomes of B1AR and GPR30 share several features. In similarity to GPR30,
the C-terminal of B1AR contains a type 1 PDZ motif, through which the receptor
interacts with the MAGUKSs PSD-95 [149] and SAP97, regulating agonist-induced
receptor trafficking. Additionally, B1AR interacts with AKAP5 and PKA through
scaffolding by SAP97, which affects receptor phosphorylation by PKA [69, 150]. In
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cardiomyocytes, B1AR forms a complex including AC, PKA, and AKAP5, and
knockdown of AKAP5 impedes BAR-mediated signaling [151]. Interestingly, GPR30
impedes B1AR-mediated cAMP production through a PDZ-dependent, pertussis
toxin-insensitive mechanism [89], indicating some level of intercommunion between

the receptors.

B1AR and breast cancer

B1AR has been reported to be overexpressed in breast cancer [152]. A number of meta-
analyses have been performed to approach the relationship between B-blockers and
breast cancer, without a clear consensus. While some data suggest that B-blocker use is
unrelated to breast cancer risk [153], some beneficial effect has been observed in
relation to breast cancer specific survival [154], with trends of a favorable effect in
relation to breast cancer incidence [153], progression and recurrences [154, 155]. As of
today, most of the existing studies consider different types of B-antagonists grouped
together, limiting the ability of drawing conclusions in a pharmacological and
molecular sense. Indeed, some data suggests that different modes of selective B-
targeting wields different biological effects. One study showing evidence of a protective
effect of B-blocker reported the non-selective 3-blocker propranolol to be of the greatest
benefit [154]. Additionally, one study found that non-selective B-blockers reduced
proliferation markers in early-stage breast tumors and breast cancer cell lines, while $1-
selective atenolol did not associate to this beneficial effect [152]. Finally, a recent study
on Swedish national registers found that hypertensive patients using B1-selective
blockers metoprolol, atenolol, and bisoprolol faced a twofold risk of being diagnosed
with breast cancer compared to propensity score matched non-users. Interestingly, the
risk increased with dosage [156]. To summarize, current data is inconclusive — possibly
due to differences in patient cohorts and pooling of different B-blockers — and the role
of B-adrenergic signaling in breast cancer development and progression remains poorly

understood.
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Rationale

Breast cancer is the most commonly diagnosed cancer type worldwide as of today, and
with an aging population, the prevalence is predicted to rise during the next decades.
By nature, cancer is in constant evolution. Tumor cells are hardwired to strive to survive
even during exposure to anti-cancer treatments, making drug resistance a substantial

concern in modern cancer care. Thus, it is crucial to identify new, effective drug targets.

GPCRs are among the most common drug targets in modern medicine, accounting for
up to 45% of all prescription pharmaceuticals [59, 157]. Yet, most GPCRs are not well
enough understood to be medically useful. GPR30 was first cloned in the early 2000s,
and soon reported to elicit rapid, non-genomic signaling in response to estrogen.
Following these findings, the receptor was officially renamed G protein-coupled
estrogen receptor (GPER) by the International Union of Pharmacology. However, the
relationship between estrogen and GPR30 remains unclear, with several studies having
failed to detect a GPR30-dependent response upon estrogen stimulation. As a result,
some researchers still refer to the receptor by its orphan name, GPR30. GPR30 has
been extensively studied in the context of numerous pathophysiological mechanisms
both in vitro and in vive, including breast cancer. However, the majority of these studies
have used the synthetic agonist G-1 to implicate the receptor, and many lack proper
negative controls for GPR30 expression. Thus, a large portion of the existing data on
GPR30 relies profoundly on the selectivity of G-1. This is particularly concerning in
light of earlier data questioning G-1 as a GPR30 agonist [103]. Understanding the
pharmacological profile of GPR30 is essential in order to evaluate the receptor as a drug
target. Nevertheless, the field of GPR30 research has been marbled with controversy
due to inconsistent results and poorly validated methods, which most possibly
decelerates the scientific progress. In order for the field to advance, there is a firm need
to understand the relationship between G-1, E2, and GPR30 in terms of receptor

activation.
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A study from 2014 reported that plasma membrane expression of GPR30 associated to
a poor prognosis in breast cancer [93], drawing attention to the question of which
factors determine the subcellular localization of this GPCR. Interestingly, previous data
from recombinant cell systems have shown that a plasma membrane position promotes
constitutive activity of GPR30. The B1AR have also been associated with breast cancer
incidence and outcome [153-155]. Interestingly, B1AR shares some interaction
partners with GPR30, and GPR30 has been found to constitutively inhibit B1AR-
mediated signaling [89]. The interaction between these GPCRs has never been
characterized in a system with native receptors, and never in breast cancer.
Characterization of the nature and causal effects from this interaction in breast cancer
cells may increase our understanding regarding the pharmacology of GPR30, and the

role of GPR30 and B1AR in breast cancer pathophysiology.

With treatment resistance being a central dilemma in modern breast cancer care, there
is a need to discover new biomarkers that help identifying resistant tumors prior to
treatment. In breast cancer, GPR30 has been associated to outcome and treatment
response to the endocrine agent tamoxifen. Indeed, some data have indicated that
tamoxifen is a GPR30 agonist. If GPR30 contributes to breast cancer pathology and is
activated by the common breast cancer therapy tamoxifen, this could in the worst case
mean that tamoxifen stimulates growth in tumors expressing GPR30. However, would
this be the case, the receptor could also be utilized as a marker of tamoxifen resistance,
which would be of considerable value in the quest of personalizing cancer treatment.
Hence, it is motivated to address whether GPR30 helps tumors survive under

tamoxifen exposure.

Post-surgical radiotherapy is standard of care for early-stage breast cancer, and reduces
the risk of recurrences considerably. However, despite radiotherapy, many breast cancer
patients suffer from recurrences [158]. An additional radiotherapy boost directed at the
tumor bed has been shown to reduce the risk of recurrences [159], but also causes side
effects and is possibly not necessary in a majority of the cases. New biomarkers are
required to identify patients with an increased risk of recurrences, and who could
possibly benefit from radiotherapy boost treatment. Tissue oxygen levels are known to
influence the biological response to radiation [46]. Low oxygen levels, hypoxia, is
frequently occurring in solid tumors, where it upregulates the transcription factor HIF-
lo.. HIF-1o regulates gene expression related to hypoxic adaptation, and has been

linked to poor outcome in contralateral breast cancer [43]. However, it remains unclear
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if HIF-1o could serve as a predictive marker of radiotherapy resistance. Additionally,
while previous studies show promising data on the prognostic value of HIF-1a, using
the protein as a biomarker would be technically difficult due to its minute-range half-
life in an oxygenated environment. This motivates a search for surrogate markers of
hypoxia, e.g., more stable proteins induced by hypoxia, or hypoxic gene expression

signatures.
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Aims of thesis

The overall aim of this thesis was to explore molecular factors in breast cancer and how
they impact the benefit of common modes of treatment, in order to increase knowledge

on how to design personalized treatment strategies.

The specific aims of this thesis were:

e To evaluate the G protein-coupled receptor GPR30, also known as G protein-
coupled estrogen receptor 1 (GPERI1) as a prognostic and predictive marker, as

well as a mediator of tamoxifen resistance in contralateral breast cancer

e To address the relationship between GPR30 and the proposed ligands E2 and
G-1

e Toidentify functional signaling complexes containing GPR30 in breast cancer cells

and characterize their influence on receptor function

e To evaluate the relevance of tumor hypoxia in relation to breast cancer outcome in

general and radiotherapy specifically
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General methodology

Preclinical studies

Cell lines

Human cell lines

For pharmacological approaches, applied mainly in study II, we used cervical carcinoma
cell line Hella and human embryonic kidney cell line HEK293, cell systems that are
well described for GPCR research.

In study IV, we addressed the function and interactions of GPR30 in breast cancer
cells. Hypothesizing that GPR30 exists in a multi-protein complex containing 1AR,
AKAPS5, and a scaffold protein from the MAGUK family in breast cancer cells, we

selected a breast cancer cell line natively expressing these proteins (Figure 10).
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Figure 10. Expression of MAGUK proteins, AKAP5, and housekeeping reference B-Actin. Image from study IV.
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Yeast

To reduce system complexity and risk of interference from medium- and cell-derived
estrogen or other human GPCRs in pharmacological experiments in study II, we used
the budding yeast Saccharomyces cerevisiae (S. cerevisiae). Endogenously, S. cerevisiae
expresses one single GPCR (Ste2p/Ste3p) that couples to the MAPK pathway via the
Gq protein Gpal in response to stimulation by pheromones. By coupling a
heterologously expressed human GPCR to the pheromone pathway, the S. cerevisiae
system has been utilized to characterize pharmacological profiles of several human
GPCRs [160]. In Study II, we used the S. cerevisiae strain CY2797, in which the native
STE2 gene is disrupted. Furthermore, CY2797 is auxotrophic for histidine unless the

pheromone pathway is activated, making a lack of activation reflect in growth rate.

Based on CY2797, we constructed the new strain EY-1, in which we expressed a
chimeric Gu protein where the C-terminal Gpal residues were replaced with the
sequence of the human G protein Gai2, the purpose being to promote coupling with

heterologously expressed human GPR30.

Transfection

In study II and IV, the functions of particular proteins were studied by overexpressing
the in cells that normally exhibit low or no expression of these proteins. This was
performed by transfection, a method of artificially presenting DNA into cells in vitro.
DNA is a negatively charged, relatively large macromolecule with poor plasma
membrane permeability. To increase cellular uptake, the DNA is encapsulated into
nano-sized phospholipid vesicles, liposomes, which are able to pass through the plasma

membrane.

Fluorescence Microscopy — immunocytochemistry

In study I (supplemental material) and study IV, we applied immunocytochemistry
with analysis using a fluorescence microscope; a common method to investigate protein
expression. This can be performed on live cells or cells fixed using e.g.
paraformaldehyde. The specimen is tagged with fluorophores that selectively bind to
targets of interest, e.g. DNA, organelle markers, or a specific protein. Some
fluorophores are designed to detect and bind directly to the target, but the most
common approach for fluorescent tagging of proteins is a two-step procedure where
the sample is incubated with a selective primary antibody that binds to the protein, and

then with a fluorophore-conjugated secondary antibody that binds to the primary
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antibody. The sample is then imaged while illuminated by lasers that excite the selected

fluorophore markers.

Confocal microscopy

In this thesis, fluorescence microscopy is performed using a confocal microscope, also
called a confocal laser scanning microscope. Using a spatial filter, or pinhole, the
confocal microscope enables analysis of thin cross sections of the sample. This makes it
possible to analyze markers spatially and in relation to other proteins or cell

compartments.

Flow cytometry

In study II and 1V, flow cytometry was applied to address protein expression and
distribution. Flow cytometry is a quantitative laser-based technology used to analyze
characteristics of individual cells in a population. Using specific antibodies, the proteins
of interest are fluorescently tagged and detected by laser illumination. Once the lasers

have excited the fluorescent markers, light signals are converted into data.

In this thesis, we analyze cells fixed in paraformaldehyde, either permeabilized with the
detergent Triton-X100 for whole-cell analysis, or kept intact to quantify fluorescence
from plasma membrane-bound proteins exclusively. Flow cytometry is often used to

physically separate cells based on selected attributes, known as fluorescence-activated

cell sorting (FACS).

Western blot and co-immunoprecipitation

Western blot is a method of detecting proteins in a sample using size-based separation
and immunostaining. The idea is to run the proteins through a sieving matrix where
they travel different lengths depending on size. After lysate collection, the proteins are
heated with the detergent sodium dodecyl sulfate (SDS) or similar. This denatures the
proteins, meaning that they lose their tertiary structure, and as SDS binds to the protein
residues, the proteins gain negative charges corresponding to their molecular size. As
the denatured sample is added to a polyacrylamide gel and subjected to an electric
current, a process called polyacrylamide gel electrophoresis (PAGE), they begin
traveling through the gel in the direction of the positively charged anode. The relative
movement of each denatured protein is mainly decided by their charge and bulkiness.
After separation, the proteins are transferred to a membrane, again by application of an

electric current. Lastly, the protein of interest is visualized by incubating the membrane
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with specific antibodies that react with a developing mixture and emit light detectable

by a digital imager.

Co-immunoprecipitation is an extended version of immunoprecipitation, which is a
method of purifying a specific protein from for example a cell lysate. A specific antibody
is added to the sample, where it forms a complex with the protein of interest. The
immune-complexes are then collected by incubation with sepharose beads to which an
antibody-binding protein, often protein A or protein G, is bound. The protein-
antibody complexes adhere to the beads, and remain in the sample as the rest of the
protein slurry is rinsed off. Finally, the protein-antibody complex is eluted and may be
analyzed by western blot. However, proteins in interaction with our protein of interest
from native complexes formed before cell lysis may remain in the sample. This is
utilized in co-immunoprecipitation, where an extra mild cell lysis and rinsing is applied
to optimize the integrity of native complexes. After SDS-PAGE, the membrane may be

stained for potential interaction partners of the isolated protein.

BRET

In study IV, we used Bioluminescence Resonance Energy Transfer (BRET) to
characterize the interaction between GPR30 and B1AR. BRET has been extensively
used to study the protein-protein interactions in the dynamics and activities of GPCREs,
including effector coupling, trafficking, and multimerization [161]. The method is
based on ectopic expression of two proteins of interest, where one has been fused with
an energy donor molecule, normally the Renilla luciferase enzyme, while the other
protein has been fused with an acceptor molecule, a fluorescent protein. When the
proteins are in close proximity, normally within a distance 10 nm, an energy transfer
between the donor and acceptor molecule activates the bioluminescence of the acceptor
protein [161, 162]. Hence, the bioluminescence readout gives an idea on whether the

proteins of interest interact physically.

Reporter systems used for assaying receptor activity

GloSensor cAMP assay
In study IV, we used the GloSensor cAMP assay from Promega to measure GPR30

activity in terms of cAMP production. The system enables real-time monitoring of
intracellular cAMP levels of live cells, based on the bioluminescent reaction where the
enzyme luciferase catalyzes a two-step reaction cleaving luciferin to oxyluciferin. After

this catalysis, oxyluciferin is in an electronically excited state, and its decay to the
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ground state emits light through the release of a photon [163]. To prepare for assaying,
the cells are transfected to overexpress a circularly permuted firefly luciferase, and
incubated with luciferin for 2 h. Upon binding cAMP, the overexpressed luciferase
mutant undergoes a conformational change that increases the enzymatic activity.

Hence, the luminescence detected in a cell sample is in proportion with the intracellular

cAMP levels of the cells.

T-REx inducible protein expression system

In study II, we used a HFF11 based cell line with inducible expression of FLAG-tagged
GPR30. This cell line stably expresses the Invitrogen T-REx expression system, a
tetracycline based two-step inducible system [164]. The system includes three plasmids;
the first containing a gene encoding the protein of interest (in our study FLAG-tagged
GPR30), the second encoding a protein that represses the first plasmid, and the last
plasmid is used as a control. In the absence of tetracycline, TetR, which is the protein
product of the repression plasmid, forms a homodimer and binds with high affinity to
the promoter of the GPR30 plasmid, blocking transcription. Upon introduction,
tetracycline binds to TetR, triggering a conformational rearrangement that releases it

from the operator, enabling transcription of GPR30.

pcFUS3

The HeLa-based reporter cell lines HFF11 and HFF11-2, both used in study II, stably
express the vector pcFUS3 (Figure 11). This reporter vector has a pcDNA3 backbone
and contains a synthetic promoter constituting 6 response elements for NFkB and
STAT, which overlap, and 9 response elements for AP-1 (also known as TPA responsive
element, TRE) upstream of a minimal ¢-FOS promoter [165]. This method funnels
down the activity from a multitude of pathways into one single marker of
transcriptional activity, enabling the reporter to respond to the activity of a wide range

of receptor signals.

c-FOS
— 6 x NFKB/STAT 9 x AP-1 minimal EGFP Photinus luciferase e
promoter

Figure 11. The pcFUS3 reporter construct, with response elements indicated.
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RaclCluc

The Racl reporter construct used in study II was constructed using two previously
described reporter plasmids; the ERK1/2 sensor called mitogen-activated protein kinase
activity reporter (MAPKar) [166] and the RaichuEV-Racl [167]. The ERK1/2 sensor
region of the MAPK,r, which is positioned between the N-terminal and C-terminal
regions of a click beetle luciferase, was replaced by the Racl sensor region of the
RaichuEV-Racl plasmid. Upon phosphorylation of the click beetle luciferase-Racl
fusion, a configurational reorganization results in the two parts of the luciferase being

joined, which in turn makes the construct bioluminescent.

NFAT

The Nuclear factor of activated T-cells (NFAT) reporter construct is a transcriptional
reporter responding to activity of NFAT. NFAT is a transcription factor responding to
intracellular Ca®* levels. When intracellular Ca** rises, the calcium-dependent
phosphatase Calcineurin dephosphorylate NFAT, triggering nuclear translocation and
transcriptional activation [168]. The reporter plasmid contains three NFAT binding
sequences upstream of a luciferase reporter on the backbone of pGL3; a vector that
lacks other promoters [169]. Therefore, increased bioluminescence of cells transfected

with the reporter corresponds to elevated levels of intracellular Ca*".

Statistics — preclinical studies
Statistical analysis of preclinical data was performed in GraphPad Prism version 9.1.1
(GraphPad Software, Inc., San Diego, CA). Statistical tests used in the preclinical

studies of this thesis are summarized in Table 2.

Table 2. Summary of statistical tests used in the preclinical studies in the thesis.

Analysis Data type No. of groups | Data distribution | Test

Data distribution Shapiro-Wilk test, with alpha
set to 0.05

Two-group Non-paired 2 Parametrical Students t-test

comparison

Two-group Non-paired 2 Non-parametrical Whitney-Mann U-test

comparison

Multiple groups Non-paired 2< Parametrical Ordinary one-way ANOVA with

comparison Tukey’s multiple comparisons
test

Multiple groups Non-paired 2< Non-parametrical Kruskal-Wallis test with Dunn’s

comparison multiple comparisons test
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Clinical studies

Patients and tumor material

Study 1

Study I is based on a cohort of patients diagnosed with metachronous contralateral
breast cancer (CBC) within the Southern Health Care Region of Sweden between 1977
and 2007. The cohort includes 688 patients with metachronous CBC as primary event.
Among the patients analyzed in this particular article, the interval between the diagnosis
of the first breast cancer (BC1) and the contralateral breast cancer (BC2) ranged
between 6 months and 34.1 years. Median follow-up for event-free patients was 9.1

years from BC2 diagnosis.

We accessed a previously constructed, unique tissue microarray (TMA) containing
tumor material from BC1, BC2, and, where available, paired lymph node metastases
(LGL1 and LGL2) from this cohort. GPR30 was successfully stained using
immunohistochemistry (IHC) in 559 BC1 and 595 BC2.

Study 111

In study III, we accessed data from the SweBCG91-RT trial, a Swedish randomized
controlled trial of radiotherapy after breast-conserving surgery. The SweBCG91-RT
material encompasses 1178 women diagnosed with node-negative stage I and IIA breast
cancer randomized between 1991 and 1997. While the control group was not subjected
to radiotherapy, the patients in the radiotherapy treated group received whole-breast
radiation in 24-27 fractions, 48-54 Gy with tangential opposed fields of 4-6 MV
photons. According to regional guidelines at the time, systemic adjuvant treatment was
sparsely administered. Ipsilateral breast tumor recurrence (IBTR) as first event within
5 years was used as primary endpoint, with any recurrence within 5 years and breast
cancer-specific death (BCD) within 10 years as secondary endpoints. Median follow-
up for event-free patients in the study was 15.2 years for IBTR, 15.2 years for any breast
cancer recurrence, and 20.1 years for BCD. One thousand and four of the total 1178
primary tumors were available for tumor tissue analysis. RNA was successfully extracted
from 766 primary tumors. For study III, 1004 of the total 1178 primary tumors were

available for tumor tissue analysis.
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Gene expression analysis

Gene expression analysis was performed in study III. RNA was successfully extracted
from 766 primary tumors. Extraction of RNA, microarray hybridization, and quality
control of RNA, ¢cDNA, and microarray analysis were performed at Decipher
Biosciences, a laboratory certified by Clinical Laboratory Improvement Amendments.
Profiling of tumors were made using GeneChip Human Exon 1.0 ST microarray from
Thermo Fisher, and normalization of gene expression data was made using Single
Channel Array Normalization (SCAN) [170]. The SCAN method is developed to
correct for batch effects, such as technological biases and variabilities from sample
collection and processing. In personalized medicine workflows, non-biological variance

may otherwise arise between samples not collected or processed at the same time.

Gene expression signature scoving

In study III, we hypothesized that a hypoxia-induced gene expression signature could
serve as a surrogate marker for the hypoxia-induced transcription factor HIF-1a, and
perform equally as a prognostic marker in a breast cancer cohort. We selected 11
previously described gene expression signatures condensed from both cancer tumor
material or 7 vitro approaches. To evaluate concordance between these signatures and
HIF-1a protein expression, we needed to translate gene expression from each tumor in
the material into a continuous score. To this end, we used the R package singscore,
which is developed to minimize the influence from the cohort by evaluating expression
levels by intra-sample ranking [171], which is advantageous in a personalized medicine

workflow.

Survival analyses

Time-to-event data in relation to selected biomarkers or transcriptomic signatures was
analyzed using the cox proportional hazards model and graphically demonstrated using
competing risk curves. The cox proportional hazards model is a regression model used
to test for differences in outcome in relation to the variable of stratification, which may
be dichotomous, nominal, or continuous. A hazard ratio (HR) is calculated for the full
follow-up, therefore assumes a proportional hazard during this period. Proportionality
in hazard can be assessed graphically or using Shoenfeld’s test. In cases where the
proportionality assumption is not met, the calculated HR should be interpreted
cautiously as the mean hazard of the time studied. Non-proportional hazards may also
be studied in intervals using truncated time variables, an approach used in study IV.

To account for other established biomarkers, patient characteristics, or other suspected
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confounders, multiple factors may be added to the model and computed
simultaneously in a multivariable cox proportional hazards model. This is a way of

testing whether the biomarker of interest is an independent predictor of the endpoint.

A common method of presenting stratified time-to-event data graphically is the
Kaplan-Meier curve. In the Kaplan-Meier curve, groups are plotted separated by the
studied exposure, starting at 1 or 100% to demonstrate that no participant has had an
event at time=0, and successively dropping as events occur in the study groups.
Differences between two or more groups may be tested using the log-rank test. The
Kaplan-Meier method censors patients lost to follow-up, assuming the likelihood of
censoring to be equal in the two groups. However, this may result in the graph being
misleading, as events leading to censoring may associate to the studied exposure. For
example, if we study a biomarker more common among elder patients in relation to
cancer recurrences, the biomarker-positive group will possibly have a higher censoring
rate due to death from other causes, and naturally fewer recurrences. Additionally, the
censoring at competing events may lead to an overestimation of the risk. Competing
risk curves is a different way of showing time-to-event data that takes this into
consideration. Competing risk curves are based on the same idea as the Kaplan-Meier
curves, but also stratifies the patients based on whether they experienced the event
selected as the primary endpoint, or had a competing event. This way, we can more

easily consider the events of interest in an isolated way.

In study I and IV, we addressed GPR30 and HIF-1a as predictive markers, meaning
that the marker predicts the response to a particular mode of treatment. If a marker is
predictive, the impact of the individual terms representing the biomarker and treatment
status will not be additive, but instead either work in synergy (meaning that presence
of the biomarker makes the treatment more efficient) or cancel each other (meaning
that presence of the biomarker associates with treatment resistance). To assess this
statistically, the biomarker variable and the variable describing treatment status are
computed into a multivariable cox proportional hazards model along with an
interaction term. This will indicate if there is a statistical interaction between the
biomarker and the treatment in relation to outcome. A weakness of this method is that
it requires high statistical power. Hence, a large cohort (or a highly pronounced
interaction) is demanded to be able to reject the null hypothesis of no statistical

interaction.
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R Studio and statistical analyses

Statistical analyses for the clinical studies included in this thesis were all carried out in
RStudio 1.1.442 (RStudio, Boston, MA, USA) using R 3.5.1 and up [172]. Statistical

tests used in these studies are summarized in Table 3. Time-to-event analyses were

graphically presented using functions from the cmprsk package [173]. Cox proportional

hazards models with Wald test was used to calculate HR and test statistical strength

globally and for each variable separately, using the survminer R package [174].

Proportional hazards were assessed using Schoenfeldt residuals. If the assumption of

proportional hazard was not met, HR was interpreted cautiously as an average effect

over the interval of follow-up. Descriptive statistics were attained using the R base

packages and DescTools [175]. Forest plots were constructed using the package

forestplot. The main package used for graphic presentation was ggplor2.

Table 3. Summary of the statistical tests used in the clinical studies of this thesis.

Paired samples

Analysis Data type No. of groups | Data Test

Survival Time-to-event 2< - Cox proportional hazards
model with Wald test and Log-
rank test with Grays test

Hazard proportionality Schoenfeldt residuals

in relation to time

Association Categorical 2 Large sample Pearson’s x?-test

Association Categorical Small sample

Association Categorical and 2< Mantel-Haenszel y?-test for

ordinal trend and linear regression
Distribution Ordinal data 2< Non-parametrical Wilcoxon matched pairs signed

rank test
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Major results, summary

Main results, summary

Paper |

GPR30 is a marker of poor prognosis for patients with contralateral breast cancer when
expressed at a high level and/or in plasma membrane position in the contralateral tumor or
its lymph node metastases.

GPR30 expression is downregulated in lymph node metastases compared to the primary
breast cancers.

Contralateral tumors developed during tamoxifen treatment do not exhibit a change in total
GPR30 expression, but are more likely to express GPR30 in the plasma membrane.

Paper Il

Among all systems tested, no evidence was provided that E2 or G-1 exerts GPR30-
dependent activity.

Constitutive GPR30 activity was detected in several systems.

Paper lll

HIF-1a is an independent risk factor for ipsilateral breast tumor recurrence (IBTR) or any
recurrence in early-stage breast cancer. HIF-1a also associated with breast cancer-specific
death in univariate analysis.

HIF-1a was not predictive of radiotherapy response.

Ten hypoxia-related gene expression signatures identified in the literature were found to
correlate with HIF-1a in early-stage breast cancer.

Several hypoxia-related gene expression signatures were prognostic of IBTR, any
recurrence, and breast cancer-specific death. However, as a prognostic marker, HIF-1a
outperformed all expression signatures in relation to all three endpoints.

HIF-1a protein expression correlated with detected HIF1A mRNA levels.

Paper IV

GPR30 physically interacts with 1AR in a multi-protein complex by the plasma membrane
of breast cancer cells.

The GPR30-B81AR complex also contains MAGUKs and AKAPS5.

The GPR30-B1AR heteromer inhibits isoproterenol-stimulated B1AR signaling in a manner
that depends on the GPR30 C-terminal PDZ-motif.
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Results

Paper I

GPR30 as a prognostic and tamoxifen-predictive marker in contralateral

breast cancer

Tamoxifen is an endocrine agent ordinarily prescribed to patients with ER-positive
breast tumors. The compound exerts its action by binding to and decreasing the activity
of ER. However, tamoxifen has also been reported to activate GPR30 signaling, and
data suggests that GPR30 mediated tumor resistance to tamoxifen treatment. In study
I, we addressed the role of GPR30 in contralateral breast cancer as a model of tamoxifen
resistance. We also addressed GPR30 expression through tumor progression, from
primary tumor to lymph node metastases. Lastly, we addressed GPR30 as a prognostic

marker in contralateral breast cancer.

To this end, we used a unique tissue-microarray (TMA) from a cohort of 688 patients
diagnosed with contralateral breast cancer in southern Sweden between 1977 and 2007.
The TMA included tissue from the first primary tumor (BC1), the second primary
tumor (BC2), and axillary lymph node metastases from the primary tumors (LGL1 and
LGL2). GPR30 was immunohistochemically stained and evaluated in terms of total

staining (Figure 12A-B) and plasma membrane-specific staining (Figure 12C-D).
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Figure 12. GPR30 staining on contralateral breast cancers; negative staining (A), high staining (B),
plasma membrane negative staining (C) and plasma membrane positive (D). The figure is modified
from Figure 2, Study I.
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Patient survival was compared in relation to GPR30 expression using competing risk
analyses and univariable and multivariable cox proportional hazards model in R.
Primary endpoint was death from breast cancer (BCD). In both BC1 and BC2, plasma
membrane-specific GPR30 expression associated with markers of breast cancer
aggressiveness, including a lack of ER and PR expression, high staining of proliferation
marker Ki67, and triple-negative subtype. As reported earlier, total GPR30 staining
correlated with ER and PR in a biphasic manner, where tumors exhibiting no or very
weak GPR30 staining as well as tumors with strong GPR30 staining were more likely
to lack these hormone receptors. However, strong GPR30 staining associated with high

levels of Ki67 and a triple-negative subtype in both BC1 and BC2.

Next, we related total and plasma membrane-specific GPR30 staining to patient
outcome. We found that plasma membrane-specific GPR30 associated with an
increased risk of BCD when expressed in BC2 (Figure 13A) as well as LGL2 (Figure
13B). Finally, there was a trend of increased risk of BCD among patients with strong
total GPR30 expression in BC2.

To address the role of GPR30 through tumor progression, we compared total
expression of GPR30 in BC1, LGL1, BC2, and LGL2 (Figure 14). We found that the
GPR30 expression of BC2 was equally likely to be higher, lower, or the same as BC1.

A. PM-specific GPR30 staining of BC2 B. PM-specific GPR30 staining of LGL2
@ ] ]
o o
= PM+ GPR30, death from BC —— PM+ GPR30, death from BC
o = PM- GPR30, death from BC —— PM- GPR30, death from BC
g © PM+ GPR30, death from other causes © PM+ GPR30, death from other causes
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£ < p=0.03 <« -
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© r
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Years from BC2 diagnosis Years from BC2 diagnosis
Number at risk Number at risk
PM+ GPR30 38 27 21 18 15 14 22 13 10 9 8 6
No PM GPR30 557 499 422 363 316 245 136 119 91 75 62 46

Figure 13. Competing risk curves presenting the outcome of patients with and without plasma
membrane-specific (PM) GPR30 staining in their BC2 (A) and LGL2 (B). Dotted lines represent
cumulative incidence of competing events in each group. The figure is modified from Figure 5, Study I.
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To approach GPR30 as a mediator of tamoxifen resistance, we hypothesized that
GPR30 expression would be elevated in tumors developed during treatment. However,
the relationship between GPR30 expression in BC1 and BC2 was similar in tamoxifen
treated and tamoxifen naive groups, suggesting that high GPR30 levels do not provide
a survival benefit under selection pressure from tamoxifen. This was in line with an
analysis showing that the survival benefit from tamoxifen was equal irrespective of
GPR30 expression level. Yet, a subgroup analysis showed that plasma membrane-
specific GPR30 expression was significantly over-represented among BC2 diagnosed

during ongoing tamoxifen treatment.

When comparing GPR30 expression of primary breast cancers BC1 and BC2 and their
paired lymph node metastases LGL1 and LGL2, which were harvested at the same time
as their primary tumor, we found a clear pattern of LGL expressing a lower amount of

GPR30 than their primary tumor.

In summary, we found that plasma membrane-specific GPR30 associates with
aggressive breast cancer markers and is prognostic of BCD in contralateral breast

cancer. We found no evidence that the receptor mediates resistance to tamoxifen.

BC2 compared to BC1

[ Decrease [ | static [ Increase n p

All patients [ 478 0.3
No tamoxifen BC1 374 0.8
Tamoxifen for BC1 | 103 0.3
LGL compared to corresponding BC
BC1toLGL1 | 117 <0.0001
Be2toLGLz [ A4vel 40% %] 151 <o0.0001
I T I T 1 1
0 20 40 80 80 100

% of tumor pairs

Figure 14. GPR30 expression in paired primary tumors (BC) and lymph node metastases (LGL).
For every BC1/BC2, BC1/LGL1, and BC2/LGL2 tumor pair, the relative GPR30 intensity of the tumor
assumed to have developed later was characterized as decreasing, stable, or increasing. Bar coloring
represents the distribution among all tumor pairs available in the cohort. The change in GPR30
intensity was statistically evaluated using Wilcoxon matched pairs signed rank test. The figure is
modified from Figure 4, Study I.
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Paper II

Activation of GPR30 — constitutive activity and E2 and G-1 as agonists

GPR30 is classified as a membrane receptor that binds and responds to stimulation by
estrogen (E2) [84, 176]. G-1 is a synthetic compound marketed as a selective GPR30
ligand, and extensively used to target GPR30 in research. However, multiple
independent studies have failed to confirm the identity of E2 and G-1 as GPR30
agonists, which has made the proposed GPR30 ligands a matter of controversy [85,
86]. The aim of study II was to address the efficacy and selectivity of E2 and G-1 as
GPR30 agonists.

To approach this, we used several eukaryotic systems both in vizro (Figure 15) and ex
vivo. To indicate activity on several signaling pathways, we included real-time and
transcriptional reporters for ERK1/2, RAC1, NFAT, and pcFUS3, a multifunctional
promoter-reporter construct containing response elements for NFkB, STAT, and AP-
1. We also addressed the proposed role of GPR30 in vascular relaxation in the mouse
caudal artery by ex vivo myography. Finally, we coupled human GPR30 to the
pheromone pathway in the S. cerevisiae strain CY2797, which is deficient of functional
endogenous GPCRs. Furthermore, CY2797 depends on pheromone pathway
activation in order to produce histidine, making GPCR activation reflected as increased
yeast growth. Based on CY2797, we constructed EY-1, in which we inserted a gene for
a chimeric Gq protein where the five C-terminal residues of the strains’ native G protein

Gpal were replaced by the five residues of human Go.

(MAPK )( Ca* )( PI3K )( NFkB )( STAT )C AP-1 )

ERK1/2 |pGL3-NFAT pcFUS3

Figure 15. An overview of the reporter systems used in study II.

With all systems tested, we found neither E2 nor G-1 to initiate GPR30-
dependent signaling (Table 4). The levels of vascular relaxation in caudal arteries from
wild-type (WT) mice as compared to GPR30 knockout mice after treatment with 1, 3,
and 10 pM of G-1 were essentially overlapping. Interestingly, G-1 instigated a

71



significant relaxation in caudal arteries even in the absence of GPR30 expression. To
evaluate the effect of G-1 and E2 on GPR30-dependent activation of several signaling
pathways including ERK1/2 phosphorylation, we used HeLa cells stably expressing the
pcFUS3 multifunctional reporter construct (HFF11 cells) and transiently expressing
GPR30 or stably expressing an inducible GPR30 construct (T-REx HFF11 cells). In
the HFF11 cells, G-1 increased the reporter activity significantly independent on
GPR30 expression (Figure 16A). The same pattern appeared when instead ectopically
expressing a GPR30 construct lacking the C-terminal PDZ motif -SSAV
(GPR30ASSAV). This truncation has earlier been shown to disrupt receptor
interaction with membrane-associated guanylate kinases (MAGUKS), exhibit reduced
constitutive activity, and increased level of receptor endocytosis [89, 90, 98, 116].
Using HEK293 cells transiently transfected with either WT-GPR30 or GPR30ASSAYV,
we observed no significant GPR30-dependent change in ERK1/2 phosphorylation in
response to either 1 pM of G-1 or 0.1 pM E2 with either WT-GPRR30 or
GPR30ASSAV. To address the effect of GPR30 on Ca’* signaling, we used a reporter
containing a luciferase gene downstream of an NFAT response element, which is
sensitive to Ca** [169]. No GPR30-dependent reporter activity was observed after
treatment with either G-1 (1 pM) or E2 (0.1 pM). Similarly, neither 0.1 pM E2 nor 1
pM G-1 had any effect on the Racl reporter, which responds to activation of
phosphoinositide 3-kinase (PI3K), in mock transfected cells or cells expressing WT-
GPR30 or GPR30ASSAV. Lastly, 1 pM of G-1 was unable to trigger a growth response
of S. cerevisiae strains CY2797 and EY-1 expressing human WT-GPR30 (Figure 16B).
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Figure 16. Reporter activity from two of the systems used in study Il. Panel A demonstrates activity of
the multifunctional pcFUS3 reporter stably expressed in HFF11. Panel B displays growth of the CY2797
yeast strain, measured as optical density (OD) with and without GPR30 and G-1.
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Interestingly, GPR30 exhibited a measurable level of constitutive activity in several
systems. In line with previous findings, GPR30 constitutively suppressed NFAT
reporter activity and increased ERK1/2 activity [90]. Furthermore, the receptor
constitutively inhibited Racl reporter activity and increased pcFUS3 activity. Finally,

GPR30 expression led to an increase in the basal growth in both yeast strains.

To summarize, study II found no evidence of a GPR30-dependent effect of either G-1
or E2, suggesting that the classifications of GPR30 as an estrogen receptor and G-1 as
a selective GPR30 ligand are unfounded, highlighting a need for novel GPR30 ligands.
On the other hand, ample evidence was found that the receptor harbors constitutive

activity.

Table 4. A summary of the results from the reporter systems used in study I; signals in response to G-1
and E2 with and without GPR30 expression, and constitutive GPR30 activity.

System G-1 response E2 response gcl;r;{s;(i)tztci:isity
GPR30 + GPR30 - GPR30 + GPR30-

m?g;fagil;dal artery Yes Yes - - -

ERK1/2 immunoblot No No No No Yes [90]

pGL3-NFAT No No No No Yes

RAC1 No No No No Yes

pcFUS3 Yes Yes No No -

T-REx pcFUS3 No No No No Yes

Pheromone response No No - - Yes
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Paper III

HIF-1a and hypoxic gene expression signatures as markers for prognosis and

radiotherapy response in early breast cancer

The microenvironment of solid tumors is heterogeneous and often comprises areas
where the oxygen demand exceeds the supply, leading to local hypoxia. When
irradiated, oxygen atoms form highly reactive radicals, and therefore play a crucial role
in the tissue response to ionizing radiation, including radiotherapy [46]. In study III,
the primary aim was to address whether protein levels of HIF-1a, a transcription factor
that participates in the cellular adaptation to hypoxia, associate with the benefit of

radiotherapy.

To address this, we studied tumor expression of HIF-1a in terms of mRNA and protein
in SweBCG91-RT, a large trial of early breast cancer where 1004 patients were
randomized to either postsurgical radiotherapy or no radiotherapy. A secondary aim
was to assess the relationship between HIF-1a and breast cancer outcome. Finally, we
analyzed gene expression of hypoxia-related genes and performed scoring based on gene
expression signatures found in the literatures, to address if hypoxia-related gene
expression signatures could act as a complement or surrogate prognostic marker for

HIF-1a protein expression.

In line with a previous study in contralateral breast cancer [43], our data confirmed
that HIF-1ou protein expression associates with poor outcome in breast cancer. The
survival analyses used ipsilateral breast tumor recurrence (IBTR) as the primary
endpoint (Figure 17A), and any breast cancer recurrence (Figure 17B) and BCD as
secondary endpoints. After adjusting for patient age, tumor size, subtype and systemic
adjuvant therapy, the 5-year risk of IBTR in HIF-1a positive tumors was 80% higher
than for HIF-1a negative tumors, and the risk of developing any kind of recurrence
was 70% higher. HIF-1a positivity associated with 10-year risk of breast cancer specific
mortality in univariate but not multivariate analysis. Interestingly, the HIF-1a status
of the IBTR was to a large extent inherited from the primary tumor (Figure 17C), and

seemed to associate strongly to outcome.

Importantly; in contrast to our initial hypothesis, we found that postsurgical
radiotherapy of early-stage breast cancer was equally beneficial regardless of HIF-1a

expression, as demonstrated by similar HR values in HIF-1a positive and negative
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Figure 17. HIF-1a protein expression in relation to ipsilateral breast tumor recurrence (IBTR, A) and
any recurrence (B). HIF-1a status of IBTR in relation to their primary tumor (C), and HIF-1a mRNA
levels in relation to protein expression as measured by IHC (D). The figure is modified from Figure 2
and Figure 4 of Study III.

groups, as well as cox proportional hazards tests with a radiotherapy-HIF-1a

interaction term.

Cellular HIF-1a levels are assumed to be mainly regulated at the post-transcriptional
level, with involvement of the oxygen-sensitive VHL, FIH and PHD-2 degradation
system. In this material, we found a correlation between HIF-1ae mRNA and protein
levels (Figure 17D). However, the HIF-1a mRNA lacked a significant prognostic

value.
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The short half-life of HIF-1a in an oxygenated environment may render the protein a
technically difficult biomarker. We hypothesized that a hypoxia-induced gene
expression signature could serve as a surrogate prognostic marker for HIF-1a. After
performing a literature study, we selected 11 gene expression signatures derived from
tumor material or iz vitro experiments. Using the singscore package in R, we then scored
each tumor in the cohort based on its concordance with each hypoxic gene expression
signature individually. The score of 10 of the 11 signatures associated with HIF-1a
protein expression. Furthermore, most signatures correlated strongly in terms of the
calculated scores (Figure 18). Finally, for each endpoint considered in this study, at
least three hypoxic gene expression signatures were found to correlate with outcome.
Nevertheless, no gene expression signature was able to outperform HIF-la as a

prognostic marker in relation to any outcome.

The findings of this study highlight the relevance of understanding the role of factors
in the tumor microenvironment, including the hypoxic response, in disease progression

and treatment response.
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Figure 18. Correlation plot for the hypoxia signature scores calculated for the study. Positive
correlations are shown in an increasing intensity of blue, while negative correlations are shown in read.
Unless marked with a cross, correlation p values are <0.0001. Figure is modified from Figure 5 of study
.
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Paper IV

A functional plasma membrane complex including GPR30 and B1AR

Previous data suggests that GPR30 is constitutively active, and that a plasma membrane
localization is crucial for this activities. In turn, plasma membrane positioning of
GPR30 depends partly on the C-terminal PDZ-motif, through which the receptor
interacts with scaffold proteins from the MAGUK family and AKAP5 [89]. We have
also shown that GPR30 expression concentrated at the plasma membrane associates
with a more aggressive phenotype in breast cancer [93, 177]. The f—adrenergic receptor
BIAR has been associated with breast cancer risk and progression. In similarity to
GPR30, this receptor contains a C-terminal PDZ-motif through which the receptor
interacts with MAGUKSs and AKAP5. Additionally, GPR30 inhibits f1AR-mediated
production of cAMP in a PDZ-dependent manner. In study IV, we hypothesized that
GPR30 and B1AR exist in a multi-protein complex by the plasma membrane, and that
this complex has functional effects on the function of both receptors in breast cancer

and recombinant systems.

To address if GPR30 and B1AR form a complex, we first co-immunoprecipitated (co-
IP) the two receptors in lysates of HEK293 cells ectopically expressing them. Co-IP
revealed that both GPR30 and B1AR antibodies were able to precipitate the other
receptor, suggesting that the two receptors exist in a complex. When replacing the wild-
type (WT) GPR30 for the mutant receptor with a truncated PDZ motif
(GPR30ASSAYV), the co-IP appeared equally strong. This suggests that ectopic GPR30
and B1AR interacts in HEK293 cells independently on the GPR30 PDZ motif.

GPR30 B1AR

Figure 19. Confocal image of HEK293 cells ectopically expressing GPR30 (red) and B1AR (green).
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Staining fixed HEK293 cells for GPR30 and B1AR revealed that the receptors co-
localize in the plasma membrane in some cells (Figure 19). To further characterize the
interaction between GPR30 and B1AR, we performed bioluminescence resonance
energy transfer (BRET) on HEK293 cells transiently transfected with both receptors.
This revealed that the GPR30-rLuc and B1AR-YFP are close enough for the YFP

bioluminescence to be activated, indicating that the two receptors interact physically in

HEK293 cells.

Having found that ectopic GPR30 and B1AR interact physically in HEK293 cells, we
wanted to investigate if this interaction takes place between the native receptors in a
breast cancer cell line. After confirming native expression of GPR30 and B1AR,
MAGUKs, and AKAPS5, we selected MCF-7 as a model system for breast cancer. To
confirm data from the Human Protein Atlas mRNA database, showing that MCE-7
expresses mMRNA encoding B1AR, but not B2AR or B3AR [130, 131], we performed a
kinetic assay of cAMP production following beta-stimulation (Figure 20). We found
that the non-specific B-agonist isoproterenol and the B1AR agonist dobutamine
triggered rises in intracellular cAMP. The specific B1AR antagonist atenolol fully
repressed the isoproterenol response, indicating that MCF7 cells express B1AR
exclusively. Using FACS, we identified expression of both GPR30 and B1AR at the

plasma membrane of this cell line. To address if the two GPCRs form a complex in

A.

0
*
*
*
*

1
100

Rl *¥ *okskk
. 4000 ) 5 M 1 M 1
o) -&- \ehicle s c
_ (6] 3
X 30004 -©- Atenolol (10 uM) ;2, @ ol
3 -+ lsoproterenol (0.1 uM) @ 2
c O © 50 °
8 2000 -~ Isoproterenol (0.1 uM)+ G 3
2 Atenolol (10 uM) § 9 Q .
= .
‘€ 1000 -¥- Dobutamine (1 pM) g s . Py
3 % [ ]
- 2 E %
[ e e e e s e e e s s s e e e 0 T T T T T
20 B © 2R PN PP ) & D N <
& o8 oY N N
Time (min) NN S
O N Q' \N\
& & ® AN AN
& @ @ O §°
LS o 4 @ °
. . . . . . SR S I
Figure 20. Response in cAMP production following stimulation [

of MCF-7 cells using various adrenergic receptor agonists and
antagonists. Panel A presents a representative example of a real-
time measurement, and panel B presents the area under curve (AUC)
for three independent measurements.
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MCE-7 cells, and if this complex also comprises MAGUKs and AKPAS, we performed
a series of co-IP experiments (Figure 21). In short, the results indicated that GPR30
and B1AR exist in a complex (Figure 21A, panel 1-2) also containing a MAGUK
(Figure 21Fel! Hittar inte referenskilla.A, panel 3). GPR30 also appeared to interact
with AKAP5 (Figure 21B, panel 1), which in turn interacted with a MAGUK. These
data indicate that native GPR30 and B1AR exist in a complex in MCF-7 cells, and this
complex also contains MAGUKs and AKAPS.

A. IBAb: GPR30 B1AR pan-MAGUK B. 1BAb GPR30  AKAP5 pan-MAGUK
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Figure 21. Co-IP of GPR30 and B1AR.

Finally, we wanted to determine if the complex including GPR30, B1AR, AKAP5, and
MAGUK proteins has a functional role in regulating receptor-mediated signaling.
Using isoproterenol to stimulate 1AR in MCF-7, we found that the triggered cAMP
production was suppressed by GPR30 overexpression. Interestingly, overexpression of
GPR30ASSAV did not affect B1AR-stimulated cAMP elevation. Overexpression of

AKAPS5 also exhibited a small inhibitory effect, while not additive to that exerted by
GPR30.

In summary, study IV demonstrated that native GPR30 and B1AR exist in a multi-
protein complex with scaffold proteins from the MAGUK family and adaptor protein
AKAPS5 in breast cancer cell line MCF-7. Further, we show that GPR30 has a
functional effect on f1AR-mediated signaling in a manner that depends on the GPR30
C-terminal PDZ-motif.
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Discussion and future perspectives

With over 2 million new cases annually, breast cancer is the most frequently diagnosed
cancer worldwide. The survival rate has improved gradually during the past 50 years,
in part due to earlier detection and more effective treatments [6]. However, tumors
developing treatment resistance remain a main concern in the clinical management of
breast cancer. Thus, there is a need for new predictive biomarkers to recognize
treatment resistant tumors, and new drug targets for the breast cancer treatments of
tomorrow. To address this need, the overarching aim of this thesis was to explore
molecular factors in breast cancer and how they impact the benefit of common modes
of treatment in order to increase knowledge on how to design personalized treatment

strategies.

Due to their broad role in human physiology, GPCRs are common targets for
pharmacological modulation. Today, 30-45% of all prescription pharmaceutical
substances target GPCRs, and they account for a significant part of the top selling
prescription drugs [59, 157]. However, only a small fraction of GPCRs are understood
well enough to be useful in medicine. In this thesis, I aimed to improve our
understanding of GPR30, GPCR currently assumed to bind and be activated by the
female sex hormone estrogen, as well as the proposed synthetic agonist G-1. During
the past 25 years, GPR30 has drawn considerable interest in breast cancer research. Yet,
a clear consensus has not been reached regarding the role of the receptor in breast cancer
pathophysiology. With GPR30 correlating with markers of breast cancer aggressiveness
in a biphasic manner, inter-study inconsistencies in cutoff for GPR30
immunohistochemical staining may explain some variation. However, in vitro data has
also suggested that the function of GPR30 may depend on the cellular context, as the
receptor was reported to promote proliferation in some breast cancer cell lines, and

apoptosis in others [95-97].

One factor that has emerged as an important determinant of GPR30 function is the

subcellular localization of the receptor. In study I, we confirm that the subcellular
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localization of GPR30 in contralateral breast cancer has a pronounced association with
patient outcome. This agrees with previous findings in primary breast cancer [93].
Interestingly, while plasma membrane GPR30 expression associated with high
expression of the receptor, high expression alone was not significantly associated with
outcome. This indicate that positioning of the receptor may have relevance in breast
cancer pathophysiology. Depending on the cell system, GPR30 is found in both the
plasma membrane and intracellular membranes to different extents [83, 87, 91, 178].
As of today, the regulation behind the distribution of the receptor remains relatively
poorly understood. However, one factor found to contribute to plasma membrane
positioning of GPR30 is the receptor C-terminal PDZ-motif, through which the
receptor interacts with scaffold proteins from the MAGUK family and AKAP5 [89].
This motif also promotes constitutive activity of the receptor [89, 90, 98]. It is an
interesting thought that the cellular distribution and function of GPR30 partly may
depend on the host cells’ expression of PDZ-interacting scaffold proteins, and
subsequently the expression of the effectors that these scaffold proteins may assemble.
In study IV, we addressed the functional implications of a multi-protein complex
involving GPR30 and the adrenergic G,-coupled GPCR [31AR in breast cancer cells.
Studies have associated B1AR to breast cancer incidence and outcome [153-155]. Like
GPR30, this receptor has a C-terminal type I PDZ motif, through which the receptor
interacts with the MAGUK SAP97 and AKAPS5 [69, 179].

In study IV, we showed that GPR30 and B1AR form a functional multi-protein
complex at the plasma membrane in native MCF-7 breast cancer cells. This complex
was also found to contain AKAP5 and proteins from the MAGUK scaffold protein
family, which contain PDZ domains and may interact with receptor PDZ-motifs. In
agreement with what was earlier reported in recombinant HEK293 cells [89], we found
that GPR30 suppressed B1AR-mediated cAMP production in a PDZ-dependent
manner. Yet, the interaction between GPR30 and B1AR in HEK293 cells was
independent on the GPR30 PDZ-motif. In line with this, BRET confirmed a close
interaction between GPR30 and B1AR, suggesting that these receptors interact through
hetero-oligomerization. Thus, while GPR30 and B1AR appears to form a complex
independent on interaction with cytoplasmic PDZ-domain proteins, the PDZ-
dependence of the inhibition of cAMP production indicates that a protein that contains
a PDZ-domain — conceivably a MAGUK - is necessary to arrange the positions

required to enable this mechanism. A recent study showed that GPR30 heteromerizes
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with follicle-stimulating hormone receptor (FSHR), inhibiting cAMP production
mediated by FSHR. Indeed, the formation of a heteromer between FSHR and GPR30
converted the cellular effect of FSHR-stimulation from proliferative to apoptotic [124].
It is an interesting thought that a similar mechanism may explain the differences in
how GPR30 influences proliferation and apoptosis in breast cancer cell lines.
Interestingly, unpublished data from our lab show that overexpression of the
recombinant GPR30 mutant lacking a functional PDZ-motif increases proliferation of
MCE-7 cells, whereas the wild-type receptor does not. The mechanisms behind such a
functional switch are potentially highly complex, and need to be untangled in further
studies. Nevertheless, the results of these studies put emphasis on the relevance of the
interactome in determining the functional effect of a GPCR — to address the receptor

as part of an orchestra instead of a solo instrument.

In study II, we aimed to characterize the relationship between GPR30 and the proposed
ligands E2 and G-1. Although these compounds are routinely used experimentally in
the purpose of activating GPR30, conflicting results have been published through the
years, leading the matter to become controversial [85, 86, 103]. To address the
relationship between GPR30 and these compounds, we utilized a range of reporter
systems in several cellular contexts, ranging from ex vivo to human cell lines and yeast.
For the in vitro experiments, we used HEK293 and HelLa cells, two human cell lines
well described and extensively used in GPCR research. Studying the estrogenic response
in several eukaryotic systems with or without the receptor, we found that overexpression
of GPR30 is not enough to endorse an estrogenic response in any of the naturally non-
responsive cell types tested. Similarly, our results from recombinant cell reporter
systems with or without GPR30 failed to confirm G-1 as a selective GPR30 agonist, as
GPR30 expression was neither sufficient, nor in some systems necessary, to invoke a
G-1 response. However, one potential weakness of the reporter systems used in human
cell lines is that they were all indicating signaling events assumed to occur several steps
downstream of GPR30. Another potential weakness is that the overexpressed
recombinant receptor could translate poorly to a human cell system naturally expressing
the receptor in its habitual molecular context, as factors present in the cellular proteome
may influence the receptor activity. Therefore, we wanted to address GPR30 activation
in yeast, a less complex mammalian system extensively used in characterization of
GPCRs and their pharmacological profiles. GPR30 was modified to recognize and
communicate with native yeast G proteins, and was thereby coupled to an existing

pathway; the growth-stimulatory pheromone pathway. Using this simple system, we
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found that neither E2 nor G-1 stimulated GPR30. It is worth noting that factors that
potentially could influence the activity and protein-protein interactions of GPR30 may
require human-specific post-translational modifications. However, western blot of
overexpressed human GPR30 from yeast lysates confirmed a molecular weight that
agrees with previous reports, suggesting that this receptor corresponds to the GPR30

expressed in human cells.

To summarize, we found evidence that GPR30 is insufficient to make cells responsive
to estrogen stimulation — adding to the body of data indicating that the identity of
GPR30 as an estrogen receptor may be premature. Further, our conclusion that G-1 —
the compound commercially marketed as a selective GPR30 agonist — lacks selectivity
for GPR30 stresses the need of finding new approaches to study this receptor, such as
a new agonist, or by monitoring constitutive activity. Yet, although the systems we used
were selected to account for a broad range of signaling activities, we cannot rule out the
risk that we missed a selective GPR30-effect triggered by G-1 or E2. Thus, further
studies should be made to confirm our results. Interestingly, a study reported GPR30-
independent effects of G-1 in glioblastoma shortly after the publication of study II
[180].

Despite the fact that the results of study II questions GPR30 as an estrogen receptor,
the existing literature offers a non-negligible body of data supporting that GPR30 either
contributes, potentiates, or in some cases is indispensable in order to bring about an
estrogenic response in various cell systems [181]. In light of these data and the results
presented in study II, it is apparent that the mechanisms by which GPR30 participates
in the rapid estrogenic response in human cells are still largely unknown. Certainly,
whereas study II provides evidence that E2 and G-1 fails to activate GPR30, it does not
address whether or not the receptor is involved in the cellular response of these
substances. Here, it is interesting to note that GPR30 expression has been reported to
induce expression of the ERa isotype ERa-36, which also has been reported to elicit
rapid, non-genomic signaling in response to E2 and G-1 [101, 140]. Additionally,
studies indicate that GPR30 interacts with the 66 kDa ERa isotype [182]. In order to
understand GPR30 as a potential drug target, it is necessary to approach the
relationship between GPR30, ERa-36, and estrogenic signaling.

Another compound suggested to act as a GPR30 agonist is the breast cancer drug
tamoxifen, which acts as a selective ERat modulator (SERM). With data supporting
GPR30 as a factor contributing to breast cancer pathology [93, 97], the idea of
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tamoxifen acting as a GPR30 agonist appears concerning, as this could mean that
tamoxifen may stimulate growth in tumors expressing GPR30. In study I, we aimed to
address GPR30 as a potential mediator of tamoxifen resistance. To this end, we used a
unique material of contralateral breast cancer where some tumors had developed during
tamoxifen treatment as an iz vivo model for tamoxifen resistance. We hypothesized that
if GPR30 promotes tamoxifen resistance and offers a survival benefit under selection
pressure from this drug, GPR30 expression would be enriched in contralateral breast
cancer developed during tamoxifen treatment. Interestingly, we found the relationship
between GPR30 expression in the primary breast cancer and the contralateral breast
cancer to be similar in tamoxifen-treated and tamoxifen-naive groups, suggesting that
an increased expression of GPR30 does not provide an advantage under tamoxifen
exposure. This is in contrast to an earlier study where the GPR30 expression was
analyzed in 21 paired biopsies obtained before and after tamoxifen treatment, where
the receptor staining was found to be upregulated [141]. While the data from study I
of this paper is based on a considerably larger cohort, additional data is required to

confirm our results.

GPR30 has previously been described both as a tumor promoting factor and a tumor
suppressor in breast cancer [183, 184]. In study I, we found that plasma membrane
expression of GPR30 associates with markers of tumor aggressiveness and poor
outcome in contralateral breast cancer. This is in line with a previous study in primary
breast cancer [93]. Interestingly, we found that plasma membrane GPR30 expression
in lymph node metastases had an even more pronounced association with outcome. To
address GPR30 through tumor progression, we compared receptor expression in
primary breast tumors with that of their lymph node metastases in both the first
primary breast cancer and the contralateral tumor. In this case, we observed a clear
reduction in GPR30 expression in lymph node metastases from both primary tumors.
With the observation that GPR30 expression in the plasma membrane associates with
poor outcome in this material, it is tempting to assume that GPR30 expression would
be beneficial as the tumor progresses and spreads. However, this data suggests the
contrary. It is possible that the biological role of GPR30 in breast cancer is favorable in
a growing tumor, but unfavorable in terms of migration. This is particularly interesting
with the background that plasma membrane GPR30 staining in lymph node metastases
showed a strong association with outcome in this material, suggesting that if GPR30
downregulation is favorable for breast cancer cell migration to the lymph node,

upregulation while adhered to the new site seemingly provides a benefit in terms of
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progressing. However, it is also necessary to consider that this may be due to technical

factors rendering tumors raised in in the lymph tissue less susceptible to bind the

GPR30 antibody.

Ever since GPR30 was discovered, the receptor has been considered a novel drug target
in breast cancer. Certainly, GPR30 has been associated to both breast cancer outcome
and breast cancer cell growth in vitro [93, 95, 97, 136, 137, 139], indicating the
involvement of the receptor in processes relevant for tumor progression. Based on our
understanding of GPR30 today — that the receptor has different functions in different
systems, in different interactome constellations, and at distinct subcellular localizations
— makes pharmacological exploitation of GPR30 a challenging, yet intriguing question.
The observation that GPR30 expressed specifically in the plasma membrane appears to
have a distinguished role in breast cancer [93, 177], along with data suggesting that
interaction with a MAGUK scaffold protein contributes to plasma membrane GPR30
positioning [89], presents the idea that pharmacological interference with this
interaction could offer a means to impede pathological GPR30 signaling in breast
cancer. Additionally, in study IV, we showed that without the C-terminal PDZ-motif,
GPR30 lost the ability to suppress f1AR-stimulated cAMP-production, while the
receptor was still able to hetero-oligomerize. Thus, it is tempting to consider that a
GPR30- B1AR heteromer may still be active in other PDZ-independent signaling
events, and that a compound interrupting PDZ-dependent GPR30 interactions may

act as a biased antagonist.

The final specific aim of this thesis was to evaluate the relevance of tumor hypoxia in
relation to breast cancer outcome in general, and radiotherapy specifically. Low oxygen
levels, hypoxia, is characteristic of the often poorly vascularized microenvironment of
solid tumors. HIF-1a is a transcription factor that accumulates in human cells as a
causal effect of low oxygen pressure. HIF-1a activates expression of a battery of genes
that improves the cells fitness to survive in the challenging environment, including
means of metabolic adaptation, angiogenesis, and other strategies that are also found
among the Hallmarks of Cancer. Given this, it may not be surprising that HIF-1a
expression has been associated with poor outcome in some cancer types. In study III of
this thesis, we confirmed that HIF-1a predicts poor outcome in early-stage breast
cancer, which was earlier reported in contralateral breast cancer [43]. Further, we
addressed the HIF-la and hypoxic gene expression signatures in relation to

radiotherapy susceptibility. Although it is established that oxygen has a direct influence
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on the biological response to radiation via the oxygen enhancement effect [46], this
relationship had not yet been confirmed for radiation of breast cancer. In study III, we
report that the benefit of radiotherapy in prevention of breast cancer death, local
recurrences, and any recurrences, was equal for tumors with high and low levels of HIF-
la, as well as high and low scores of hypoxic gene expression. Although in contrast to
our initial hypothesis, these results were not unexpected given the nature of the oxygen
enhancement effect. This effect reflects immediate conditions. Thus, oxygen must be
present at the time of, or within microseconds of, radiation [46]. In our material,
radiotherapy was given in the post-surgical setting, aiming to damage any tumor cells
remaining at the tumor site. With most of the tumor bulk supposedly removed, any
residual tumor cells are likely to be in an oxygenated environment. Hence, when
discussing the oxygen enhancement effect, a hypoxic status of the original tumor seems

unlikely to be reflected in postsurgical radiotherapy.

HIF-1a serves to adapt cells and promote survival under conditions where the oxygen
supply is sparse. This transcription factor is activated when reduced oxygen levels
inhibit the machinery that normally coordinates its degradation. Hence, HIF-1a
protein levels are often assumed to reflect the immediate oxygenation status of a tumor.
Interestingly, in study III, we show that local recurrences of a HIF-1a positive primary
breast tumor are more likely to be HIF-1a positive than recurrences of HIF-1a negative
primary breast tumors. This seems curious based on the assumption that residual cancer
cells remaining in the tumor bed after resection will not remain hypoxic. Still, our data
show that if they originate from a hypoxic tumor, they are more likely to form a hypoxic
recurrence. This may reflect an enhanced resistivity to the microenvironment often
associated to hypoxic tumor centrum enabling some tumor genotypes to thrive even

when under limited oxygenation.

In recent years, it has become increasingly clear that factors inherent of the tumor
microenvironment, including hypoxia, may play a part in cancer cell evolution. As a
tumor grow, clonal evolution and interaction with the local microenvironment may
result in the formation of distinct intra-tumor niches with varying levels of hypoxia,
extracellular accumulation of acidic rest products from tumor cell glycolysis, and
cytokines [185, 186]. While such harsh environment would be toxic to normal cells,
cancer cells manage to adapt and survive. In line with the results of study III of this
thesis, others have reported that cells nursed in tumors containing harsh environments

may exhibit an increased aggressiveness [187, 188]. However, it has been difficult to
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draw any conclusions as to the causality between the challenging microenvironment
and tumor cell aggressiveness. Do the microenvironment drill aggressive tumor traits,
or were the aggressive cells found in the challenging tumor environment simply there
because they were the only clones that resisted the toxicity? This cannot be addressed
using tumor tissue from a single time-point, but requires serial biopsies to follow tumor
evolution. Additionally, studies of the tumor microenvironment put high requirements
on the spatial resolution of all analyses. Hence, it should be noted that one weakness of
the HIF-1at study is that we address a factor in the tumor microenvironment using bulk
tumor transcriptomics. However, modern spatial transcriptomics techniques may lead

to a better understanding of tumor microenvironment.

Finally, study III demonstrated that mRNA levels of the HIFIA gene correlates with
protein expression. This observation challenges the idea of HIF-1o expression being
regulated on the protein level, and possibly reflects either a considerable transcriptional
control of the HIF-lat expression, or existence of a loop for positive feedback

regulation. The mechanisms behind this, and the regulation of HIF-1o in cancer, need

to be further addressed.

While not directly addressed in this thesis, it is interesting to note that GPR30 has been
linked to hypoxia in general, and HIF-1a specifically. The promoter of GPR30
contains a hypoxia response element (HRE) and the receptor is upregulated after
hypoxic exposure, suggesting that GPR30 participates in hypoxic adaptation [143-
145]. Yet, GPR30 was not represented in any of the hypoxic gene expression signatures
studied in study III. However, this does not rule out that GPR30 has a function in
hypoxic adaptation. Interestingly, unpublished data collected during our work with the
contralateral breast cancer material in study I revealed a linear relationship between
HIF-1o and GPR30 protein levels in contralateral breast tumors. Furthermore, plasma
membrane GPR30 expression was overrepresented in a HIF-1o-positive BC1 and
BC2. The relationship between subcellular localization and HIF-10t-regulated genes
should be further addressed in the future.
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Conclusions

e Plasma membrane expressed GPR30 associates with poor outcome in contralateral

breast cancer.

e Contralateral breast cancers developed during tamoxifen treatment were not more
likely to express high levels of GPR30, but more likely to express GPR30 in the

plasma membrane. GPR30 was not predictive for adjuvant tamoxifen treatment.

e  GPR30 expression in lymph node metastases is lower than in primary breast cancer

tumors.

® The compound G-1, which is commercially marketed as a highly selective GPR30
agonist, activates signaling in several systems lacking GPR30, and is insufficient to
stimulate GPR30 activity in several systems. Thus, G-1 is not selective to GPR30,
and is not a GPR30 agonist. Discovery of a new, thoroughly validated synthetic
ligand would be of high benefit for future GPR30 research.

e E2 did not stimulate GPR30 activity in any of the studied systems, suggesting that
the classification of GPR30 as an estrogen receptor is unfounded. The relationship
between E2 and GPR30 must be addressed in future studies, and the possibility

that GPR30 acts as a co-factor in rapid estrogenic signaling should be considered.

e GPR30 harbors considerable constitutive activity. In future studies, monitoring
constitutive GPR30 activity may be an alternative to using G-1 in hope of

stimulating the receptor.

e High HIF-1a protein levels are prognostic of poor outcome in breast cancer, but

not predictive of radiotherapy response.

e HIF-1a protein levels correlate with a number of hypoxic gene expression
signatures from the literature. Several of these gene expression signatures associate

to outcome, but none is superior to HIF-1a as a prognostic marker.
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The HIF-1a expression level of a local breast cancer recurrence is to a considerable
degree inherited from the resected primary tumor. Whether this is because hypoxic
adaptation via HIF-la also makes a tumor more aggressive, or because an
aggressive tumor grows denser and thus to a greater extent forms hypoxic areas,
remains unclear. The causality of this relationship should be addressed in future

studies.

GPR30 forms a plasma membrane complex with B1AR, MAGUKSs and AKAP5 in
breast cancer cell line MCF-7, and inhibits B1AR-stimulated cAAMP production.

Hetero-oligomerization of GPR30 and B1AR is not dependent on the GPR30 C-
terminal type I PDZ-motif. Hetero-oligomerization of GPR30 with other GPCRs
could provide explanations for the different functions that GPR30 shows in
different cell contexts. Interactions between GPR30 and other GPCRs should thus

be addressed in future studies.
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Abstract

Background

G protein-coupled estrogen receptor (GPER), or G protein-coupled receptor 30 (GPR30), is
reported to mediate non-genomic estrogen signaling. GPR30 associates with breast cancer
(BC) outcome and may contribute to tamoxifen resistance. We investigated the expression
and prognostic significance of GPR30 in metachronous contralateral breast cancer (CBC)
as a model of tamoxifen resistance.

Methods

Total GPR30 expression (GPR30to7) and plasma membrane-localized GPR30 expression
(GPR30p\) Were analyzed by immunohistochemistry in primary (BC1; ngcy = 559) and con-
tralateral BC (BC2; ngcz = 595), and in lymph node metastases (LGL; n g 1 =213; n g2 =
196). Death from BC (BCD), including BC death or death after documented distant metasta-
sis, was used as primary end-point.

Results

GPR30py in BC2 and LGL2 were associated with increased risk of BCD (HRgc2 = 1.7, p=
0.03; HR g2 =2.0; p=0.02). In BC1 and BC2, GPR30p associated with estrogen receptor
(ER)-negativity (pgc1<0.0001; pgc2<0.0001) and progesterone receptor (PR)-negativity
(pc1 =0.0007; pgc2<0.0001). The highest GPR30rot and GPR30p); were observed in tri-
ple-negative BC. GPR30p\ associated with high Ki67 staining in BC1 (p<0.0001) and BC2
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(p<0.0001). GPR30+1oT in BC2 did not associate with tamoxifen treatment for BC1. How-
ever, BC2 that were diagnosed during tamoxifen treatment were more likely to express
GPR30pM than BC2 diagnosed after treatment completion (p=0.01). Furthermore, a trend
was observed that patients with GPR30p)y in an ER-positive BC2 had greater benefit from
tamoxifen treatment.

Conclusion

PM-localized GPR30 staining is associated with increased risk of BC death when expressed
in BC2 and LGL2. Additionally, PM-localized GPR30 correlates with prognostic markers of
worse outcome, such as high Ki67 and a triple-negative subtype. Therefore, PM-localized
GPR30 may be an interesting new target for therapeutic exploitation. We found no clear evi-
dence that total GPR30 expression is affected by tamoxifen exposure during development
of metachronous CBC, or that GPR30 contributes to tamoxifen resistance.

Introduction

Metachronous contralateral breast cancer (CBC) is a second, presumably independent primary
tumor (BC2) developed in the contralateral breast after the first breast cancer (BC1). The life-
time risk of a breast cancer (BC) patient developing CBC has been estimated at 2-20%,
depending on factors such as family history, prior endocrine treatment, and age at BC1 diag-
nosis [1-3]. Similar to BC in general, CBC is a heterogenous disease and both disease stage
and the molecular characteristics of the tumor is used to assess prognosis and benefit of ther-
apy, where axillary lymph node (LGL) involvement is one of the strongest prognostic factors
[4]. At the molecular level, the tumor is generally characterized by the expression of estrogen
receptor o. (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2
(HER2), as well as the proliferation rate [5]. About 80% of all BC exhibit overexpression of ER,
through which the female steroid hormone estrogen acts to stimulate cell growth and prolifer-
ation. Therefore, endocrine therapies directed to disrupt ER signaling are central in current
BC treatment, acting either by suppressing ER activity, e.g. selective ER modulators or down-
regulators, or by inhibiting estrogen production, e.g. aromatase inhibitors. The selective ER
modulator tamoxifen is one of the most widely prescribed endocrine agents for treatment of
ER-positive BC [6]. In the adjuvant setting, 5 years of tamoxifen treatment reduces the 10-year
risk of recurrence by almost 50%, and the annual risk of BC mortality by almost one-third [7,
8]. However, not all ER-positive tumors respond to tamoxifen therapy, and resistance may
occur de novo or during treatment. Tamoxifen reduces the incidence of CBC, but CBC evolv-
ing during tamoxifen treatment is assumed to have intrinsic resistance. Efforts aimed to fur-
ther understand resistance mechanisms have led to a number of important discoveries,
including pathological epigenetic changes or mutations in the ESRI gene, and interference
with other growth stimulatory signaling pathways. These mechanisms subsequently result in
augmented receptor activity, ligand-independent growth and transcription, or reduced drug
sensitivity [6, 9, 10]. Despite these discoveries, ER remains the only predictive marker for
endocrine treatment.

G protein-coupled estrogen receptor (GPER), originally named G protein-coupled receptor
30 (GPR30), is a receptor involved in rapid, non-genomic responses to estrogen [11]. In con-
trast to the classical ER, which is a soluble receptor residing in the cytoplasm or cell nucleus,
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GPR30 is a transmembrane receptor reported to be expressed both in the plasma membrane
(PM) [12] and in the endoplasmatic reticulum [13]. As an estrogen receptor, GPR30 has
caught significant attention in BC research, and the relationship between GPR30 and BC
outcome has been addressed in multiple studies. However, results are inconsistent, with the
receptor conveying either better [14, 15] or worse prognosis [16, 17], or lacking any prognostic
value [18] for BC outcome. Additionally, in vitro studies have shown that GPR30 is pro-apo-
ptotic in the ER-positive BC cell line MCF-7, but proliferative in the ER-negative cell line
SkBr3 [19]. Thus, GPR30 may function differently depending on the environment in which it
is expressed. Both clinical and pre-clinical studies have shown that subcellular localization is
also a factor influencing GPR30 function. Indeed, GPR30 staining specifically located in the
PM was found to be a strong prognostic factor for poor prognosis in BC, while the total level
of GPR30 staining was not [17]. Consistent with this clinical observation, an in vitro study
showed that PM localization of GPR30 is important for receptor stimulation of ERK1/2 activ-
ity [20], a cellular signal involved in proliferation and survival. Thus, the biological context of
the tumor appears to be critical for GPR30 function in BC, with subcellular localization being
a factor of potential importance.

Studies have reported that GPR30 may contribute to tamoxifen resistance [21-24]. Some in
vitro data suggest that tamoxifen directly stimulates cell growth via GPR30 [22]. This situation
would be of major clinical concern, as many ER-positive BC also express GPR30, and tamoxifen
treatment of these BC partly could yield increased cell growth. On the other hand, these obser-
vations may also argue that GPR30 is a potential marker to identify BC with poor responsive-
ness to tamoxifen. GPR30 has been suggested to function as a resistance mechanism to escape
tamoxifen responsiveness. However, whether GPR30 expression changes in tumors developing
resistance to tamoxifen treatment, has not yet been addressed in a larger cohort of patients.

The aim of this study was to further understand how GPR30 expression relates to BC pro-
gression, patient outcome, and previous tamoxifen treatment. To this end, we used a unique
retrospective cohort of patients with CBC, either naive or exposed to tamoxifen following BC1,
with paired expression data from primary tumors and lymph node metastases, as a stepwise
model of tamoxifen resistance.

Materials and methods
Patient cohort and TMA preparation

A previously constructed tissue-microarray (TMA) from 728 patients diagnosed with CBC
between 1977 and 2007 at 14 hospitals within the Southern Swedish Healthcare Region was
used. Details of TMA construction have been previously described [25]. Patient inclusion and
number of CBC successfully stained and scored for GPR30 are summarized in Fig 1. Follow-
up information was retrieved from patient charts, and cause of death and overall survival data
were accessed from the Swedish National Board of Health and Welfare in March 2014. Evalua-
tion of ER, PR, Ki67 and HER2 have been previously described [26, 27].

Cell construction and culture

HFF11 cells, originally constructed from HeLa cells (American Type Culture Collection,
ATCC), were kindly provided by K. Kotarsky [28]. HFF11 cells stably expressing the T-Rex
system (HeLa TET-On/Off cells), in which the expression of human GPR30 is under the strict
control by tetracycline, were constructed according to vendor instructions (ThermoFisher Sci-
entific). MCF7 cells were obtained from ATCC. Cells were confirmed to be mycoplasma-free
by the MycoSEQ™ Mycoplasma Detection System (ThermoFisher Scientific). HeLa TET-On/
Off cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad,
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Patients with GPR30 data for BC1 and BC2
n =478

Fig 1. Flow-chart of inclusion and exclusion for the study cohort.

https://doi.org/10.1371/journal.pone.0231786.g001

CA), 10% fetal calf serum (FCS; HyClone Laboratories, Logan, UT), and 1% penicillin/strepto-
mycin (Sigma-Aldrich), using blastidine and zeocin as clone selection markers. MCF7 cells
were grown in DMEM supplemented with glucose and pyruvate, and with 10% FCS. Both cells
were grown in 5% CO, at 37°C.
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GPR30 antibody validation

The specificity of the polyclonal goat GPR30 antibody (AF 5534; R&D Systems) was analyzed
in MCF7 human breast cancer cells (American Type Culture Collection), a cell line used exten-
sively to study native GPR30 [19]. Immunoblotting showed that the antibody recognized a
receptor species with a molecular mass of 50-55 kDa in MCF7 cells (S1 Fig, panel A), consis-
tent with that described by the vendor (R&D Systems). To ensure that the antibody reactivity
was absolutely dependent on GPR30 expression, we immunoblotted HeLa TET-On/Off cells
treated with and without 0.1 pM tetracycline. In these cells, the GPR30 antibody recognized
three broad receptor species at about 50 kDa, 80 kDa, and 130 kDa following tetracycline
treatment, whereas no significant immunoreactivity was observed in the absence of tetracy-
cline treatment (S1 Fig, panel B). These results, and those published by us previously [15, 29],
show that GPR30 antibody immunoreactivity is completely dependent on GPR30 expression.
Slightly different molecular masses of the recognized receptor species were observed in native
MCEF?7 cells and recombinant HeLa cells. This is common among G protein-coupled receptors
(GPCR) and due to variations in posttranslational modifications (e.g. glycosylation, oligomeri-
zation, etc.). Confocal immunofluorescence microscopy of MCF7 cells stained live with the
GPR30 antibody showed that the antibody detected receptors in the PM in these cells (S1 Fig,
panel C). A similar subcellular localization was revealed using M1 FLAG antibodies (Sigma-
Aldrich) to detect recombinant human GPR30 tagged at the N terminus with the FLAG epi-
tope transiently expressed in MCF7 cells (S1 Fig, panel D). Thus, the GPR30 antibody is capa-
ble of recognizing GPR30 localized in the PM.

IHC staining and scoring of GPR30

GPR30 expression was monitored by immunohistochemical (IHC) staining with GPR30 anti-
body (1:50) on 1.0 mm TMA cores. Receptor expression was evaluated as total cellular staining
intensity (GPR30ror, Fig 2A) and PM-specific staining intensity (GPR30py; Fig 2B). PM-spe-
cific staining was defined as a clear increase of immunoreactivity on cell borders, as compared

Fig 2. Representative images of GPR30 staining in BC samples. A and B, images of GPR30 staining intensity level 3
without plasma-membrane staining (GPR30py-) (A) and with plasma-membrane staining (GPR30py+) (B). C-G,
images of GPR30 total staining (GPR301or) as negative (C), very weak (level 1) (D), weak (level 2) (E), moderate (level
3) (F) and very strong (level 4) (G). Bar, 50 pum.

https://doi.org/10.1371/journal.pone.0231786.g002
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to the cytoplasm. GPR301or was scored as overall intensity at 5 levels (Fig 2C-2G; 0 = negative;
1 = very weak; 2 = weak; 3 = moderate; 4 = strong), and GPR30p), at 3 levels (0 = no increase
as compared to the cytoplasmic staining; 1 = weak PM-specific staining; and 2 = strong PM-
specific staining). Percentage of stained tumor cells was scored, but as the vast majority of
tumors had either 0% or >50% stained cells, the intensity was used for further analysis. The
staining was visually evaluated by two independent investigators (M.S., K.L.), a well-estab-
lished widely accepted method to evaluate IHC staining on TMA cores, and the mean score
was used, rounding to nearest integer. Due to group sizes, GPR30ror intensity was combined
to two groups of weak (levels 0-2) vs. strong (levels 3-4). GPR30py+ scores were combined to
create a binary variable (levels 0 vs. 1-2).

Statistical analysis

Death from BC (BCD), including BC death or death after documented distant metastasis, was
used as primary end-point. Median follow-up time for patients alive at last follow-up was 9.1
years from BC2 diagnosis. Statistical analyses were carried out in RStudio 1.1.442 (RStudio,
Boston, MA, USA) using R 3.5.1 [30]. Associations between GPR30 and factors such as patient
attributes and clinicopathological markers were evaluated using Pearson’s y*-test or Mantel-
Haenszel y*-test for trend. GPR30 staining in paired tumors was compared using Wilcoxon
matched pairs signed rank test. Cumulative incidence of BCD was calculated with death from
other causes as competing risk event using the cmprsk R package [31]. Cox proportional haz-
ards models with Wald test was used to calculate hazard ratios (HR), using the survival R pack-
age [32]. Proportional hazards were assessed using Schoenfeldt residuals. As the assumption
was not reasonably well met in all the analyses, HRs should be cautiously interpreted as average
effects over the follow-up interval, which was restricted to maximum 10 years to reduce the
problem of non-proportional hazards.

Ethical approval

All procedures performed in studies involving human participants were approved by the
Regional Ethical Review Board of Lund University (LU240-01) and in accordance with the
1964 Helsinki declaration and its later amendments or comparable ethical standards.

Informed consent

Since the study handled saved paraffin material, often several decades old, informed consent
was not possible to retrieve from all patients. Nevertheless, all data was analyzed and presented
anonymously, and a note was published in the local paper, informing previous BC patients to
contact the research group if they did not want their tumor tissue to be used in scientific stud-
ies. This procedure was accepted by the Regional Ethical Review Board of Lund University
(LU240-01).

Results
GPR30 expression in relation to patient and tumor characteristics

GPR30 expression was assessed in 688 women with metachronous CBC, where BC2 was diag-

nosed between 6 months and 34.1 years after BC1 diagnosis (Fig 3, median = 6.6 years). Recep-
tor expression was monitored by immunohistochemistry in two variables; receptor staining at

the PM (GPR30py+; Fig 2A and 2B) and total receptor staining intensity (GPR30ror; Fig 2C-

2G). Increasing GPR30or was associated with a higher fraction of GPR30pp+ tumors in both
BC1 and BC2 (Table 1). As previously observed in three other cohorts [17], GPR301or
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Fig 3. Timeline of CBC in the study cohort. Timeline showing the distribution of the interval between BC1 and BC2 in the study cohort.

https://doi.org/10.1371/journal.pone.0231786.g003

associated with ER and PR expression in a biphasic manner in both BC1 and BC2, where
tumors with no or very weak GPR301or and tumors with strong GPR301o1 were more
likely to be ER-negative and PR-negative, whereas tumors with weak or moderate
GPR301or were more likely to be ER-positive and PR-positive (Table 1). Interestingly,
GPR30p)+ staining associated strongly with ER-negative and PR-negative status in both
BC1 and BC2. GPR30py+ status also strongly associated with high Ki67 staining in both
BC1 and BC2 in this cohort. Lastly, both GPR301or and GPR30py correlated with tumor
subtype, with strong GPR301or and GPR30py+ status being significantly more prevalent
among triple-negative cancers in both BC1 and BC2 (Table 1).

To assess GPR30 expression through tumor progression, GPR30ror staining was compared
between BC1 and BC2, and with their corresponding LGL (Fig 4). A majority of the LGLs had
a weaker GPR30rot compared to the primary BC in both the BC1/LGL1 pair (Fig 4;
p<0.0001) and the BC2/LGL2 pairs (p<0.0001).

GPR30 expression and risk of BCD in CBC patients

Previous studies by our group showed that characteristics of BC2 have the highest influence
on prognosis after development of CBC, although the characteristics of BC1 continue to have
some prognostic impact [33]. GPR30py+ staining in both BC2 and LGL2 was associated with
increased risk of BCD (Table 2; Fig 5A and 5B; HRpc, = 1.7; 95% CI = 1.1-2.7; p = 0.03, and
HRy g2 = 2.0; 95% CI = 1.1-3.4; p = 0.02). A trend was also observed that higher GPR30o1
associated with increased BCD in BC2 and LGL2 (Fig 6A-6C; HRpc, = 1.3; 95% CI = 0.99-1.8;
p =0.06,and HR; g1, = 1.5; 95% CI = 0.82-2.7; p = 0.2, respectively). Similar trends were seen
when looking at GPR30 expression in BC1.

The trend that GPR30 is a negative prognostic marker for BCD remained in multivariate
analysis (Table 2), although effect sizes generally decreased. When estimating the prognostic
impact of GPR30 in multivariate analyses adjusted for each variable individually, the prognos-
tic effect of GPR30 was found to mainly be affected when adjusting for ER-status (S1 Table).
Interestingly, stratified survival analyses based on ER-status showed that both strong
GPR301or and GPR30py+ staining in BC2 were graphically associated with increased BCD
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Table 1. Association between total GPR30 intensity score (GPR301ot), plasma membrane GPR30 (GPR30py,) status, and various clinicopathological variables.

BCl n =559 GPR3007 intensity of BC1; n (%) GPR30py+ BC1; n (%)
0 1 2 3 4 p No PM GPR30505 | PM+ GPR30 54 p Missing GPR30
46(8) 141 | 263 | 103 | 6(1) (90) (10) data
(25) (47) (18)
BC1 diag
<1977 (n =122) 11 24 (28) | 36 (42) | 14(17) | 0(0) |0.703 74 (87) 11 (13) 0.52 37
(13)
1977-1986 (n = 210) 14 (8) | 45(27) | 79 (47) | 26 (16) | 3 (2) 149 (89) 18 (11) 43
1987-1996 (n = 265) 15(7) | 55(25) | 108 43(19) |2 0.020* 204 (92) 19 (8) 42
(48) (<1
1997-2007 (n = 91) 6(7) | 17(20) | 40 (48) | 20 (24) | 1 (1) 78 (93) 6(7) 7
Age at BC1 diag
<50 years (n = 189) 18 43 (30) | 63 (43) |19 (13) |3(2) |0.027 127 (87) 19 (13) 0.15 43
(12)
>50 years (n = 499) 28 (7) | 98 (24) | 200 84(20) |3 0.011* 378 (92) 35(8) 86
(48) (<1)
Interval between tumors
<5 years (n = 293) 21(8) | 61 (24) | 115 51(20) |4(2) |0.67 222 (88) 30 (12) 0.14 41
(46)
>5 years (n = 395) 25(8) | 80 (26) | 148 52(17) | 2 0.37 283 (92) 24 (8) 88
(48) (<1)
Histological type BC1
Ductal (n = 391) 20(6) |83(25) 167 |58(17) |4(1) |0.26 298 (90) 35 (10) 001 |58
(50)
Lobular (n = 95) 11 20(25) | 31(38) |19 (24) | 0(0) |0.22* 79 (98) 2(2) 14
(14)
Other (n = 125) 9(9) |25(26) | 46 (48) | 16 (17) | 0 (0) 93 (97) 3(3) 29
Missing (n = 77) 5 13 19 10 2 35 14 28
Tumor subclass
Luminal A like (n = 401) 25(7) | 95(25) | 193 63(17) | 0(0) | <0.0001 | 354 (94) 22 (6) <0.0001 | 25
(51)
Luminal B like (n = 69) 2(3) |15(22) |36(52) | 16(23) | 0(0) | 0.93° 63 (91) 6(9) 0
HER2+ luminal (n = 17) 1(6) |2(12) | 10(59) 4(24) |0(0) 13 (77) 4(24) 0
HER2+ non-luminal (n = 13) 1(8) |3(23) |8(62) '1(8) |0(0) 11(85) 2(15) 0
Triple-negative (n = 63) 12 19(31) | 11 (18) | 13 (21) | 6 (10) 43 (71) 18 (29) 2
(20)
Missing (n = 125) 5 7 5 6 0 21 2 102
Node status
NO (n = 416) 23(7) | 88(26) | 157 69 (20)  4(1) |0.28 305 (89) 36 (11) 0.35 75
(46)
N+ (n =213) 17(9) |47 (26) | 94 (51) | 25 (14) | 1 0.11° 170 (92) 14 (8) 29
(<D
Missing (n = 59) 6 6 12 9 1 30 4 25
Size
<20 mm (n = 404) 19(6) | 79 (24) | 160 68 (21) | 5(1) | 0.047 298 (90) 33 (10) 0.76 73
(48)
>20 mm (n = 215) 23 54(28) | 86 (44) | 30 (16) | 1 0.0033* | 177 (91) 17 (9) 21
(12) (<1)
Missing (n = 69) 4 8 17 5 0 29 5 35
ER status
<10% stained (n = 99) 17 29 (31) |23 (25) | 19(20) | 6(6) | <0.0001 |73 (78) 21(22) <0.0001 | 5
(18)
(Continued)
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Table 1. (Continued)

>10% stained (n = 494) 28(6) | 112 240 83(18) |0(0) |o0.11° 431 (93) 32(7) 31
(249) | (52)
Missing (n = 95) 1 0 0 1 0 1 1 93
PR status
<10% stained (n = 165) 22 41 (26) | 56 (36) | 32(20) | 6 (4) | <0.0001 |131(83) 26 (17) 0.00070 |8
(14)
>10% stained (n = 428) 23(6) | 100 207 70 (18) |0 (0) |0.38° 373 (93) 27 (7) 28
(25 | (52)
Missing (n = 95) 1 0 0 1 0 1 1 93
HER?2 staining
Negative (n = 544) 42(8) | 133 241 93(18) | 6(1) | 0.86 469 (91) 46 (9) 0.13 29
(26) | (47)
Positive (n = 40) 3(7) | 8(20) |21(53) |8(20) |0(0) |0.63* 33 (83) 7(17) 0
Missing (n = 104) 1 0 1 2 0 3 1 100
Ki67 staining
<20% stained (n = 356) 30(9) | 85(26) | 160 57(17) |1 0.19 315 (95) 18 (5) <0.0001 | 23
(48) (<1)
>20% stained (n = 227) 15(7) | 56 (25) | 102 44(20) |5(2) |0.013* | 187(84) 35 (16) 5
(46)
Missing (n = 105) 1 0 1 2 0 3 1 101
PM GPR30 status
Negative (n = 505) 46 (9) | 137 235 87(17) | 0(0) | <0.0001 | - - - 0
27) |47
Positive (n = 54) 0(0) |4(7) | 28(52)|16(30)  6(11) | <0.0001° - - 0
BC2n =595 GPR300r intensity of BC2; n (%) GPR30py+ BC2; n (%)
0 1 2 3 4 P No PM GPR30557 | PM+ GPR30 38 P Missing
31)| 151 | 285 | 117 | 11() ©9) © GPR30data
(25) (48) (20)
CBC diagnosis
1977-1986 (n = 136) 6(6) |27(25) | 45(42) | 28 (26) | 1 0.072 96 (90) 11 (10) 0.18 29
(<1)
1987-1996 (n = 243) 11(5) | 66(32) | 89 (44) |33 (16) | 5(3) | 0.48° 192 (94) 12 (6) 010" |39
1997-2007 (n = 309) 14 (5) | 58 (20) | 151 56 (20) | 5(2) 269 (95) 15 (5) 25
(53)
Age at CBC diagnosis
<50 years (n = 67) 1(2) |18(31) |26(45) [12(21) | 1(2) |0.65 53 (91) 5(9) 0.65 9
>50 years (n = 621) 30(6) | 133 259 105 10 (2) | 0.84° 504 (94) 33 (6) 84
(25) (48) (20)
Interval between tumors
<5 years (n = 293) 11(5) | 64(26) | 118 50 (20) |4(2) |0.95 230 (93) 17 (7) 0.81 46
(48)
>5 years (n = 395) 20(6) [87(25) 167 | 67(19) | 7(2) 079" | 327(94) 21 (6) 47
(48)
Histology BC2
Ductal (n = 450) 24 (6) | 108 189 82(20) |5(1) |0.022 377 (92) 31(8) 0.031 42
(27) | (46)
Lobular (n = 130) 2(2) [32(29) |59(53) | 17(15) |2(2) |0.032* 111 (99) 1(1) 130
Other (n=77) 2(4) |8(15) 28(52) | 12(22) 4(7) 51(94) 3(6) 77
Missing (n = 31) 3 3 9 6 0 18 3 10
Tumor subclass
Luminal A like (n = 403) 16 (4) | 88(23) | 193 75(20) | 4(1) | <0.0001 | 367 (98) 9(2) <0.0001 | 27
(51)
(Continued)
PLOS ONE | https://doi.org/10.1371/journal.pone.0231786  April 17,2020 9/21



PLOS ONE G protein-coupled estrogen receptor in metachronous contralateral breast cancer

Table 1. (Continued)

Luminal B like (n = 88) 4(5) |25(28) |48(55) | 11(13) |0(0) |0.76 83 (94) 5(6) 0
HER2+ luminal (n = 19) 0(0) |5(26) | 10(53) |4(21) | 0(0) 17 (90) 2(10) 0
HER2+ non-luminal (n = 10) 0(0) |3(30) |3(30) |4(40) |0(0) 9 (90) 1(10) 0
Triple-negative (n = 74) 7(10) | 19(27) | 19 (27) | 18 (26) | 7 (10) 50 (71) 20 (29) 4
Missing (n = 94) 4 11 12 5 0 31 1 94
Node status
NO (n =371) 15(5) |80 (26) | 155 | 58(19) |5(2) | 039 290 (93) 23(7) 054 |58
(50)
N+ (n = 196) 13(7) | 54(30) | 74 (41) |38 (21) |3(2) | 0.43° 172 (95) 10 (5) 14
Missing (n = 121) 3 17 56 21 3 95 5 121
Size
<20 mm (n = 481) 19(5) |96(23) |19 |91(22) |7(2) |0.13 387 (94) 25(6) 061 69
(48)
>20 mm (n = 181) 11(7) | 53(31) | 76 (45) | 26 (15) | 4(2) |0.027* 157 (92) 13 (8) 11
Missing (n = 13) 1 2 10 0 0 13 0 13
ER status
<10% stained (n = 105) 8(8) |30(30)  28(28) |26(26) |7(7) |<0.0001 | 77(78) 22 (22) <0.0001 | 6
>10% stained (n = 524) 21(4) | 120 256 91(19) | 4 0.47° 476 (97) 16 (3) 32
(24) (52) (<1)
Missing (n = 59) 2 1 1 0 0 4 0 55
PR status
<10% stained (n = 212) 13 (7) | 49 (25) | 90 (45) | 39 (20) | 9(5) | 0.0097 175 (88) 25 (12) <0.0001 | 12
>10% stained (n = 412) 16 (4) | 99 (26) | 192 78 (20) | 2 0.62° 375(97) 12(3) 25
(50) (<1)
Missing (n = 8) 2 3 3 0 0 7 1 56
HER?2 status
Negative (n = 552) 29(5) | 139 268 105 11(2) | 0.24 517 (94) 35 (6) 0.93 32
(25 |49 (19
Positive (n = 37) 0(0) |11(30) | 15(40) | 11(30) |0(0) |0.37* 34 (92) 3(8) 0
Missing (n = 67) 2 1 2 1 0 6 0 67
Ki67 staining
<20% stained (n = 349) 18 (6) | 73(23) | 153 69(22) |6(2) |0.40 311 (98) 8(3) <0.0001 | 30
(48)
>20% stained (n = 266) 10 (4) | 76 (29) | 126 47 (18) | 5(2) |0.39* 234 (89) 30 (11) 2
(48)
Missing (n = 73) 3 2 6 1 0 12 0 61
Radiotherapy BC1
No (n = 257) 9(4) |52(23) | 119 43(19) | 5(2) | 041 218 (96) 10 (4) 0.15 29
(52)
Yes (n = 425) 22(6) |97 (27) | 163 74(20) | 6(2) |0.28° 334(92) 28(8) 63
(45)
Missing (n = 5) 0 2 3 0 0 5 0 1
Chemotherapy for BC1
No (n = 615) 27 (5) | 135 253 105 10(2) | 0.98 496 (94) 34.(6) 1.0 85
(25) (48) (20)
Yes (n = 66) 4(7) |14(24) [29(49) |11 (18) | 1(2) |0.79° 55 (93) 4(7) 7
Missing (n = 7) 0 2 3 1 1] 6 0 1
Tamoxifen for BC1
All patients
No tamoxifen (n = 467) 25(5) | 115 226 192(20) |[9(2) | 0.96 435 (93) 32(7) 0.57 73
(25) (48)

(Continued)
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Table 1. (Continued)

Tamoxifen (n = 122) 6(5) |34(28) | 56 (46) (20) [2(2) |0.73" 116 (95) 6 (5) 19
Missing (n =7) 0 2 3 1 0 6 0 1
Tamoxifen treated for BC1
BC2 diagnosis during treatment | 1(2) | 18 (35) | 19 (37) (23) [2(4) |0.089 46 (89) 6(11) 0.013 11
(n=60)
BC2 diagnosis after treatment 5(7) | 16(23) |37 (53) (17) | 0 (0) 70 (100) 0(0) 8
(n=81)
Not tamoxifen treated for BC1
BC2<5 years after BCI (n =222) |10 (5) | 45 (24) |92 (49) |39 (21) |2(1) |0.83 177 (94) 11 (6) 0.61 34
BC2>5 years after BCI (n = 318) |15 (5) | 70 (25) | 134 53(19) | 7(3) | 0.99° 258 (93) 21(7) 39
(48)
PM GPR30 status
Negative (n = 557) 31(6) | 149 270 103 4 <0.0001
(27) (48) (19) (<1)
Positive (n = 38) 0(0) |2(5) |15(40) | 14(37) | 7(18) | <0.0001*

Abbreviations: BC: breast cancer; BCI: the first primary BC; BC2: the second primary BC; CBC: contralateral breast cancer; GPR30: G protein-coupled receptor 30; PM:

plasma membrane; HER2: human epidermal growth factor receptor-2; N+/N0: presence or absence of lymph node metastases; ER: estrogen receptor o; PR:

progesterone receptor.

Values for p are calculated using Pearson’s x*-test without continuity correction if otherwise is not stated.

2 Calculated using Mantel-Haenszel y*-test test (y*-test for trend).

https://doi.org/10.1371/journal.pone.0231786.t001

among patients with ER-positive tumors, but not ER-negative tumors (S2 Fig and S2 Table).
However, statistical test for interaction did not show a significant difference in the prognostic
value of GPR30 between ER-positive and ER-negative tumors (GPR301o7 Pinteraction = 0.75
GPR30ppr+ Pinteraction = 0.1). To address the combined prognostic information of GPR30 status
in both BC1 and BC2, we created combination variables with information from paired BC1 and
BC2 for GPR301or and GPR30py, respectively. This analysis showed that, although BC2 carried
the higher prognostic value, BC1 also added prognostic information (S3 Fig and S3 Table).

GPR30 expression and tamoxifen treatment

To address the GPR30 expression in individual CBC cases, we matched the GPR30 variables of
BC1 and BC2 within each patient individually. We observed that GPR301or was equally likely to
have increased, decreased, or remained the same in BC2 compared to BC1 (Fig 4). Interestingly,
the pattern was similar regardless if tamoxifen treatment had been given for BC1 or not (Fig 4).
In the whole cohort, there was no association having received tamoxifen treatment for BC1, and
score of GPR30tor or GPR30py+ in BC2. However, in a subset of patients diagnosed with BC2
during adjuvant tamoxifen treatment for BC1, BC2 were more likely to be GPR30py+ than in
BC2 diagnosed after completed tamoxifen treatment (11% vs 0%, p = 0.01; Table 1).

When stratified for tamoxifen treatment of ER-positive BC2, GPR30py,+ exhibited higher
prognostic potential in patients that did not receive tamoxifen for BC2 as compared to patients
that did receive tamoxifen. The prognostic potential remained significant in both univariate
analysis and multivariate analysis adjusting for attributes of BC1 and BC2 (S2 Table; univariate
HR =2.8,95% CI = 1.3-6.0, p = 0.01; multivariate HR = 3.8, 95% CI = 1,4-11, p = 0.01). Addi-
tionally, when studying the effect of tamoxifen on ER-positive BC2, there was a trend that
patients with strong GPR301or or GPR30py+ staining had a greater benefit from tamoxifen
treatment than those with lower GPR30ror or without GPR30py staining (S4 Fig). However,
interaction between GPR30 and tamoxifen could not be confirmed statistically (S2 Table;
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BC2 compared to BC1 n p
All patients 478 0.3
No tamoxifen BC1 374 0.8
Tamoxifen for BC1 103 0.3
BC2 diagnosed during _
tamoxifen treatment 29% 49 0.2
LGL compared to corresponding BC
BC1 to LGL1 117 <0.0001
BC2 to LGL2 40% 151 <0.0001
I T T T T 1
0 20 40 60 80 100

% of tumor pairs

- Decrease EI Static

- Increase

Fig 4. GPR30 staining in paired tumors. The change in GPR30 intensity (level 0-4) between paired BC and LGL. In relation to the tumor assumed to
have developed earlier, the intensity shift in the second tumor is characterized as decreasing, stable or increasing for each tumor pair respectively. The
intensity shift was assessed statistically using Wilcoxon matched pairs signed rank test.

https://doi.org/10.1371/journal.pone.0231786.g004

GPR30707T Pinteraction = 043 GPR30ppt+ Pinteraction = 0.3). Finally, the prognostic effect of
GPR30 in BC2 did not seem to be affected by whether tamoxifen had been given for BC1 or
not (GPR30r1or Pinteraction = 0.2; GPR30pp+ Pinteraction = 0.4).

Discussion

GPR30 is a G protein-coupled receptor reported to mediate non-genomic estrogenic signaling
and contribute to BC progression and tamoxifen resistance. However, the literature is

Table 2. Prognostic effect of total GPR30 staining (GPR301ot) and PM-specific GPR30 (GPR30p,y) staining of BC2 and LGL2 calculated by Cox proportional haz-
ards model with Wald test.

Unadjusted Adjusted for BC1* Adjusted for BC1 and BC2"
Tumor | HR n ‘ Events ‘ 95% CI ‘ p HR ‘ n ‘ Events ‘ 95% CI P HR ‘ n Events 95% CI ‘ P
GPR30ror | BC2 1.3 |59 ‘ 237 ‘ 0.99-1.8 ‘ 0.06 1.2 428 ‘ 171 ‘ 0.85-1.8 0.3 14 ‘ 349 145 0.93-2.1 ‘ 0.11
LGL2 15 (151 |83 08227 |02 | 16 (119 |70 l074-33 | 02 | 22 |10 |7 10-47 | 005
GPR30py+ | BC2 17 595 |237 1127 | 003 | 15 |428 171 |os7-27 | 01 | 16 349 | 145 0.89-3.0 | 0.1
LGL2 20 [151 |83 1134 002 | 14 119 |70 l067-28 | 04 | 30 |10 |67 143-61 | 0004
“ Adjusted for the following variables in BC1: GPR30 intensity, tumor size, node status, ER status, HER2 status and ki67 staining.
® Adjusted for factors in * and for the following factors in BC2: size, node status, ER status, HER?2 status and Ki67 staining, plus age and calendar interval at BC2
diagnosis and interval between BC1 and BC2.
https://doi.org/10.1371/journal.pone.0231786.t002
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Fig 5. Cumulative incidence of BCD in relation to PM-specific GPR30 staining (GPR30pyy). A, cumulative incidence of BCD in relation to
GPR30py; staining of BC2. B, cumulative incidence of BCD in relation to GPR30py; staining of LGL2. In A and B, cumulative incidences of competing
event (death from other cause than BC) are shown for comparison.

https://doi.org/10.1371/journal.pone.0231786.g005

inconsistent regarding the pathophysiological profile of GPR30 in BC, and the receptor func-
tion is still poorly understood. In this study, we sought to clarify the role of GPR30 during BC
development and progression with or without tamoxifen exposure. To this end, we used a
unique retrospective cohort of CBC, serving as a model of tamoxifen resistance. We show in
this material that GPR30 staining is a strong prognostic factor for increased risk of BCD, par-
ticularly when expressed in the PM. We also show that the total GPR30 staining generally
decreases during tumor progression. Interestingly, we find that total GPR30 staining was unre-
lated to tamoxifen treatment during tumor development, and we found no clear relationship
between the prognostic value of GPR30 and tamoxifen treatment.

Studies have indicated that GPR30 is influenced by the ER modulator tamoxifen, and this
has been suggested to contribute to tamoxifen resistance [21-24]. Upregulation of GPR30
expression was observed following tamoxifen treatment in a small BC cohort [21], and GPR30
expression was associated with worse prognosis for BC patients treated with tamoxifen as-
compared to tamoxifen-naive patients [24]. In the present study, we assessed the expression of
GPR30 in 688 women with metachronous CBC. In 60 of these patients, BC2 tumors developed
during ongoing tamoxifen treatment for the first BC, strongly arguing for acquired tamoxifen
resistance in these tumors. We hypothesized that if GPR30 contributes to tamoxifen resistance,
tumors developed under exposure of tamoxifen would exhibit higher GPR30 expression as a
result of selection pressure. In the whole cohort, no difference in total GPR30 staining was
observed between the tamoxifen-naive BC2 and the presumably tamoxifen-resistant BC2. As
recent studies suggest that GPR30 may have unique functions when expressed specifically in
the PM [12, 20, 34, 35], we also assessed if PM-localization of GPR30 may be involved in resis-
tance mechanisms. In a subgroup analysis, we found that BC2 diagnosed during tamoxifen
treatment for BC1 was more likely to express PM-specific GPR30 than BC2 diagnosed after
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Fig 6. Cumulative incidence of BCD in relation to total GPR30 staining (GPR30ror). A, cumulative incidence of BCD in relation to GPR301or
of BC2 in the whole cohort. B, cumulative incidence of BCD in relation to the five GPR30 staining intensity levels of BC2. C, cumulative incidence
of BCD in relation to GPR301or of LGL2. In A-C, cumulative incidences of competing event (death from other cause than BC) are shown for

comparison.

https://doi.org/10.1371/journal.pone.0231786.g006

PLOS ONE | https://doi.org/10.1371/journal.pone.0231786  April 17, 2020

14/21



PLOS ONE

G protein-coupled estrogen receptor in metachronous contralateral breast cancer

completed treatment. This trend was seen both in ER-positive and ER-negative cases, and
could hence not only be explained by a selection of ER-negative BC2 during tamoxifen expo-
sure (ER-negativity associated to GPR30pp+) [17].

To address if GPR30 expression decreases the benefit of tamoxifen, we performed a survival
analysis of patients treated with tamoxifen after the diagnosis of an ER-positive BC2, stratified
by GPR30 expression. In this material, GPR30 did not associate with worse prognosis. Instead,
a trend was noted that among patients not treated with tamoxifen for their ER-positive BC2,
PM-localized GPR30 has a higher hazard. Additionally, there was a trend that patients with
PM-localized GPR30 staining in an ER-positive BC2 have a greater benefit from tamoxifen
treatment. In summary, our data provides no clear evidence that tamoxifen exposure affects
the prognostic value of GPR30 in BC2, or that the benefit of tamoxifen depends on GPR30
expression. However, results are not unanimous and the relationship between PM-localized
GPR30 and tamoxifen needs to be further addressed in future studies.

We also explored GPR30 through disease progression. The relationship between GPR30
staining in paired BC1 and BC2 appeared to be stochastic, in line with CBC being most
often considered an independent primary tumor [36]. On the other hand, LGL-metastases
are seeded from, and hence clonally related to, the primary BC. GPR30 staining in the LGL
was significantly lower than that observed in the corresponding BC, a pattern observed pre-
viously and suggested to reflect a successive downregulation of the receptor during cancer
progression [17, 37]. However, a study on samples of normal breast tissue, invasive BC and
LGL reported the mean GPR30 expression in normal breast and BC to be equal, but that the
expression decreased in the LGL [37]. Unexpectedly given this background, we also show
that PM-specific staining in the LGL associates with aggressive tumor characteristics and
significantly higher risk of BCD, which would suggest that high GPR30 expression in the
LGL is beneficial for tumor cells. Whether lower GPR30 expression is beneficial for tumor
cell dissemination to the lymph nodes, or a result of environmental factors in the lymph
nodes, is an interesting question for future studies.

A limited amount of data exists regarding the expression of GPR30 in healthy breast tissue.
However, one study assessed GPR30 in breast tissue from 12 healthy donors in which all were
defined as GPR30 positive, with strong cytoplasmic GPR30 expression in ductal and lobular
epithelium, myoepithelium, and stromal fibroblasts, but no expression in smooth muscle or
vascular endothelium [16]. In addition, The Human Protein Atlas database reports the level of
GPR30 mRNA in normal breast tissue to be at medium level, and protein expression of GPR30
at strong levels in breast myoepithelial cells, but not detected in adipocytes or glandular cells
(Data available from v19.3; www.proteinatlas.org [38]). Based on this, it seems unlikely that
the mere overexpression of GPR30 could explain the pathological turn the receptor seems to
undergo during BC progression. This raises the question if a transforming event changes the
localization and function of GPR30, in turn yielding tumor-promoting activity in a minority
of BCs. Several GPCR mutations that affect their function have been identified in cancer [39].
However, very little is still known about cancer-related mutations in GPR30. Nevertheless, it
has been reported that promoter methylation suppresses GPR30 expression in both BC cell
lines and primary BC tissue, and that methylation pattern of GPERI differ between BC tissue
and healthy controls [40, 41]. Among 996 BC samples available in The Cancer Genome Atlas/
PanCancer Atlas, genetic alterations in the GPERI gene are present in less than 2% [42-45].
Hence, it is unlikely that GPERI mutation causes PM-GPR30 expression, which according to
data from this study and earlier is present in around 7-23% of BCs [17]. However, altered
methylation may partly explain any BC-specific alterations in GPR30 expression level.

As seen here and previously [17], strong total and PM-specific GPR30 staining associate
with ER-negative status. As ER-negativity is a strong marker of poor prognosis, we sought to

PLOS ONE | https://doi.org/10.1371/journal.pone.0231786  April 17,2020 15/21



PLOS ONE

G protein-coupled estrogen receptor in metachronous contralateral breast cancer

evaluate if GPR30 adds any prognostic information beyond ER-status. The collinearity
between GPR30 and ER is reflected in Cox regression adjusted for only ER (S1 Table), where
the effects of both total and PM-specific GPR30 staining are reduced. However, when evaluat-
ing the association between GPR30 staining on BC outcome with the cohort stratified for ER
status (S3 Fig), we found a trend that both strong total GPR30 and PM-specific GPR30 staining
associate with worse prognosis in ER-positive CBC (S2 Fig), suggesting that GPR30 adds prog-
nostic information beyond ER, at least in ER-positive tumors. Even though no prognostic
effect of total or PM-specific GPR30 was seen in ER-negative CBC, tests of statistical interac-
tion showed no significant difference in the prognostic effect of GPR30 in the ER-positive and
ER-negative groups. Thus, our data suggest that although GPR30 and ER are strongly associ-
ated, GPR30 status adds prognostic information beyond ER.

Although associated with the same ligand, ER and GPR30 manifest considerable differences
in terms of cellular function. ER is a nuclear receptor; a ligand-activated transcription factor
that upon binding estrogen dimerizes and translocates to the nucleus, where it alters expres-
sion of target genes [46]. On the other hand, GPR30 is a G protein-coupled receptor (GPCR),
and as such an integral membrane protein. In contrast to ER, an active GPCR orchestrates
rapid downstream signaling by modifying the activity of several effectors and second messen-
gers [47]. The versatile nature of a GPCR allows it to communicate with a broad signaling net-
work, the profile of which is dependent on the expression profile of the cell. Studies have
coupled GPR30 to several signaling events through both G protein-dependent and -indepen-
dent mechanisms and both in response to estrogen and constitutively. Estrogen was reported
to receptor-dependently stimulate increases in intracellular Ca®* [13, 19], cAMP production
[12], and ERK1/2 activity [12, 48-50], the latter through EGFR transactivation [12, 48], and
cFos expression [49]. Furthermore, constitutively the receptor was reported to inhibit cAMP
production [34] and the Ca**-pump plasma membrane Ca®"-ATPase 4b [35], and stimulate
ERK1/2 activity, the latter through PI3K [20]. Interestingly, many of these effects, including
modulation of cAMP production and stimulation of ERK1/2 activity via PI3K and EGFR
transactivation, have been found to depend on PM localization of the receptor. In this study,
we confirm our previous results that the prognostic potential of GPR30 is more pronounced
when the receptor is expressed in the PM [17]. The subcellular distribution of GPR30 is com-
plex, with in vitro studies showing that receptor activity occurs both in the PM [12, 20, 34, 35],
endoplasmic reticulum [13], and nucleus [51]. Today, GPR30 function is best described in the
PM, which is typical for a GPCR [47], whereas few if any functions have been described in the
endoplasmatic reticulum or nucleus.

Recent in vitro data have demonstrated that GPR30-mediated ERK1/2 signaling depends
on an amino acid sequence at the receptor intracellular C-terminal end, through which the
receptor interacts with scaffold and adaptor proteins localized at the PM [20], and this favors
receptor PM localization [20, 34, 35, 52]. Together, these results present a model where intra-
cellular scaffold and adaptor proteins contribute to cell proliferation by retaining GPR30 in
the PM, thus spatially positioning the receptor to communicate with the ERK1/2 and EGFR
pathways. As both ERK1/2 and EGFR activities are hallmarks of cell proliferation, an intrigu-
ing theory is that these interactions contribute to the association of PM-localized GPR30 with
high Ki67 and poor BC outcome observed in this CBC material. Therefore, it is well motivated
to further study the contribution of scaffold protein interactions to the function of GPR30 in
BC pathology, and the potential of PM-localized GPR30 in targeted treatment strategies should
be investigated.

In conclusion, this study evaluated the estrogen-responsive receptor GPR30 in a unique
and large cohort of CBC with long-term follow-up, serving as a model for tamoxifen exposure
and resistance. We conclude that GPR30 has prognostic value in CBC. On the other hand, we
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find no clear evidence that GPR30 is involved in tamoxifen resistance. GPR30 staining corre-
lates with BC subtype, with the highest total and PM-specific GPR30 observed in triple-nega-
tive BC. Additionally, GPR30 is most active in CBC when located in the PM. Thus, PM-
localized GPR30 is an interesting candidate for future therapeutic exploitation.

Supporting information

S1 Raw images.
(PDF)

S1 Fig. GPR30 antibody specificity. A, MCF7 cell lysates were immunoblotted with goat
GPR30 antibody as previously described [20, 29, 34]. B, HeLa TET-On/Off cells were incu-
bated without (-TET) or with 100 ng/ml tetracycline (+TET) for 12 h and then lysed and
immunoblotted with GPR30 antibody. C, MCF?7 cells were stained live with GPR30 antibody
for 30 min and then fixed and stained with Alexa488-labeled anti-goat antibodies (Life Tech-
nologies) as previously described [20, 29, 34]. D, MCF?7 cells were transiently transfected
with a plasmid containing the cDNA of human GPR30 tagged in the N-terminus with the
FLAG tag (FLAG-hGPR30), stained live with mouse M1 FLAG antibodies (Sigma-Aldrich)
for 30 min, and then fixed and stained with Alexa488-labeled mouse IgG2b antibodies (Life
Technologies) as previously described [29, 34]. In C and D, 4,6-Diamidino-2-phenylindole
(DAPT) was used for nuclear staining, and fluorescence images were collected using a Nikon
Eclipse confocal microscope. The results are representative of experiments performed at
least three times. Bar, 10 um.

(EPS)

$2 Fig. Cumulative incidence of BCD in CBC patients in relation to GPR30 staining of
BC2, stratified by ER status of BC2. Cumulative incidence of competing event (death from
other cause than BC) is shown for comparison. HR values were estimated using a cause-spe-
cific Cox proportional hazards model, and values of p were calculated using Wald test. A-B,
cumulative incidence of BCD in relation to GPR30ro in CBC patients with ER-positive
BC2 (A) or ER-negative BC2 (B). C-D, cumulative incidence of BCD in relation to GPR30py
in CBC patients with ER-positive BC2 (C) or ER-negative BC2 (D).

(PDF)

S3 Fig. Cumulative incidence of BCD in relation to GPR30 staining of the tumor pair
(BC1/BC2). Presented HR values were estimated using Cox proportional hazards model and
p values were calculated using Wald test, where the groups with weak/weak GPR30or and
PM-/PM- GPR30p), status were used as reference groups. A, cumulative incidence of BCD
in relation to GPR30roy in the tumor pair. B, cumulative incidence of BCD in relation to
GPR30p), in the tumor pair.

(PDF)

$4 Fig. Cumulative incidence of BCD in CBC patients with ER+ BC2 in relation to tamoxi-
fen treatment of BC2, stratified by GPR30 expression of BC2. Cumulative incidence of
competing event (death from other cause than BC) is shown for comparison. HR values were
estimated using a cause-specific Cox proportional hazards model, and values of p were calcu-
lated using Wald test. A-D, cumulative incidence of BCD in relation to tamoxifen treatment of
BC2 in CBC patients with weak GPR30 staining (A) or strong GPR30 staining (B), and in
patients without PM-specific GPR30 staining (C) and in patients with PM-specific staining
(GPR30pp+) (D).

(PDF)
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S1 Table. Forest plots presenting estimates of the prognostic impact of GPR30 in multivar-
iate analyses adjusted for only one variable per row. A, multivariate analyses of strong total
GPR30 (GPR307o7) adjusted for each variable separately. B, multivariate analyses of plasma
membrane-specific GPR30 (GPR30py+) adjusted for each variable separately.

(PDF)

S2 Table. Relationship between total GPR30 staining (GPR301o1) and PM-specific GPR30
(GPR30py,) staining of BC2 and risk of death from BC after CBC diagnosis in patients
stratified by ER status and tamoxifen treatment, and interactions between GPR30 and ER
or tamoxifen. Prognostic effect was calculated by cox proportional hazards model with Wald
test. Interaction between GPR30 and the stratifying variable (ER or tamoxifen) was assessed
using an interaction test. Relationship between GPR30 and risk of death from BC were
assessed by Cox regressions.

(PDF)

S3 Table. Relationship between GPR30 staining of the tumor pair (BC1/BC2) and risk of
death from BC after CBC diagnosis. Prognostic effect was calculated by cox proportional
hazards model with Wald test. The groups with weak/weak GPR30ror and PM-/PM-
GPR30p), status were used as reference groups for survival analyses. Relationship between
GPR30 and risk of death from BC were assessed by Cox regressions.

(PDF)
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ABSTRACT

G protein—coupled receptor 30 (GPR30) is a membrane receptor
reported to bind 17 -estradiol (E2) and mediate rapid nongenomic
estrogen responses, hence also named G protein—coupled estro-
gen receptor. G-1 is a proposed GPR30-specific agonist that has
been used to implicate the receptor in several pathophysiological
events. However, controversy surrounds the role of GPR30 in
G-1 and E2 responses. We investigated GPR30 activity in the
absence and presence of G-1 and E2 in several eukaryotic sys-
tems ex vivo and in vitro in the absence and presence of the
receptor. Ex vivo activity was addressed using the caudal artery
from wild-type (WT) and GPR30 knockout (KO) mice, and in vitro
activity was addressed using a Hela cell line stably expressing a
synthetic multifunctional promoter (nuclear factor «B, signal trans-
ducer and activator of transcription, activator protein 1)-luciferase
construct (HFF11 cells) and a human GPR30-inducible T-REx sys-
tem (T-REx HFF11 cells), HFF11 and human embryonic kidney
293 cells transiently expressing WT GPR30 and GPR30 lacking
the C-terminal PDZ (postsynaptic density-95/discs-large /zonula
occludens-1 homology) motif SSAV, and yeast Saccharomyces
cerevisiae transformed to express GPR30. WT and KO arteries

exhibited similar contractile responses to 60 mM KCl and 0.3 uM
cirazoline, and G-1 relaxed both arteries with the same potency
and efficacy. Furthermore, expression of GPR30 did not intro-
duce any responses to 1 uM G-1 and 0.1 M E2 in vitro. On the
other hand, receptor expression caused considerable ligand-
independent activity in vitro, which was receptor PDZ motif-
dependent in mammalian cells. We conclude from these results
that GPR30 exhibits ligand-independent activity in vitro but no
G-1- or E2-stimulated activity in any of the systems used.

SIGNIFICANCE STATEMENT

Much controversy surrounds 17 -estradiol (E2) and G-1 as G
protein—coupled receptor 30 (GPR30) agonists. We used sev-
eral recombinant eukaryotic systems ex vivo and in vitro with
and without GPR30 expression to address the role of this
receptor in responses to these proposed agonists. Our results
show that GPR30 exhibits considerable ligand-independent
activity in vitro but no G-1- or E2-stimulated activity in any of
the systems used. Thus, classifying GPR30 as an estrogen
receptor and G-1 as a specific GPR30 agonist is unfounded.

Introduction

In 2005, two groups reported that 17f-estradiol (E2) binds to
and stimulates cAMP production and extracellular-regulated
protein kinase (ERK) 1/2 activity through G protein—coupled
receptor 30 (GPR30) in recombinant cells ectopically expressing
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the receptor (Thomas et al., 2005; Revankar et al., 2005),
which led the International Union of Pharmacology to
rename the receptor G protein—coupled estrogen receptor
(GPER) (Alexander et al., 2011). Subsequently, G-1 [(+)-1-
[(3aR*,4S* ,9bS*)-4-(6-bromo-1,3-benzodioxol-5-y1)-3a,4,5,
9b-tetrahydro-3H-cyclopentalclquinolin-8-yl]-ethenone], a sub-
stance structurally related to E2, was identified using similar
systems and classified as a specific GPR30 agonist (Bologa et
al., 2006). Since then, G-1 has been used extensively as a stan-
dard of GPR30 agonism to implicate the receptor in a number
of pathophysiological systems (Prossnitz and Barton, 2014;

ABBREVIATIONS: AP-1, activator protein 1; DMEM, Dulbecco’s modified Eagle’s medium; E2, 17p-estradiol; ERK, extracellular-regulated

protein kinase; G-1,

(+)-1-[(3aR*,4S*,9bS*)-4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-ethenone;

GPCR, G protein-coupled receptor; GPR30, G protein—-coupled receptor 30; GPR30ASSAV, GPR30 lacking the C-terminal PDZ motif SSAV;
HEK293, human embryonic kidney 293; KO, knockout; MAPKag, mitogen-activated protein kinase activity reporter; NF-«B, nuclear factor «B;
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sity-95; SAP97, synapse-associated protein 97; SC, synthetic complete; STAT, signal transducer and activator of transcription; TET, tetracy-

cline; WT, wild type.
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Prossnitz and Arterburn, 2015). However, inconsistent results
have emerged regarding G-1 and E2 as GPR30 agonists (Levin,
2009; Olde and Leeb-Lundberg, 2009; Langer et al., 2010;
Romano and Gorelick, 2018). Indeed, several independent
studies done to confirm the original observations in classic
recombinant G protein—coupled receptor (GPCR) systems
have failed to do so (Pedram et al., 2006; Otto et al., 2008;
Kang et al., 2010; Southern et al., 2013; Broselid et al., 2014;
Sousa et al., 2017; Gonzalez de Valdivia et al., 2017). Some
G-1 and E2 responses are apparently sensitive to knockdown
of native GPR30 expression (Prossnitz and Barton, 2014;
Prossnitz and Arterburn, 2015), suggesting that these
responses depend on receptor expression. However, whether
these responses are consequences of a direct interaction with
GPR30 or mediated by a distinct target(s) that depends on
receptor expression is far from clear. Crosstalk between
GPR30 and various ER« isoforms has been reported (Romano
and Gorelick, 2018).

Despite conflicting observations, current GPR30 research
continues to rely heavily on G-1 responses. The use of phar-
macological agents to study receptors requires utmost confi-
dence in receptor specificity. The study of ligand-independent
constitutive receptor activity is less common but avoids non-
specific pharmacological effects. All GPCR exhibit ligand-
independent activity owing to their nature of existing in an
equilibrium between inactive and activated states (Rose-
nbaum et al., 2009). Assay of such activity often requires well
defined recombinant systems where cells expressing the
receptor can be compared with those devoid of receptor in the
absence of any ligand stimulus. Although this activity is
often too low to be detected with many GPCRs, being primar-
ily in the inactive state in the absence of agonist, a number
of receptors exhibit considerable constitutive activity, which
can be pathophysiologically relevant (Seifert and Wenzel-Sei-
fert, 2002). Evidence for ligand-independent GPR30 activity
has been presented in both recombinant (Broselid et al.,
2014; Gonzalez de Valdivia et al., 2017) and native systems
(Ahola et al., 2002; Ariazi et al., 2010; Broselid et al., 2013;
Broselid et al., 2014; Weillenborn et al., 2014).

Considering that G-1 and E2 continue to be used as
GPR30 agonists, we felt compelled to further address the
involvement of human GPR30 in responses to these agents.
Here, we used a number of novel receptor assay systems to
monitor several cellular signals in the absence and presence
of G-1 and E2, with and without GPR30 expression in several
recombinant eukaryotic systems, both ex vivo in transgenic
mouse arteries and in vitro in several cell systems including
yeast. We report that GPR30 does not show any activity in
response G-1 or E2 in any of the investigated systems but
exhibits ligand-independent constitutive GPR30 activity in
all the in vitro systems used.

Materials and Methods

Mammalian Cell Culturing for Transient Transfection.
Human embryonic kidney 293 (HEK293) cells (American Type Cul-
ture Collection, Manassas, VA), HeLa cells (American Type Culture
Collection), and HFF11 cells were grown in phenol red—free Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% FBS
in 5% COy at 37°C. HFF11 cells were generated from HeLa cells as
previously described (Kotarsky et al., 2003).

cDNA Constructs and Transient Transfection. N-terminally
FLAG-tagged human ¢DNAs of wild-type (WT) GPR30 and GPR30
lacking the C-terminal PSD-95/discs-large/zonula occludens-1 homol-
ogy (PDZ) motif SSAV (GPR30ASSAV) in the pcDNA3.1 plasmid
were made as previously described (Broselid et al., 2014). The Racl-
Cluc sensor was constructed by replacing the ERK1/2 sensor region
of the split click beetle luciferase-based ERK1/2 sensor mitogen-acti-
vated protein kinase activity reporter (MAPK,g ) plasmid (Gonzalez-
Garcia et al., 2014) with the Racl sensor region of Racl (EV) from
RaichuEV-Racl (Komatsu et al., 2011). Briefly, the Racl sensor
region was amplified using the primers TGGCGAATTCGAGAAAGA-
GAAAGAGC and TTTAGACTCGAGGCGGACTGCTCGGATC, intro-
ducing EcoRI and Xhol sites in the process. The product was then
ligated into the EcoRI and Xhol sites of the MAPKsg plasmid. To
improve membrane attachment, a CAAX motif was subsequently
introduced at the C terminus of the split click beetle luciferase. The
MAPK g plasmid was a kind gift from Dr. Karl Swann (University
of Cardiff, UK), the RaichuEV-Racl(Raichu-2248X) Forster reso-
nance energy transfer plasmid was a kind gift from Dr. Michiyuki
Matsuda (Kyoto University, Japan), pGL3-nuclear factor of acti-
vated T cells (NFAT) luciferase was a gift from Jerry Crabtree (Addg-
ene plasmid # 17870; http:/n2t.net/addgene:17870; Research
Resource Identifier: Addgene_17870), and postsynaptic density-95
(PSD-95) FLAG was a gift from Wei-dong Yao (Addgene plasmid #
15463; http:/m2t.net/addgene:15463; Research Resource Identifier:
Addgene_15463). TransIT-LT1 (Mirus Bio LLC, Madison, WI) was
used to transfect plasmid DNA. Cells transiently transfected with
plasmid containing receptor constructs were always compared with
cells transfected with empty plasmid alone (mock).

Construction and Culturing of Stable T-REx HFF11 Cells.
HFF11 cells were transfected with the pcDNA6/TR plasmid (Invitro-
gen, Carlsbad, CA) using TransIT-LT1 to create an HFF11 cell line
expressing the tetracycline (TET) repressor, and stable clones were
selected based on blasticidin resistance. FLAG-tagged GPR30 was
ligated into the HindIII/Xbal sites of the pcDNA 4T/O plasmid (Invi-
trogen), the resulting plasmid transfected into HFF11 cells express-
ing the TET repressor to create T-REx HFF11 cells, and stable
clones selected based on blasticidin and zeocin resistance. The cells
were then grown in phenol red—free DMEM supplemented with 10%
normal or charcoal-treated FBS (growth medium) in 5% CO, at
37°C.

T-REx HFF11 Promoter-Reporter Assay. T-REx HFF11 and
HFF11 cells seeded in white-bottom 96-well plates (20,000 cells/well)
in growth medium were incubated without and with TET (Sigma-
Aldrich, St. Louis, MO) for 12 or 24 hours. Drug, vehicle (DMSO), or
medium was added during the last 12 hours of TET treatment. The
promoter-reporter construct was assayed as previously described
(Kotarsky et al., 2003). In short, cells were lysed with 20 wl/well
reporter lysis buffer (Promega, Madison, WI). After addition of 35 pl/
well Luciferin reagent (Biothema, Handen, Sweden) and ATP, pro-
moter-reporter activity was measured as luminescence in a Clarios-
tar luminometer.

ERK Activity. ERK1/2 activity was assayed by immunoblotting
as previously described (Gonzalez de Valdivia et al., 2017) using
phosphorylated ERK1/2 (pERK) antibody (Santa Cruz Biotechnology,
Santa Cruz, CA; 1:1000) for ERK1/2 phosphorylation and ERK1/2
(ERK) antibody (Santa Cruz Biotechnology; 1:1000) for total ERK1/2.
Briefly, cells were grown to confluency in 60-mm dishes in phenol
red—free DMEM with 10% FBS, washed, incubated without serum
for 1 hour, and then incubated without or with vehicle (DMSO) or
drug for different times. The cells were then washed, lysed, and sub-
jected to immunoblotting, and immunoreactive bands were visual-
ized as described below. The combined band densities of ERK1 and
ERK2 were quantified using Imaged software, and ERK1/2 activity
was expressed as the ratio between the combined pERK band densi-
ties and the combined ERK band densities for each condition.

NFAT Activity. NFAT promoter activity was measured in cells
transfected with pGL3-NFAT luciferase plasmid. Transfected cells in



white-bottom 96-well plates (20,000 cells/well) were grown in phenol
red—free DMEM with 10% FBS overnight and then incubated with
vehicle (DMSO) or drug for 12 hours. Cells were then lysed with 20
pl/well reporter lysis buffer (Promega, Madison, WI). After addition
of 35 pl/well Luciferin reagent (Biothema, Handen, Sweden) and
ATP, NFAT promoter activity was measured as luminescence in a
Clariostar luminometer.

Racl Activity. Racl activity was measured in cells transfected
with Rac1Cluc sensor plasmid. Transfected cells were grown in six-well
plates for 12 hours and then transferred to white-bottom 96-well
plates (20,000 cells/well) and grown in phenol red—free DMEM
with 10% FBS for an additional 12 hours. The cells were then
incubated with 90 wl/well HEPES-buffered DMEM containing 3%
(w/v) Na-luciferin (Promega) for 2-3 hours in the dark at room
temperature. Luminescence was then measured with drug for var-
ious times in a Clariostar luminometer. The Rac1Cluc sensor was
activated by 1 pM bradykinin in HEK293 cells transfected with
the B2 bradykinin receptor (Supplemental Fig. 1), as previously
described (Wojciak-Stothard and Ridley, 2002).

Flow Cytometry. Cells were incubated with primary mouse M1
FLAG antibody (1:200) or mouse IgG (DAKO, Glostrup, Denmark)
for 20 minutes with or without 0.1% saponin/PBS (Sigma-Aldrich) at
room temperature, to detect intracellular and cell surface receptors,
respectively. Cells were then washed with PBS with Ca®'/Mg®" and
resuspended in PBS with phycoerythrin-labeled goat anti-mouse
antibody (DAKO; 1:2000) or Alexa488-labeled donkey anti-goat anti-
body (ThermoFisher Scientific; 1:1000) as secondary antibody, with
or without 0.1% saponin/PBS for 20 minutes at room temperature in
the dark. The cells were then washed with PBS, centrifuged at
2000g for 5 minutes and the pellet resuspended in PBS and directly
analyzed by flow cytometry. The specificity of the secondary antibody
was tested by omitting the primary antibody. The cells were ana-
lyzed using a BD FACSCanto Cytometer and FACSDiva Software
(Beckton Dickinson Immunocytometry Systems, San Jose, CA). For-
ward and side scatter measurements were attained with gain set-
tings in linear mode. In all experiments, binding was calculated after
subtracting background fluorescence of the control antibody.

Construction and Transformation of CY2797 and EY-1
Yeast Cells. The CY2797 yeast strain was a kind gift from Dr.
James Broach (CADUS Corp.) (Manfredi et al., 1996). The EY-1
strain was made from the CY2797 strain by replacing the four C-ter-
minal amino acid residues (KIGII) of with the corresponding residues
(DCGLF) of human Gus. The targeting was done using the pUG6/
pSHA47 system, kindly donated by Dr. Johannes Hegemann (Univer-
sity of Dusseldorf, Germany), essentially as described (Giildener et
al., 1996). Briefly, the targeting construct was made by polymerase
chain reaction (PCR ) using pUGS6, containing a loxP-flanked
neomycin resistance gene, and the specific primers GPA1 -(AGTG
CAGTCACCGATCTAATCATCCAGCAAAACCTTAAAGATTGTGGT
CTATTCTGAGCCAGCTGAAGCTTCGTACG) and GPAL1 - (ATTTAC
GTATCTAAACACTACTTTAATTATACAGTTCCTCATAGGCCACTA
GTGGATCTG). The product was purified on agarose electrophoresis,
electroporated into CY2797 and then selected on G418/ plates. G418-
resistant colonies were analyzed for correct construct insertion by col-
ony PCR. The neomycin resistance cassette was removed by loxP
recombinase expression using the pSH47 vector. G418-sensitive colo-
nies were selected by replica plating, and correct removal was con-
firmed using colony PCR. WT GPR30 was cloned into the p426GPD
plasmid (Mumberg et al., 1995), containing a URAS3 selection marker,
and PSD-95 into the p415GPD plasmid, containing a LEU2 selection
marker. CY2797 and EY-1 strains were transformed by electropora-
tion with each plasmid individually or together.

Yeast Culturing. Yeast strains were grown and maintained on
synthetic complete (SC) agar plates supplemented with 200 mg/1 his-
tidine and tryptophan. SC medium was prepared by mixing 1.7 g
yeast nitrogen base without amino acids and ammonium sulfate
(Sigma-Aldrich), 5 g ammonium sulfate (Prolabo, Paris, France), 1.3
g yeast synthetic dropout medium without histidine, leucine,
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tryptophan, and wuracil (Sigma-Aldrich), 200 mg L-tryptophan
(Sigma-Aldrich), and 200 mg r-histidine (Sigma-Aldrich) in 900 ml
water. When SC agar plates were prepared, 20 g American bacterio-
logical agar (Pronadisa-Hispanlab, Madrid, Spain) was added. The
medium was then autoclaved for 20 minutes at 121°C. After
autoclaving, the medium was allowed to cool down to ~45-50°C
before 100 ml sterile-filtered 20% (w/v) p-(+)-glucose (BDH AnalaR,
Poole, UK or Sigma-Aldrich) was added.

Precultures were prepared in 250 ml E-flasks (VWR, Randor, PA)
the day before the main experiment by inoculating 25 ml SC medium
with colonies from SC agar plates, and the cultures were then incu-
bated overnight at 30°C under constant agitation (230 rpm). The fol-
lowing day, precultures were transferred to 50 ml disposable
polypropylene tubes (Sarstedt, Numbrecht, Germany) and harvested
by centrifugation (5 minutes at 800g). Supernatants were discarded,
and cell pellets were washed twice in 20 ml SC medium before final
resuspension in 25 ml. Depending on the application, washed precul-
tures were used to inoculate working cultures in SC medium at dif-
ferent initial values of optical density at 600 nm (ODgg ). All
absorbance measurements were performed with the Eppendorf-Bio-
Photometer (Eppendorf, Hamburg, Germany).

Assay of Yeast Growth. Working cultures were prepared in 50
ml disposable polypropylene tubes by inoculating 8 ml SC medium
supplemented with 0.2 mM 3-amino-1,2,4-triazol with CY2797 and
EY-1 precultures to an initial ODggo of ~0.05. Cultures were incu-
bated at 230 rpm for 48 hours at 30°C without or with vehicle
(DMSO) or drug, and ODggp measurements were made at 24, 30, and
48 hours.

Cell Lysis. HEK293 cells and HeLa cells were lysed as previously
described (Sandén et al., 2011), and yeast cells lysed essentially as
described previously (Hoffman et al., 2002). In short, yeast cells cor-
responding to an ODgop=10.0 were centrifuged at 2000g for 10
minutes at 4°C. The supernatant was discarded and the cell pellet
resuspended in 1 ml ice-cold Hy0, transferred to a 1.5 ml microcen-
trifuge tube, and centrifuged for 1 minute at 16,000g at room tem-
perature. The supernatant was discarded and the cell pellet
resuspended in 200 pl 1x NuPAGE LDS sample buffer (Invitrogen)
supplemented with 1x cOmplete protease inhibitor (Sigma-Aldrich).
The tube was then incubated at 100°C for 10 minutes, cooled at room
temperature for 7 minutes, and supplemented with 200 pl glass
beads (@=425-600 pm; Sigma-Aldrich). The tube was vortexed for 2
minutes at maximum speed and then inverted two or three times for
1 minute. The glass beads were separated from the cell lysate by
introducing a hole at the bottom of each tube. The perforated tube
was placed in a fresh tube and centrifuged shortly, separating the
cell lysate from the glass beads. The tube was then centrifuged for 2
minutes at 16,000g, and the supernatant was transferred to a fresh
1.5 ml microcentrifuge tube and stored at —20°C.

Immunoprecipitation and Immunoblotting. Immunoprecipi-
tation and immunoblotting were done as described previously
(Sandén et al., 2011). Staining was done with goat GPR30 antibody
(R&D Systems, Minneapolis, MN; 1:200), mouse FLAG M2 antibody
(Sigma-Aldrich; 1:1000), or pan—-membrane-associated guanylate
kinase antibody (Merck Millipore, Billerica, MA; 1:2000). Immunore-
active bands were visualized with a chemiluminescence immunode-
tection kit using peroxidase-labeled secondary antibody (Invitrogen)
according to the procedure described by the supplier (PerkinElmer
Life and Analytical Sciences, Waltham, MA).

Animals. GPR30 knockout (KO) mice were generated as previ-
ously described (Martensson et al., 2009) and backcrossed 14 genera-
tions onto the C57BL/6 background. WT C57BL/6 and GPR30 KO
mice were housed in a standard animal facility under controlled tem-
perature (22°C) and photoperiod (12 hours of light, 12 hours of dark),
and the mice were fed a standard phytoestrogen-free pellet diet ad
libitum. Animal care was in accordance with institutional guidelines.
All animal experiments had been approved by the local Ethical Com-
mittees for Animal Research (M-416).
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Wire Myography. Three-month-old female GPR30 KO mice and
age-matched female WT C57BL/6 mice were euthanized using CO,.
The tail was marked on the abdominal side, cut off at its base, and
then placed in cold HEPES-buffered Krebs solution (135.5 mM NaCl,
11.6 mM HEPES, 11.5 mM glucose, 5.9 mM KCl, 1.2 mM MgCl,, pH
7.4). The caudal artery was exposed by a midline incision (4 c¢cm)
through the skin and covering fascia. Two-millimeter segments
(1.8-2.1 mm) were cut and mounted in wire myographs (610 M and
620 M, Danish Myotechnology A/S, Aarhus, Denmark) as described
(Rippe et al., 2017). All segments were stretched to 5 mN under
relaxed conditions. After equilibration for 25 minutes in HEPES-buff-
ered Krebs solution containing 2.5 mM Ca?", viability was ascer-
tained by depolarization using 60 mM KCl (obtained by exchange of
NaCl for KCl). «;-Adrenergic receptors were activated using cirazo-
line (0.3 pM). G-1 or forskolin was added at increasing concentrations
using vehicle (DMSO) as control. At the end of the experiment, 1 uM
carbachol was added to cause endothelial- and nitric oxide-depend-
ent dilatation. For the forskolin experiment, the exact length of each
preparation was recorded at the end of experiments using a dissec-
tion microscope with an ocular scale. This length was then used for
normalization of some of the force data. Having established that no
differences existed between WT and KO arteries, we instead normal-
ized force to the precontraction level (100%).

Statistical Analysis. In figures, data are presented as means +
S.D. except in Fig. 1I, where data are presented as means with
whiskers of min-max. In the Results section, effects are presented as
fold change + 95% confidence interval. Data distribution was
assessed using Shapiro-Wilk test for normality. To evaluate statisti-
cal significance, Student’s two-tailed ¢ test for unpaired or paired
data was used for single comparisons of parametrical data, and the
Whitney-Mann U test was used for single comparisons of nonpara-
metric data. For multiple comparisons of parametrical data, one-way
ANOVA with Kruskal-Wallis test for multiple comparisons, or two-
way ANOVA with Tukey’s test of multiple comparisons was used. To
test for trends in data, one-way ANOVA with test for trend was
used. P values less than 0.05 were regarded as statistically signifi-
cant. Data analysis was performed using the Prism program version
9.1.0 (GraphPad).

Results

GPR30 Activity in Mouse Caudal Artery Ex Vivo.
GPR30 is expressed in mouse peripheral arteries (Isensee et
al., 2009), and several studies have used G-1 to conclude that
GPR30 mediates relaxation of such arteries from a number
of different species (Haas et al., 2009; Broughton et al., 2010,
Meyer et al., 2010, Lindsey et al., 2011; Jang et al., 2013;
Lindsey et al., 2014; Arefin et al., 2014; Debortoli et al., 2017;
Peixoto et al., 2017; Yu et al., 2018). To address the involve-
ment of GPR30 in this response, we used the caudal artery
from our GPR30 KO mouse strain (Martensson et al., 2009)
and compared it with age-matched C57BL/6 WT mice. Fig. 1
shows that 60 mM KCI (Fig. 1A) and 0.1 puM of the o4-adre-
nergic receptor agonist cirazoline (Fig. 1B) each constricted
WT and KO arteries to the same maximal degree. Further-
more, no difference was observed in the dose-response curves
of forskolin-promoted relaxation between cirazoline-precon-
stricted WT and KO arteries (Fig. 1C). G-1 relaxed cirazo-
line-preconstricted WT arteries dose-dependently and to a
maximal degree very similar to that previously reported by
other investigators (Fig. 1D and E). An essentially overlap-
ping G-1 dose-response curve was observed with KO arteries
(Fig. 1F, G, and H), and the maximal response was not differ-
ent between the WT and KO arteries (Fig. 1I). We conclude
from these results that GPR30 does not influence the

contractility of the mouse caudal artery to any statistically
significant degree, and that the receptor does not contribute
to G-1-promoted relaxation of the artery.

Human WT GPR30 Activity in Mammalian Cells In
Vitro. Next, we investigated human GPR30 activity in well
defined mammalian recombinant systems in vitro. To capture
a broad repertoire of receptor signals, we used HFF11 cells
(Kotarsky et al., 2003), a HeLa cell line stably expressing a
luciferase-based promoter-reporter construct containing a
synthetic multifunctional promoter with several different
response motifs [nuclear factor kB (NF -«B), signal trans-
ducer and activator of transcription (STAT), and activator
protein 1 (AP-1)] upstream from the luciferase gene. In these
cells, we also stably expressed a T-REx system, in which the
expression of N-terminally FLAG-tagged human WT GPR30
(GPR30) is dependent on TET treatment (T-REx HFF11
cells). Treatment with 1000 ng/ml TET for 12 hours resulted
in the appearance of at least three immunoreactive species,
at about 35-40 kDa, 70 kDa and 130 kDa, as determined
with a polyclonal goat antibody against the human GPR30
N-terminal domain (Fig. 2A). The same species were identi-
fied with a monoclonal M2 FLAG antibody, which specifically
reacts with the GPR30 FLAG epitope, confirming that the
GPR30 antibody recognizes the expressed receptor (Fig. 2A).
As expected, removal of TET led to the disappearance of the
species (Fig. 2B). Flow cytometry showed that 22% of the
induced receptors were localized in the plasma membrane
(PM) (Fig. 20C).

Treating T-REx HFF11 cells with increasing doses of TET
(0-1000 ng/ml) for 12 hours, to dose-dependently increase
GPR30 expression, yielded a trend of an increase in basal
ERK1/2 activity (trend: slope=0.14 + 0.076, P = 0.0014) with
increased receptor expression (Fig. 2D), as previously
reported in transiently transfected HEK293 cells (Gonzalez
de Valdivia et al., 2017). To assay ligand-independent consti-
tutive GPR30 activity using the luciferase-based promoter-
reporter, luciferase activity was monitored after treatment of
cells with 1000 ng/ml TET for 12 and 24 hours and compared
with that without TET treatment (Fig. 3A). The reason for
the 24-hour time point is that in contrast to receptor stimula-
tion of ERK1/2 activity, which is rapid, the downstream stim-
ulation of luciferase activity is slow, requiring gene
transcription to occur. No change in basal reporter activity
was observed after 12 hours of TET treatment, whereas a
statistically significant increase was observed after 24 hours
of treatment both as determined in absolute numbers (Fig.
3B; fold change for vehicle-treated cells: 1.5 + 0.3) and as a
fraction of the response to 0.1 nM phorbol myristate acetate
(PMA), a potent stimulator of the promoter-reporter through
protein kinase C and used here as a positive control (Fig. 3B
and C; fold change for vehicle-treated cells: 2.3 + 0.4). On the
other hand, no increase in reporter activity was observed
after TET treatment of HFF11 cells lacking the T-REx sys-
tem (data not shown). The GPR30-promoted increase in basal
reporter activity in T-REx HFF11 cells was similar to that
observed in response to 1 mM ATP through native purinergic
receptors (fold change 2.7 + 0.15) (Fig. 3D). Neither 0.1 p M
E2 nor 1 pM G-1 had any clear effect on the reporter activity
either at low (1 ng/ml TET) or high (1000 ng/ml TET) levels
of receptor expression regardless of whether the cells had
been grown in normal or charcoal-treated FBS (to remove
FBS-derived estrogens) (Fig. 3E). Thus, human GPR30
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Fig. 1. Contractility and forskolin- and G-1-driven relaxation in caudal arteries from WT and GPR30 KO mice. Caudal artery tubes were pre-
pared by microdissection and mounted in wire myograph chambers to measure active force development (at a passive force of 5 mN). The length
of the arterial tube was measured at the end of the experiment and used for normalization of the force integral over the stimulation periods
shown. (A, B) Force in response to depolarization (60 mM K*, n = 17—18 preparations from a minimum of six mice of each genotype) and stimula-
tion with the «;-adrenergic agonist cirazoline (0.3 wM), respectively, statistically analyzed using Mann-Whitney U test. (C) Concentration-depen-
dent relaxation by forskolin in WT and KO arteries (n = 17-18 preparations) after precontraction with cirazoline. Here and in the following
panels, force was normalized to the precontraction, but results were the same using absolute force. (D) Original force records from WT arteries
stimulated with 0.3 pM cirazoline followed by cumulative addition of G-1 (red trace) or vehicle (DMSO) (blue trace). The muscarinic agonist car-
bachol (Cch) was given at the end to ascertain endothelium-dependent dilatation. (E) Summarized data for the effect of different concentrations
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IBAb: GPR30 FLAG

Fig. 2. Expression and
ligand-independent activity of
human GPR30 in T-REx
HFF11 cells. (A, B) T-REx
HFF11 cells were treated
without (—~TET) or with 1000
ng/ml TET (+TET) for 12
hours (A), washed free of
TET and incubated in
medium for different lengths
of time as indicated (B), and
then immunoblotted with
GPR30 or M2 FLAG anti-
body. (C) T-REx HFF11 cells
were treated without (—TET)
or with 1000 ng/ml TET
(+TET) for 12 hours, stained
live (Cell surface) or after
permeabilization (Total) with
M1 FLAG , and then sub-
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exhibits ligand-independent effects on reporter activity,
whereas no effect is observed after treatment with either 0.1
pM E2or 1 pM G-1.

Activity of Human GPR30 With and Without the
PSD-95/Discs-Large/Zonula Occludens-1 Homology
Motif in Mammalian Cells In Vitro. Next, we evaluated
human GPR30 activity in HEK293 cells and HFF11 cells
transiently transfected with WT GPR30 or GPR30ASSAYV,
which has increased receptor endocytosis and attenuated
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ligand-independent receptor activities due to disrupted recep-
tor interaction with the membrane scaffold proteins synapse-
associated protein 97 (SAP97) and PSD-95 (Akama et al.,
2013; Broselid et al., 2014; Tran et al., 2015; Gonzalez de Val-
divia et al., 2017). Both constructs were expressed to approxi-
mately the same degree in HEK293 cells (Fig. 4A). Neither
0.1 pM E2 nor 1 pM G-1 had any statistically significant
effect on ERK1/2 activity was similar in mock-, GPR30-, or
GPR30ASSAV-transfected HEK293 cells (Fig. 4B). To

of G-1 in WT (n = 6 preparations receiving G-1, and n = 6 preparations receiving vehicle). (F, G) Effect of G-1 in KO arteries run in parallel with
the WT arteries in (D) and (E) [n = 6 preparations receiving G-1, and n = 6 preparations receiving vehicle; six WT and six KO mice were used
altogether for the experiments in (D)—(G)]. The data in (E) and (G) were statistically analyzed by paired ¢ test. (H) Concentration-response curves
for G-1 in WT and KO arteries are plotted alongside each other. Vehicle (DMSO) controls are pooled for clarity. G-1 relaxation was not different
in WT compared with KO arteries but was greater than seen in vehicle-treated arteries in both cases. (I) Area under the curve (AUC) of the
responses shown in (H), statistically tested using one-way ANOVA with Tukey’s multiple comparisons test. The results are either representative
[(D) and (F)] or means + S.D. of n = 17-18 measurements from a minimum of 6 mice of each genotype [(A)—(C), (E), (G), (H)], or means with

whiskers of min-max (I). *P < 0.05; **P < 0.01; n.s., not significant.
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Fig. 3. Ligand-dependent and -independent activities of human GPR30 in T-REx HFF11 cells. (A) The treatment protocol of T-REx HFF11 cells
for assaying GPR30 activity in (B), (C), and (E) is described. (B, C) T-REx HFF11 cells were treated without or with 1000 ng/ml TET for 12 or 24
hours. During the treatment without TET (—TET) or with TET (+TET), the cells were also treated without (no addition) or with vehicle or 0.1
pM PMA for 12 hours prior to assay for luminescence. The results are expressed as relative light units (RLU) and analyzed statistically using
two-way ANOVA with Tukey’s multiple comparisons test (B), or as % of PMA values (C). (D) T-REx HFF11 cells were treated without (-ATP) and
with 1 mM ATP (+ATP) for 12 hours prior to assay for luminescence. The results were expressed as RLU and analyzed statistically using an
unpaired ¢ test. (E) T-REx HFF11 cells grown in normal FBS (left graph) or in charcoal-treated FBS (right graph) for at least 2 days were treated
without or with different concentrations of TET for 24 hours as indicated. During the treatment without or with TET, the cells were also treated
with vehicle, 1 pM G-1 (G-1), 0.1 uM E2 (E2), or 0.1 pM PMA for 12 hours prior to assay for luminescence. The results are graphed as % of vehi-
cle. The data are presented as means + S.D. of at least three independent experiments. *P < 0.05; ***P < 0.001; ****P < 0.0001.

address if GPR30 mediates any effect of G-1 or E2 on intra-
cellular free Ca?*, HEK293 cells were transfected with the
luciferase promoter-reporter plasmid pGL3-NFAT, which
monitors NFAT, a specific transcription factor target for cal-
cineurin, thus showing high sensitivity to Ca%" (Clipstone
and Crabtree, 1992). Although 0.1 nM E2 had a small stimu-
latory effect on NFAT activity in mock-transfected cells, nei-
ther E2 nor 1 uM G-1 had any statistically significant effect
on NFAT activity in either GPR30- or GPR30ASSAV-trans-
fected cells (Fig. 4C). On the other hand, as previously
reported (Gonzalez de Valdivia et al., 2017), GPR30 expres-
sion drastically inhibited basal NFAT activity in a PDZ
motif-dependent manner, with a fold change compared with
mock of 0.29 = 0.046 for WT GPR30, and 1.1 + 0.176 for
GPR30ASSAYV (Fig. 4C). To address if GPR30 mediates any
effect on Racl activity, a downstream effector of phosphoino-
sitide 3-kinase, we constructed a split click beetle luciferase-
based Racl sensor plasmid (RaclCluc). Again, neither 0.1
M E2 nor 1 pM G-1 had any statistically significant effect
on Racl activity in either mock-, GPR30-, or GPR30ASSAV-
transfected cells (Fig. 4E). GPR30 expression inhibited basal
Racl activity in a PDZ-dependent manner, with fold changes
compared with mock-transfected cells of 0.04 + 0.0049 for
WT GPR30, and 1.2 + 0.81 for GPR30ASSAV (Fig. 4D). We
also addressed if GPR30 mediates any G-1 or E2 effect on the

multifunctional promoter-reporter when GPR30 and
GPR30ASSAV were transiently transfected in HFF11 cells
(Fig. 4F). G-1 (1 pM) stimulated the reporter in mock-trans-
fected cells (fold change of vehicle of 1.5 + 0.08), whereas 0.1
M E2 did not (fold change of vehicle of 1.0 + 0.06). On the
other hand, neither GPR30 nor GPR30ASSAV expression
amplified the response to either G-1 (fold change of vehicle at
plasmid concentration 1 pg/1x 106 cells of 1.4 + 0.10 for
GPR30 and 1.3 + 0.15 for GPR30ASSAV) or E2 (fold change
of vehicle at plasmid concentration 1 pg/1 x 10 cells of 1.0 +
0.05 for GPR30 and 1.1 + 0.10 for GPR30ASSAV (Fig. 4G).

Human WT GPR30 Activity in Yeast. We also
addressed GPR30 activity in the yeast Saccharomyces cerevi-
siae, a system previously used to study GPCR activity and
pharmacology by monitoring G protein—-mediated coupling to
the pheromone response pathway (Liu et al., 2016). To this
end, we used the S. cerevisiae strain CY2797, in which the
endogenous «-factor GPCR gene STE?2 is disrupted and
expresses the native yeast G protein Gpal. Furthermore, the
strain is auxotrophic for histidine unless activated by the
pheromone pathway, and activation of the pathway leads to
increased growth (Manfredi et al., 1996). From CY2797, we
made EY-1, in which we expressed a chimeric Go protein
where the five C-terminal residues of Gpal (KIGII) were
replaced with those of human Gy (DCGLF).
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Fig. 4. Ligand -dependent and -independent activities of human GPR30 and GPR30ASSAV in HEK293 cells and HFF11 cells. (A) HEK293 cells
transiently transfected with empty pcDNA3 plasmid (Mock) or plasmid containing GPR30 or GPR30ASSAV were immunoprecipitated with
GPR30 and then immunoblotted with GPR30 Ab. (B) HEK293 cells transiently transfected with empty pcDNA3 plasmid (Mock) or plasmid con-
taining GPR30 or GPR30ASSAV were treated with vehicle (—) or 1 pM G-1 or 0.1 pM E2 (+) for 5 minutes and then immunoblotted with pERK
Ab, ERK Ab, or GPR30 Ab. The combined pERK band intensities were normalized to the combined ERK band intensities for each condition and
graphed as % of vehicle. (C) HEK293 cells transiently transfected with pGL3-NFAT luciferase plasmid together with either empty pcDNA3 plas-
mid (Mock) or plasmid containing GPR30 or GPR30ASSAV were treated with vehicle, 1 uM G-1, or 0.1 pM E2. NFAT activity was then assayed
as luminescence and the results graphed as relative light units (RLU). The data were evaluated statistically using a two-way ANOVA with
Tukey’s test for multiple comparisons. (D, E) HEK293 cells transiently transfected with Rac1Cluc plasmid together with either empty pcDNA3
plasmid (Mock) or plasmid containing GPR30 or GPR30ASSAV were treated with 1 M G-1 or 0.1 uM E2 for different times. Racl activity was
then assayed for luminescence as RLU. In (D), the RLU area under the curve (AUC) in the absence of stimulus was analyzed using an unpaired
Student’s ¢ test, and in (E), RLU at different times after addition of stimulus was graphed normalized to time=0. (F) Cells transfected with empty
pcDNAS3 plasmid (Mock) or 1 ug GPR30 plasmid, or T-REx HFF11 cells treated with 1000 ng/ml TET for 12 hours were with GPR30 Ab. (G)
HFF11 cells transiently transfected with either empty pcDNAS3 plasmid (Mock) or different amounts of plasmid containing GPR30 or
GPR30ASSAV were treated with vehicle, 1 pM G-1, or 0.1 uM E2 for 12 hours and luminescence was measured as RLU. Data were analyzed sta-
tistically using one-way ANOVA with Kruskal-Wallis test for multiple comparisons. Data are either representative (A), (F) or presented as means
+ S.D. of at least three independent experiments. In (A), (B), and (F), molecular mass standards are indicated (left side). **P < 0.01; ***P <
0.001; ****P < 0.0001; n.s., not significant.

GPR30 was readily expressed in both CY2797 and EY-1,
migrating as a single species at about 35-40 kDa in both
strains as determined using the GPR30 antibody (Fig. 5A).
GPR30 expression led to a clear increase in the basal growth
of both strains, with a fold change at 48 hours compared with
0 hours of 2.3 + 0.25 and 2.0 + 0.32 for GPR30-expressing
CY2797 and EY-1, respectively, and a fold change of 1.7 +
0.38 and 1.5 + 0.34 for CY2797 and EY-1, respectively, with-
out GPR30 expression (Fig. 5B and C). On the other hand,
incubation with 1 uM G-1 for 30 hours had no effect on
CY2797 growth either with or without GPR30 expression
(Fig. 5D). Thus, GPR30 constitutively couples to the

pheromone response pathway but does not respond to G-
1 in this system.

We also evaluated the effect of PSD-95, a GPR30 PDZ
domain partner (Broselid et al., 2014), on the ligand-indepen-
dent GPR30 activity. Figure 5A shows that human FLAG-
tagged PSD-95 (Zhang et al., 2007) was readily expressed in
both CY2797 and EY-1 cells. PSD-95 expression had no effect
on the GPR30 response in CY2797 cells (Fig. 5B). On the
other hand, PSD-95 inhibited the GPR30 response when the
chimeric Gpay/Gu;p protein was expressed in EY-1 cells, with
fold change in growth at 48 hours of 1.4 + 0.77 in yeast
expressing both GPR30 and PSD-95, as compared with 1.5 +
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Fig. 5. Expression and ligand-independent activity human GPR30 activity with and without PSD-95 in yeast S. cerevisiae. (A) CY2797 and EY-1
yeast strains transformed with empty plasmid (Mock), plasmid containing GPR30, or plasmids containing GPR30 and PSD-95 were immunoblot-
ted with GPR30 and pan-membrane-associated guanylate kinase (MAGUK) Ab. (B, C) Cell growth was followed for various times and graphed as
ODggo. Two-way ANOVA with Tukey’s multiple comparisons test was used to statistically analyze the relationship between all groups. (D) Cells
were treated with vehicle (=) or 1 uM G-1 (+), and ODggo was determined and graphed for time 0 hours and 30 hours of treatment. Statistical
analysis was performed using two-way ANOVA with Tukey’s multiple comparisons test. (E) Data from (C) were normalized to the ODggo at t=0
and analyzed using repeated measures one-way ANOVA with test for trend to assess time-dependent linear relationships for each condition. The
results are either representative (A) or the means + S.D. (C)—~(E) of at least three independent experiments. In (A), molecular mass standards are

indicated (left side). *P < 0.05; ****P < 0.0001; n.s., not significant.

0.34 in mock, and 2.0 =+ 0.32 when GPR30 was expressed
without PSD-95 (Fig. 5C). Indeed, although there was a posi-
tive linear relationship between time and growth in EY-1
expressing only GPR30 (trend: slope = 0.087 + 0.07, P =
0.03), growth of EY-1 expressing both GPR30 and PSD-95
had a negative linear relationship with time (trend: slope =
—0.085 + 0.056, P = 0.01) (Fig. 5E).

Discussion

Here, we used several recombinant eukaryotic systems
with and without GPR30 expression to rigorously address
the ability of G-1 and E2 to influence GPR30 activity and the
ligand-independent GPR30 activity ex vivo and in vitro. No
receptor-dependent activity was observed in response to 1
uM G-1 ex vivo and in vitro or 0.1 uM E2 in vitro. On the
other hand, ligand-independent receptor activity was
observed in all the in vitro mammalian cell systems and in
yeast. Thus, classifying GPR30 as an estrogen receptor sensi-
tive to G-1 and E2 is unfounded.

Transgenic KO mouse models with and without receptor
expression offer an excellent opportunity to address in a
physiologic setting if the effect of a pharmacological agent is
receptor-dependent. GPR30 is expressed in several periph-
eral arteries in mouse (Isensee et al., 2009), and numerous

studies have used G-1 to conclude that GPR30 mediates
relaxation of WT arteries from a number of species (Haas et
al., 2009; Broughton et al., 2010, Meyer et al., 2010, Lindsey
et al., 2011; Jang et al., 2013; Lindsey et al., 2014; Arefin et
al., 2014; Debortoli et al., 2017; Peixoto et al., 2017; Yu et al.,
2018). Considering that this conclusion is based only on one
GPR30 KO mouse strain (Haas et al., 2009), and that pheno-
typic variations exist between different GPR30-deficient
strains (Olde and Leeb-Lundberg, 2009; Langer et al., 2010),
we were compelled to readdress the specificity of this
response in a unique mouse KO strain (Martensson et al.,
2009). G-1 relaxed the mouse caudal artery with a potency
and to a maximal degree virtually identical to that previously
reported by other investigators using other peripheral arter-
ies. An essentially overlapping G-1 dose-response curve was
obtained with the KO mouse caudal artery. Thus, GPR30
apparently does not contribute to G-1-promoted vasorelaxa-
tion, at least not of the mouse caudal artery.

At the cellular level, G-1 was previously reported to cause
an antiproliferative effect through GPR30 in human vascular
smooth muscle cells (Haas et al., 2009). We subsequently
showed that G-1 is antiproliferative in mouse aortic endothe-
lial and smooth muscle cells, which correlates with microtu-
bule disruption (Holm et al, 2012). This response was
identical in cells isolated from WT and GPR30 KO mice,
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again showing in a physiologically relevant system that G-1
elicits effects independently of native GPR30.

Native systems are complex, rendering them difficult to
use to more specifically determine if an agonist response is a
consequence of a direct interaction with a receptor or medi-
ated by a distinct target(s) that depends on receptor expres-
sion. To attempt to reduce the complexity of the system, we
used T-REx HFF11 cells, which were designed to capture a
multitude of receptor signals, including mitogen-activated
protein kinase activity and Ca?", through a synthetic multi-
functional promoter (NF-«kB, STAT, AP-1) at different recep-
tor levels. Receptor species were identified at about 35-40
kDa, about 70 kDa, and about 130 kDa, consistent with that
observed by a number of investigators in several native sys-
tems (Maiti et al., 2011; Jala et al., 2012; Akama et al., 2013;
Scaling et al., 2014; Waters et al., 2015). The species at
35—40 kDa, the theoretical mass of the receptor, most likely
represents an immature, unglycosylated form of the receptor.
On the other hand, the 70 kDa species represents a mature
plasma membrane-localized receptor form (Cheng et al.,
2011; Gonzalez de Valdivia et al., 2019), a form that has been
reported to be functionally active (Filardo et al., 2007; Bro-
selid et al., 2014; Gonzalez de Valdivia et al., 2017), capable
of coupling to G proteins (Filardo et al., 2007; Gonzalez de
Valdivia et al., 2017), and undergo receptor-mediated endocy-
tosis (Cheng et al., 2011; Sandén et al., 2011). At least 22% of
the expressed receptor resided at the plasma membrane in
the T-REx HFF11 cells. Nevertheless, no GPR30-dependent
reporter activity was observed in response to either G-1 or
E2 at any receptor level in these cells, or in HFF11 cells tran-
siently expressing the receptor, regardless of whether the
cells had been grown in normal or charcoal-treated FBS, to
remove serum-derived estrogens. Transient expression of
GPR30 in HEK293 cells also did not reveal any receptor-
dependent G-1 or E2 effects on intracellular free Ca®*, as
determined with an NFAT luciferase reporter, Racl, as deter-
mined with a RaclCluc reporter, or ERK1/2 activity, as
determined with pERK immunoblotting.

To further reduce system complexity, and to exclude cell-
or medium-derived estrogens as a reason for the lack of
ligand-stimulated GPR30 activity, we also addressed receptor
activity in response G-1 in the yeast S. cerevisiae, a system
previously used to study GPCR activity and pharmacology by
monitoring G protein—-mediated coupling to the pheromone
response pathway (Liu et al., 2016). Even in this system did
G-1 lack the ability to trigger GPR30 activity. Together, these
results are in line with those of several earlier studies
(Pedram et al., 2006; Otto et al., 2008; Kang et al., 2010;
Southern et al., 2013; Broselid et al., 2014; Sousa et al., 2017;
Gonzalez de Valdivia et al., 2017) failing to reproduce the ini-
tial observations that G-1 and E2 act as agonists at GPR30
(Thomas et al., 2005 ; Revankar et al., 2005; Bologa et al.,
2006). We conclude from these results that G-1 and E2 either
do not interact directly with GPR30, or that some critical
information is missing in our understanding of this interac-
tion. Unfortunately, only limited attention has been paid to
resolve this disagreement, which likely has discouraged inde-
pendent efforts in both academia and industry to further
unravel the molecular details of this pathophysiologically
interesting receptor, and to develop high-throughput screen-
ing systems to identify specific pharmacological tools.

Ligand-independent constitutive GPR30 activity is less
investigated but has the advantage of being independent of
any off-target pharmacological effects. Such activity can nor-
mally be observed only in well defined recombinant systems,
where receptor expression can be compared with a receptor-
negative control. We showed previously that GPR30 constitu-
tively decreases cAMP production and NFAT activity and
increases ERK1/2 activity in transiently transfected HEK293
or CHO cells (Broselid et al., 2014; Gonzalez de Valdivia et
al., 2017). Here, we show that GPR30 also constitutively
decreases Racl activity in HEK293 cells and increases the
activity of a multifunctional promoter (NF-xB, STAT, AP-1)
reporter in stable T-REx HFF11 cells. An argument can be
made that ligand-independent activity is only apparent,
instead being the consequence of a cell- or medium-derived
ligand. However, the fact that GPR30 expression also
increased yeast growth, an entirely heterologous system
without any human growth factors or steroids produced by
the cells or in the medium, argues against this explanation.

Evidence that native GPR30 exhibits ligand-independent
activity was suggested already in 2002, when progestin treat-
ment of estrogen receptor—positive MCF7 cells was shown to
yield both increased GPR30 expression and growth inhibition
in the absence of E2, and GPR30 knockdown increased
growth whereas GPR30 over-expression decreased growth
(Ahola et al., 2002). That receptor knockdown increased
growth of MDA-MB-231, MDA-MB-468 cells (Weilenborn et
al., 2014), and MCF7 cells (Ariazi et al., 2010; Broselid et al.,
2013), and receptor overexpression decreased growth of
HEK293 cells (Broselid et al., 2013) provided further evi-
dence for such activity.

All ligand-independent GPR30 activities so far identified in
recombinant mammalian systems depend on the receptor C-
terminal PDZ motif (Broselid et al., 2014; Gonzalez de Valdi-
via et al., 2017, Tran et al., 2015). Removing the PDZ motif
also increases GPR30 endocytosis, suggesting that these
activities require PM localization (Broselid et al., 2014).
Interestingly, we report here that ectopic GPR30 couples to
the pheromone pathway-mediated yeast growth, which is
also a PM-dependent event (Alvaro and Thorner, 2016). Fur-
thermore, PM-localized GPR30 staining of breast cancer
patient biopsies has a stronger prognostic significance than
total cellular staining ( Sjostrom et al., 2014 ; Tutzauer et al.,
2020 ). Thus, PM localization appears to be critical for
GPR30 function and rely on the PDZ motif.

PDZ-dependent GPR30 anchoring in the PM has in some
systems been found to involve a direct interaction between
the receptor C-terminal PDZ motif and the PDZ domain
membrane scaffold proteins PSD-95 (Akama et al., 2013; Bro-
selid et al., 2014; Tran et al., 2015) or SAP97 (Broselid et al.,
2014; Waters et al.,, 2015). Contributing to receptor PM
anchoring may also be the direct interaction of the receptor
with the PDZ domain protein , which was reported to
increase GPR30 stability (Meng et al., 2016). GPR30 also
interacts with and favors PM localization of the chaperone
protein receptor activity-modifying protein 3 (Lenhart et al.,
2013), which contains a PDZ motif capable of interacting
with the PDZ domain of NHERF-1 (Bomberger et al., 2005).
Through PSD-95 and/or SAP97, GPR30 in turn interacts
with A-kinase anchoring protein 5 (Broselid et al., 2014).
Thus, GPR30 appears to be part of a larger PM complex with



several partner proteins that may allosterically enable the
receptor to elicit ligand-independent activity.

GPR30-promoted ERK1/2 activity is dependent on both
pertussis toxin and PDZ (Gonzalez de Valdivia et al., 2017),
suggesting that a Gy, protein is also part of the PM GPR30
complex. Interestingly, PSD-95 expression inhibited the
growth-stimulatory effect of GPR30 when expressed in a
yeast strain harboring a humanized chimeric yeast Ga pro-
tein with the five C-terminal residues from human Guo;o
(DCGLF). These residues directly interact with critical func-
tional residues in GPCR (Oldham and Hamm, 2008; Hilger
et al., 2018), with the cysteine in this sequence ADP-ribosy-
lated by pertussis toxin (West et al., 1985). Although yeast
expresses very few PDZ domain proteins only distantly
related to the mammalian proteins (Harris and Lim, 2001),
and does not provide any direct information about complex
mammalian protein networks, it has been very useful in
identifying physiologically relevant binary protein-protein
interactions, including PDZ-dependent interactions with
GPCR (Bockaert et al., 2003). Thus, it is tempting to specu-
late that the binding epitopes for a PDZ domain scaffold pro-
tein and Go; in GPR30 partly overlap.

How then may G-1 and E2 depend on GPR30 in some sys-
tems? Several modes of crosstalk between GPR30 and vari-
ous ERx isoforms have been proposed in recent years
(Romano and Gorelick, 2018). GPR30 was reported to inter-
act with the 66-kDa main isoform of ERx (ERx66) (Vivacqua
et al., 2009). GPR30 also upregulates and interacts with the
36-kDa ERo isoform (ERx36), mediating effects overlapping
with those of GPR30 (Kang et al., 2010; Pelekanou et al.,
2016), and both G-1 and E2 activate ERx36 (Kang et al.,
2010). Furthermore, the gene promoters of receptor activity—
modifying protein 3 and NHERF-1 contain ERE elements
through which E2, via ERx66, upregulates these proteins
(Ediger et al., 1999; Watanabe et al., 2006). In addition, G-1
increases PSD-95 expression in mouse brain (Waters et al.,
2015), a membrane scaffold protein that interacts with the
GPR30 PDZ motif, a motif necessary to retain the receptor in
the plasma membrane (Akama et al., 2013; Broselid et al.,
2013). Given this background, it is tempting to propose that
E2 and G-1 influence the ligand-independent activity of
GPR30 by interacting with and/or regulating the expression
of one or more partners in a GPR30 PM complex.

In this study, we provide ample evidence both ex vivo and
in vitro that G-1 and E2 do not act as agonists directly at
GPR30. Instead, we propose that this receptor forms a PM
complex with partner proteins through which it harbors
ligand-independent activity. Considering that the expression
or signaling of some components of this complex is sensitive
to G-1 and/or E2 stimulation, this could be the reason why
some responses to these agents are GPR30-dependent.
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Supplemental Fig. 1. Bradykinin-stimulated Racl activity in HEK293 cells
transiently transfected with the bradykinin B2 receptor and Rac1Cluc. HEK293 cells
were transfected with bradykinin (BK) B2 receptor cDNA in pcDNA3.1 (1.25 ug) and
pRac1Cluc (1.25 ug) in a 35-mm dish using Lipofectamine 3000. After 24 h, the medium
was replaced with serum-free medium, and after 48 h, the medium was replaced with 1
ml of HEPES-buffered phenol red-free DMEM containing 2 mM Na-luciferin (Promega)
and incubated for 2-3 h in the dark at room temperature. Luminescence was then measured
as signal intensity (SI) with and without 1 uM BK for various times in a Glomax 20/20

luminometer (ThermoFisher Scientific, Waltham, MA).
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Breast cancer hypoxia in relation to prognosis and benefit from
radiotherapy after breast-conserving surgery in a large,
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BACKGROUND: Breast-conserving surgery followed by radiotherapy is part of standard treatment for early-stage breast cancer.
Hypoxia is common in cancer and may affect the benefit of radiotherapy. Cells adapt to hypoxic stress largely via the transcriptional
activity of hypoxia-inducible factor (HIF)-1a. Here, we aim to determine whether tumour HIF-1a-positivity and hypoxic gene-
expression signatures associated with the benefit of radiotherapy, and outcome.

METHODS: Tumour HIF-1a-status and expression of hypoxic gene signatures were retrospectively analysed in a clinical trial where
1178 women with primary T1-2NOMO breast cancer were randomised to receive postoperative radiotherapy or not and followed

15 years for recurrence and 20 years for breast cancer death.

RESULTS: The benefit from radiotherapy was similar in patients with HIF-1a-positive and -negative primary tumours. Both ipsilateral
and any breast cancer recurrence were more frequent in women with HIF-1a-positive primary tumours (hazard ratio, HRq_s ys1.9
[1.3-2.9], p = 0.003 and HRq_s y,s = 2.0 [1.5-2.8], p < 0.0001). Tumour HIF-1a-positivity is also associated with increased breast cancer
death (HRo_10 years 1.9 [1.2-2.9], p = 0.004). Ten of the 11 investigated hypoxic gene signatures correlated positively to HIF-1a-

positivity, and 5 to increased rate/risk of recurrence.

CONCLUSIONS: The benefit of postoperative radiotherapy persisted in patients with hypoxic primary tumours. Patients with
hypoxic primary breast tumours had an increased risk of recurrence and breast cancer death.

British Journal of Cancer (2022) 126:1145-1156; https://doi.org/10.1038/541416-021-01630-4

BACKGROUND

Breast cancer is the most common malignancy affecting women.
Today, breast-conserving surgery followed by radiotherapy (RT) to
the affected breast is part of the standard treatment for early-
stage breast cancer. Systemic adjuvant therapy is selected based
on patient and tumour characteristics and aims to target
micrometastatic disease. About 80% of primary breast tumours
express oestrogen receptor (ER) and are eligible for endocrine
treatment [1].

RT after breast-conserving surgery considerably decreases the
risk for ipsilateral breast tumour recurrence (IBTR), and to a minor
extent also distant recurrence, and breast cancer death (BCD)
[2, 3]. However, RT also confers side-effects [4-6], underscoring the
importance of identifying potential patient-groups that do or do
not benefit from RT. A number of factors that influence the
therapeutic effect of RT have been identified in experimental
systems, as well as in clinical materials [7]. The availability or

shortage of oxygen was early identified as a major influencer of
the outcome of RT [8, 9.

Oxygen levels are lower than those required to maintain normal
metabolism and function in tissue, i.e., hypoxia, frequently occur in
tumours, including breast cancer. Hypoxic adaptation at the
cellular level is primarily controlled by the hypoxia-inducible
transcription factors, HIF-1a and HIF-2a. Both are mainly regulated
at the protein level and in response to hypoxia, the HIF alpha-
subunits accumulate and become activated [10-13]. Tumour
hypoxia contributes to tumour progression and therapy resis-
tance, including RT-resistance [14], in direct as well as indirect
ways [9]. Oxygen is required to make radiation-induced DNA-
damage permanent, i.e. the oxygen enhancement effect. The
hypoxic response, conveyed by HIF-induced gene expression,
leads to altered metabolism, increased expression of growth
factors, proliferation, and expression of cytokines [15]. In breast
cancer, HIF-1a protein is a marker of poor prognosis and disease
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progression [16-18]. Upon reoxygenation the half-life of HIF-1a is
in the minute range, creating a need for surrogate markers of
hypoxia, such as more robust proteins induced by hypoxia, e.g.
CAIX or hypoxic gene-expression signatures [19-21].

Here, we primarily aimed to test whether the hypoxia-marker
HIF-1a affects the patient benefit of RT in a large population-based
cohort with long follow-up of patients randomised to receive post-
surgery RT or not after breast-conserving surgery. A second aim
was to investigate whether tumour hypoxia and HIF-1a accumula-
tion are associated with IBTR. Finally, we aimed to study whether
hypoxic gene-expression signatures could complement or even
replace HIF-1a protein detection as a prognostic or predictive
marker.

METHODS

Patients and study design

Patients were from the Swedish breast cancer group trial, SweBCG91-RT,
and study details are found in the previous publications [4, 5, 22-24].
Briefly, breast cancer patients with lymph node-negative (NO0), stage | and
A tumours were randomised to whole-breast RT (tangential opposed
fields of 4-6 MV photons, 48-54 Gy in 24-27 fractions to the remaining
breast parenchyma) or no RT after breast-conserving surgery from 1991 to
1997. Administration of systemic adjuvant treatment was according to
regional guidelines of the time; 6% of patients had endocrine treatment
only, 1% chemotherapy only, and 1% combined endocrine treatment and
chemotherapy. The median follow-up times for event-free patients were
15.2 years (IBTR), 15.2 years (any breast cancer recurrence), 20.1 years (BCD)
for the indicated endpoint. A flow diagram of the SweBCG91-RT trial is
shown in Fig. 1.

TMA construction

Tumour tissue was collected from formalin-fixed, paraffin-embedded
blocks of the primary tumours from 1004 of the original 1178
randomised patients. The material includes 140 surgically treated IBTRs
from patients with a primary tumour available in the TMA for matching.

Study design. Diagram of inclusion and exclusion to the study according to Remark criteria.

TMA construction was in a semi-automated TMA arrayer (Pathology
Devices, Westminster, MD) by extraction of two 1.0-mm cylinders from
representative tissue from each tumour block.

Immunohistochemistry (IHC) and evaluation of markers

IHC staining, evaluation and assessment for ER, progesterone receptor
(PgR), human epidermal growth factor receptor 2 (HER2) and Ki-67 were
previously performed [24]. Tumours with 1% or more positive nuclei were
considered ER- and PgR-positive, respectively. For dividing tumours
between luminal A and B subtypes, a 20% cut-off for PgR was used.
HER2 was scored with IHC as 0, 1+, 2+ or 3+ and with silver in situ
hybridisation and considered positive if 3+ and/or amplified. Ki-67 scoring
was according to guidelines [25], the cut-off was 10% positive cells
resulting in 27% of tumours being Ki-67 high [24]. Histologic grade was
previously evaluated as described by Elston and Ellis [26]. HIF-1a IHC was
performed as previously described [17]. Briefly, IHC was performed on 4
pum sections of formalin-fixed paraffin-embedded sections (Autostainer
Plus, Dako) according to the manufacturer’s protocol. A monoclonal
antibody recognising HIF-1a (BD610959, Becton Dickinson) diluted 1:50
was employed. Two experienced evaluators blinded to patient treatment,
outcome, and tumour characteristics (Kristina Lovgren and Annika J6gi)
independently assessed IHC staining for HIF-1a. Each TMA-core was semi-
quantitatively scored for IHC-staining intensity, O (negative), 1 (weak), 2
(moderate) and 3 (intense) and quantitatively scored for proportion
positive cancer cells. Proportion score 0 represented less than 1% positive
cells, 1: 1-10%, 2: 11-50%, and 3: 51-100%. Based on IHC intensity and
proportion of positive cells each tumour sample was grouped as negative
(less than 1% positive cells or 1-9% cells with intensity <1, Supplemental
Fig. 1 A), low (1-9% of cells with intensity =2 or >10% of cells with intensity
1, Supplemental Fig. 1B) or high (=10% of cells with intensity >2,
Supplemental Fig. 1C). In case of discrepant staining between the two
cores from the same tumour, the highest score was used. Cases (13%) with
differing results between the viewers were re-evaluated in consensus. Only
60 tumours (6%) fell into the low-category whereas 227 (23%) fell into the
high-category (Table 1). Due to this skew distribution, the samples of the
two positive categories were merged into one HIF-1a positive group, as
previously described [17]. Although not postulated in the evaluation
criteria, all positive cancer cells had nuclear HIF-1a IHC-signal and very few,
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Table 1. Patient and tumour characteristics in 985 T1-2NOMO breast cancer patients randomised to postoperative RT or no RT after breast-conserving

surgery, stained for HIF-1a.

Age (median = 60)

<49

50-59

60-69

270
Premenopausal
Postmenopausal
Missing

Tumour size (median = 12 mm)

Tumour >20 mm
Tumour <20 mm
Missing
ER-negative
ER-positive
Missing
PgR-negative
PgR-positive
Missing
HER2-negative
HER2-positive
Missing
Ki-67 low
Ki-67 high
Missing
Histological grade 1
Histological grade 2
Histological grade 3
Missing

St Gallen subgroup
Luminal A
Luminal B (HER2—)
HER2+
Triple negative
Missing
No RT
RT

Other treatments
Chemotherapy
Endocrine
Chemo + endocrine
No other treatment

Calculated using linear regression.
PCalculated using chi-squared test.
“Calculated using Fisher's exact test.

Total

985

192
300
375
118
196
765

24

841
138

100
858
27
253
705
27
889
64
32
714
244
27
146
567
235
37

552
257
64
80
32
509
476

63

905

HIF-1a immunoreactivity

Negative (%) Low (%)
698 (70.9) 60 (6.1)
137 (71.4) 15 (7.8)
210 (70.0) 18 (6.0)
267 (71.2) 22 (5.9)
84 (71.2) 5(4.2)
137 (69.9) 17 (8.7)
541 (70.7) 43 (5.6)
20 0
604 (71.8) 49 (5.8)
91 (65.9) 10 (7.3)
3 1
40 (40.0) 8 (8.0)
642 (74.8) 49 (5.7)
16
154 (60.9) 16 (6.3)
528 (74.9) 41 (5.8)
16 3
645 (72.6) 52 (5.8)
33 (51.6) 5(7.8)
20 B]
550 (77.0) 46 (6.5)
132 (54.1) 11 (4.5)
16 3
118 (80.8) 9 (6.2)
420 (74.1) 34 (6.0)
136 (57.9) 15 (6.4)
24 2
431 (78.1) 34 (6.1)
181 (70.4) 13 (5.1)
33 (51.6) 5(7.8)
33 (41.3) 5 (6.3)
20 B]
349 (68.6) 34 (6.7)
349 (73.3) 26 (5.5)
7(77.8) 0(0)
43 (68.3) 6 (9.5)
2 (25.0) 1(12.5)
646 (71.4) 53 (5.8)

in addition, had cytoplasmic staining, as previously demonstrated [17]. We
recently published positive and negative controls for HIF-1a immunostain-
ing on cell lines and a similar breast cancer TMA-material of patients with

contralateral tumours [17].

British Journal of Cancer (2022) 126:1145- 1156

Tumour subtyping

The tumours were, as previously reported [24], subtyped according to the
St Gallen International Breast Cancer Conference (2013) Expert Panel [27]
as luminal A-like (ER-positive, PgR-high, HER2-negative, and Ki-67 low),

High (%)
227 (23.0)

40 (20.8)

188 (22.4)
37 (26.8)
2
52 (52.0)
167 (19.5)
8
83 (32.8)
136 (19.3)
8
192 (21.6)
26 (40.6)
9
118 (16.5)
101 (41.4)
8
19 (13.0)
113 (19.9)
84 (35.7)
1"

87 (15.8)

63 (24.5)

26 (40.6)

42 (52.5)
9

126 (24.7)

101 (21.2)

0.80°

0.26°

0.37°

<0.0001°

<0.0001°

0.001¢

<0.00012

<0.0001%

<0.0001°

0.26°

0.11°
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luminal B-like (ER-positive, PgR-low and/or Ki-67 high, and HER2-negative),
HER2-positive (HER2-positive, any ER or PgR status, any Ki-67 expression),

and triple negative (ER-negative, PgR-negative, HER2-negative,

The HER2-positive group thus included both luminal and non-luminal

tumours due to group size.

Gene-expression analysis

Gene-expression analysis of this trial material was previously
[28]. In brief, RNA was extracted from the 922 available pa
patient tumour samples. Patient and tumour characteristics wer
the excluded and analysed tumours. RNA was extracted and

(GeneChip Human Exon 1.0 ST microarray, Thermo Fisher) in a Clinical

Laboratory Improvement Amendments certified laboratory
Biosciences). Samples from 766 primary tumours passed tl

control of RNA, cDNA, and microarray analysis (Gene-expression Omnibus

a b

All primary tumours

any Ki-67).

literature

GSE119295). Single Channel Array Normalisation was used for gene-
expression data normalisation [29].

Scoring of hypoxia-related expression signatures from the

Eleven previously published hypoxia-related gene-expression signatures,
here referred to as the name of the first author of the publication, were

described
raffin-fixed
e similar in
hybridised

(Decipher
he quality

No RT, primary tumours

c

identified from the literature. The signatures Buffa*, Buffa reduced* [30],
Denko [31], Elvidge [32], Hu [33], Mense [34], Sorensen [35], and Winter*
[36] were selected from a review by Harris et al [20]. Signatures marked by
* are related and derived from “Winter”, where in brief, genes co-expressed
with classical hypoxia-driven genes were chosen and tested in clinical
tumour samples, including breast cancer [36]. The signatures from Denko,
Elvidge, Mense, and Sorensen were extracted from in vitro hypoxia (1%
oxygen) treated human cells. The Hu signature comprises 13 genes

RT-treated primary tumours
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Fig. 2 Higher risk of recurrence and BCD in patients with a HIF-1a positive primary tumour. Cumulative incidence of IBTR after surgery
of the primary tumour (a-c), any recurrences (d-f), and BCD (g-i) in 985 T1-2NOMO breast cancer patients randomised to RT (¢, f, g) or no RT
(b, e, h) after breast-conserving surgery in patients with HIF-1a negative (blue line) and HIF-1a positive (red line) primary tumour.
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referred to as a VEGF-profile, 8 of the genes having a hypoxia-responsive
element that can bind HIF in their promoters. The Farmer signature was
based on GSEA hypoxia genes in breast cancer cells with apocrine
phenotype, i.e. not based on actual hypoxic exposure [37]. The signature
referred to as “Yang” was the most recently published, and based on
in vitro hypoxic treatment of prostate cancer cell lines and validated in
several publicly available prostate and bladder cancer materials [38]. The
Hallmark of Cancer hypoxia gene signature was included since it has been
widely used in literature. It is based on several sources including the
Winter, Elvidge, Mense gene-expression signatures mentioned above, and
includes genes regulated by the von Hippel-Lindau factor and several
metabolic pathways such as the glycolysis.

Individual hypoxia scores for primary tumours in SweBCG91-RT were
calculated using the singscore package in R [39], or as described by the
authors. Scores were considered as continuous variables or combined into a
binary variable of high or low, with the 4™ quartile being defined as high, and
quartiles 1-3 as low, thus giving a similar proportion of hypoxic tumours as
detected by HIF-1a IHC (29%). Interaction tests were performed with scores
as a continuous variable to avoid introduction of bias from cut-off. If any
gene ID was not matched in our expression set, synonym gene names were
retrieved using the R package HGNChelper [40]. If one signature gene ID
corresponded to multiple synonym IDs, a search was conducted on
GeneCards database of human genes [41] to select the matching synonym.
Genes were excluded if an ID match was not identified.

Statistical methods

All statistical analyses were performed with R (3.5.2). The primary endpoint
was IBTR in any quadrant of the ipsilateral breast, though 90% were
located in the same quadrant as the primary tumour, as first event within 5
years [22]. Other recurrences and death by any cause were competing
events. Secondary endpoints were any breast cancer recurrence within 5
years, (including IBTR, regional and distant recurrence, but not contral-
ateral breast cancer), with death by any cause without recurrence as
competing event, and BCD, with death by other cause as competing event.
For the descriptive, exploratory analysis of the relationship between HIF-1a
in IBTR and BCD, the start point was the date of surgery for the IBTR, and
the endpoint was BCD. Cumulative incidence with competing events was
displayed graphically using the R package cmprisk [42] and presented with
hazard ratio (HR) and 95% confidence interval calculated using cause-
specific Cox proportional hazards model. The interactions between the
benefit of RT and markers of hypoxia were evaluated using cause-specific
Cox proportional hazards model with an interaction term. The proportional
hazards assumption was checked graphically and tested with Schoenfeld
residuals [43]. As seen before in this cohort [24], HRs over the full follow-up
were generally non-proportional, thus we present estimations of HR in
intervals (0-5 years, 5-15 years, and >15 years for IBTR and any recurrence
as first event, or 0-10 years, 10-15 years, and >15 years for BCD as first
event) along with the HR for the full follow-up. All HR estimations should
be interpreted as an average over the studied time interval. Associations
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between HIF-1a and other patient and tumour characteristics were
assessed using the chi-squared test or Fisher's exact test or tested for
trend using linear regression. Statistical significance was defined as p <
0.05, but due to the multiple hypothesis testing performed in this study,
the interpretation of p as level of evidence for or against the null
hypothesis should be careful.

RESULTS

HIF-1a in primary breast tumours

Of the 1004 tumours available in the TMA, 985 were successfully
stained and evaluated for HIF-1a (Fig. 1), where 698 (71%) were
HIF-1a negative. Primary tumours with IHC-staining positive for
HIF-1a were similarly distributed in the RT and non-RT groups
(27% and 31%, respectively). Patient and tumour characteristics
are described in Table 1. Tumour HIF-1a status correlated to
histological grade, with a higher frequency of HIF-1a positivity
among high-grade tumours (p <0.0001). Furthermore, HIF-1a
positivity was associated with cell proliferation in that it correlated
to high Ki-67 (p < 0.0001). A considerably higher proportion of ER-
negative tumours, compared to ER-positive tumours, were HIF-1a
positive (60% vs 25%, p <0.0001). Luminal A-like tumours were
the largest subgroup with 552 tumours and 22% of these were
HIF-1a positive, while luminal B tumours had a 30% frequency of
HIF-1a positivity (76 of 257, Table 1).

Higher risk of recurrence and BCD in patients with HIF-1a
positive primary tumours
Patients with a HIF-1a positive primary tumour had an increased
incidence of IBTR as a first event within 5 years compared to
patients with a HIF-1a negative primary tumour both in the total
patient population (HRo_s yrs = 1.9 [1.3-2.9], p = 0.003, Fig. 2a and
Table 2) and among patients that did not receive RT (HRo.5 yrs =
1.7 [1.1-2.8], p = 0.02, Fig. 2b and Table 2). The higher occurrence
of IBTR in patients that had HIF-1a positive primary tumours was
apparent in both ER-positive and -negative disease (Supplemental
Fig. 2). Patients that received RT suffered less IBTR, with no
difference between HIF-1a positive and negative groups (Fig. 2c).
In multivariable analysis adjusted for patient age, tumour size,
tumour subtype (St Gallen), and systemic adjuvant therapy,
the increased risk for IBTR in the HIF-1a positive group remained
an independent risk factor in the total patient population
(HRagjusted = 1.8 [1.1-2.8], p = 0.01, Table 2).

In analyses of any recurrences in the whole patient material
as well as in the non-irradiated group, HIF-1a primary tumour

Table 2.

Uni- and multivariable analysis of the hazard of HIF-1a (positive vs negative) in relationship to IBTR during the first 5 years after the primary

tumour, any recurrences during the first 5 years after the primary tumour, and BCD during the first 10 years after the primary tumour in breast cancer
patients randomised to receive RT or no RT after breast-conserving surgery.

All patients Univariable analysis
HR (95% CI) p
IBTR (0-5 years)
All patients 1.9 (1.3-2.9) 0.003
No RT 1.7 (1.1-2.8) 0.02
RT 2.1 (0.78-5.4) 0.14
Any recurrence (0-5 years)
All patients 2.0 (1.5-2.8) <0.0001
No RT 1.9 (1.3-2.8) 0.001
RT 22 (1.2-4.1) 0.02
BCD (0-10 years)
All patients 1.9 (1.2-2.9) 0.004
No RT 2.1 (1.2-3.7) 0.01
RT 1.6 (0.84-3.3) 0.15

British Journal of Cancer (2022) 126:1145- 1156

Multivariable analysis

n (event) HR (95% CI) P n (event)
985 (92) 1.8 (1.1-2.8) 0.01 948 (85)
509 (75) 1.6 (0.97-2.7) 0.065 492 (68)
476 (17) 2.1 (0.78-5.8) 0.14 456 (17)
985 (144) 1.7 (1.2-2.4) 0.003 948 (137)
509 (104) 1.6 (1-2.5) 0.03 492 (97)
476 (40) 1.7 (0.89-3.2) 0.11 456 (40)
985 (83) 1.5 (0.93-2.3) 0.097 948 (82)
509 (47) 1.5 (0.82-2.9) 0.18 492 (46)
476 (36) 1.3 (0.64-2.6) 0.48 456 (36)
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positivity was associated with an increase in early recurrences
(HRo_5 years 2, [1.5-2.8], p=10.0001 and HRo_s years 1.9, [1.3-2.8],
p=0.001, Fig. 2d, e and Table 2), with a similar pattern in patients
with ER-positive and -negative tumours (Supplemental Fig. 2).
Postoperative RT led to an overall decrease in any recurrence,
however, there were still a higher number of recurrences in
patients with a HIF-1a positive primary tumour (Fig. 2f and
Table 2).

There was a higher occurrence of BCD within 10 years of
surgery in patients with HIF-1a positive primary tumour in the
entire study population and in patients that did not receive RT
(HRo-10 years 1.9 [1.2-2.9], p =0.004, and HRg_10 years 2.1 [1.2-3.7],
p=0.01 Fig. 2g, h and Table 2), while this difference diminished

after RT (Fig. 2I). In patients with ER-negative tumours, with a high
frequency of HIF-1a positive primary tumours (60%), BCD within
10 years was higher compared to ER-positive tumours irrespective
of primary tumour HIF-1a status (Supplemental Fig. 2e, f).

Preserved benefit of RT in patients with HIF-1a positive
primary tumours

Taking all primary tumours into account, patients receiving RT had a
distinct reduction of IBTR within 5 years (HRo_syears 0.23, [0.13-0.39],
p < 0.0001; Fig. 3a and Table 3), and the full follow-up (HR¢ ry 0.42,
[0.3-0.58], p<0.0001; Fig. 3a). Dividing the patients into those
with HIF-1a negative and positive primary tumours, there was a
similar reduction in IBTR with RT in the two groups (test for

= a All primary tumours b HIF+ primary tumours c HIF- primary tumours
2 06 g 4
o = NoRT, IBTR HR = 0.42 [0.3-0.58], p < 0.0001 = NoRT, IBTR HR=0.38 (0.21-0.7], p=0.002 = NoRT, IBTR HR = 0.4 [0.3-0.64], p < 0.0001
2 —— RT,IBTR HR 0-5y = 0.23[0.13-0.39], p < 0.0001 RT, IBTR HR 0-5y = 0.26 [0.11-0.59], p = 0.001 = RT,IBTR HR 0-5y = 0.220.11-0.43], p = p < 0.0001]
< 05 No RT, comp. event HR 5-15y = 0.67 [0.42-1.1], p = 0.08 B - No RT, comp. event HR 5-15y = 0.75 [0.28-2], p = 0.57 ~ - NoRT, comp. event HR 5-15y = 0.64 [0.38-1.1], p = 0.09
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Fig.3 Reduction in recurrence with RT was independent of primary tumour HIF-a status. Cumulative incidence of IBTR after surgery of the
primary tumour (a-c), any recurrences (d-f) as first event, and BCD (g-i) in 985 T1-2NOMO breast cancer patients randomised to RT (green line)
or no RT (orange line) after breast-conserving surgery for all primary tumours (a, d, g), HIF-1a positive primary tumours (b, e, h), and HIF-1«

negative primary tumours (c, f, i).
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Table 3.

Uni- and multivariable analysis of the benefit of RT in relationship to IBTR during the first 5 years after the primary tumour, any recurrences

during the first 5 years after the primary tumour, and BCD during the first 10 years after the primary tumour in breast cancer patients randomised to

receive RT or no RT after breast-conserving surgery.

Univariable analysis

HR (95% CI) P
IBTR (0-5 years)
All patients 0.23 (0.13-0.39) <0.0001
HIF-Ta+ 0.26 (0.12-0.59) 0.001
HIF-1a— 0.21 (0.11-0.43) <0.0001
Any recurrence (0-5 years)
All patients 0.39 (0.27-0.56) <0.0001
HIF-Ta+ 0.44 (0.25-0.76) 0.003
HIF-1a— 0.37 (0.23-0.6) <0.0001
BCD (0-10 years)
All patients 0.82 (0.53-1.3) 0.36
HIF-1a+ 0.74 (0.37-1.5) 0.38
HIF-1a— 0.92 (0.53-1.6) 0.79

interactiong_s years p = 0.90, test for interactiongy ry p = 0.66, Fig. 3b,
c and Table 3). The incidence for any recurrences within 5 years, and
full follow-up, was also reduced in patients that had received RT
(HRo_syears 0.39, [0.27-0.56], p < 0.0001, and HRgy ry 0.59, [0.46-0.75],
p < 0.0001; Fig. 3d and Table 3), and this effect of RT on recurrence
was independent of HIF-1a status (test for interactiono s years P =
0.70, test for interactiong ry p = 0.79, Fig. 3¢, f and Table 3). In the
present study, there was no statistically significant effect of RT on
the incidence of BCD (HRo_1¢ years 0.82 [0.53-1.3], p = 0.36, Table 3),
and this was unaffected by HIF-1a status (test for interactiong_qg years
p=0.54, test for interactiong, ry p = 0.80, Fig. 3g-i, Table 3).

HIF-1a in IBTR and relation to outcome

For a fraction of the cohort, IHC staining of HIF-1a in matched
primary and IBTR tumour material was available (n =119). HIF-1a
positive IBTR was more prevalent among patients that had a HIF-
1a positive, compared to negative, primary tumour (61% vs 27%,
p <0.001: Fig. 4a). In line with this, when considering HIF-1a IHC
on three levels (negative, low and high), the IBTRs most often had
the same HIF-1a staining intensity as their corresponding primary
tumour (65%, n=75), while 21% (n=24) of the IBTRs had
increased intensity, and 14% (n=16) had decreased HIF-1a
intensity. Addressing the prognostic relevance of HIF-1a expres-
sion in IBTR, we found that HIF-1a positivity in IBTR was associated
with an increased risk of BCD (HRgru2.6 [1.3-5.0], p=0.007;
Fig. 4b).

Hypoxic gene-expression signatures and relation to outcome
and benefit of RT treatment

There was a concordance between HIF-1a IHC signal and HIF-1a
mRNA-expression levels (rho=0.40, p < 0.0001, Fig. 4c). How-
ever, there was no association between high HIF-Ta mRNA
expression (highest quartile) and breast cancer recurrence or
survival (data not shown). In general, the hypoxic signature
scores exhibited a high positive correlation with HIF-1a positive
IHC status, with the Mense hypoxia score being the only
exception (Fig. 5a). The strongest correlations to HIF-1a positive
IHC were observed for “Buffa” (rho =0.26, p < 0.0001), “Farmer”
(rho=10.27, p <0.0001), and “Hu” (rho = 0.26, p < 0.0001, Fig. 5a).
The calculated hypoxia scores of most gene signatures
correlated strongly (Fig. 5b). The Mense hypoxia score did not
correlate with the majority of other hypoxia scores, whereas the
Yang signature had a clear negative correlation to several other
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Multivariable analysis

n (event) HR (95% CI) P n (event)
985 (92) 0.25 (0.14-0.42) <0.0001 948 (85)
287 (38) 0.30 (0.12-0.69) 0.005 272 (35)
698 (54) 0.22 (0.11-0.46) <0.0001 676 (50)
985 (144) 0.42 (0.29-0.61) <0.0001 948 (137)
287 (62) 0.48 (0.27-0.86) 0.01 272 (59)
698 (82) 0.37 (0.23-0.62) <0.0001 676 (78)
985 (83) 0.87 (0.56-1.4) 0.54 948 (82)
287 (35) 0.84 (0.42-1.7) 0.62 272 (35)
698 (48) 0.97 (0.54-1.7) 091 676 (47)

hypoxia scores. Although most hypoxia scores correlated
strongly, the gene overlaps were modest with a relatively low
number of shared genes (Fig. 5¢). Nine genes were present in
>5 signatures: ADM, NDRGI1, SLC2A1, VEGFA, ALDOA, IGFBP3,
LDHA, P4HAT and TPI1.

To address the hypothesis that benefit of RT is affected by a
hypoxic tumour microenvironment, we evaluated the benefit of
RT in relation to gene expression of the hypoxic gene-expression
signatures. The cohort was stratified based on the scores of each
hypoxia signature and tested for statistical interaction between
benefit of RT and hypoxia scores with respect to outcome (Fig. 5d).
Patients had benefit from RT in prevention of early IBTR, regardless
of hypoxia scores (Fig. 5d).

Several signature scores associated with an increased
incidence of IBTR as a primary event, with the Buffa signatures
("Buffa” HRsyrs 1.5 [1.2-1.9], p<0.001), and “Buffa reduced”
(HRsyrs 1.4 [1.1-1.8], p=0.002) and Hu signature (HRs, 1.4
[1.1-1.7], p=0.005) being most prognostic for IBTR (Fig. 6a, b
and Supplemental Fig. 3). Additionally, some signatures were
associated with any recurrence, with the “Buffa reduced”
(HRo_syrs 1.5 [1.3-1.8], p<0.001), “Hu" (HRo_syrs 1.5 [1.2-1.7],
p<0.001), and “Winter” (HRo_sys 1.4 [1.2-1.7], p <0.001) being
most pronounced (Fig. 6b and Supplemental Fig. 4). Lastly, some
signature scores were associated to an increased incidence of
BCD (Fig. 6b and Supplemental Fig. 5), where the “Buffa
reduced” (HRo_1oyrs 1.6 [1.3-2.1], p<0.001), “Yang” (HRo_qoyrs
1.4 [1.1-1.7], p=0.004) and “Hu” (HRo_ 1oy 1.5 [1.2-1.9], p<
0.001) were most prominent.

DISCUSSION

In this study, we address the role of tumour hypoxia, detected by
HIF-1a IHC or hypoxic gene-expression signatures, in relation to
outcome and benefit of RT in a large, randomised trial of
postoperative RT in early breast cancer.

In contrast to our initial hypothesis, we show that breast cancer
patients benefit from postoperative RT regarding IBTR, and any
recurrence, also when the primary tumour was HIF-1a IHC positive
or had high expression of hypoxic gene signatures. We found no
effect of postoperative RT on BCD, irrespective of primary tumour
HIF-1a status. However, a benefit of postoperative RT in the
prevention of BCD has been demonstrated in meta-analyses [3].
Thus, RT directed to the remaining breast tissue was similarly
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effective on disseminated cancer cells whether these were
schooled in a hypoxic or non-hypoxic primary tumour.

For breast cancer, RT is most often given after tumour
resection. In cancers that are primarily treated with radiation
(e.g. some head and neck cancers and bladder cancers) the

Fig. 4 HIF-1a and IBTR. Distribution of HIF-1a positive (red boxes)
and negative (blue boxes) IBTRs in relation to primary tumour status,
statistically tested using the chi-squared test (a). Cumulative
incidence of BCD in relation to HIF-1« status of the resected IBTR,
with the date of surgery for the IBTR as starting point (b), patients
with HIF-1a positive IBTR (red line) compared to those with HIF-1a
negative IBTR (blue line). Time from IBTR resection. Concordance
between HIF-1a IHC and HIF-Ta mRNA levels in tumour samples,
tested using Spearman’s rank test (c), showing HIF-1a IHC signal in
three levels; negative (blue), low (white), and high (red).

hypoxic microenvironment remains and may even be enhanced
due to radiation-induced tissue damage. The cells residing in the
hypoxic microenvironment may then continue communicating
with the microenvironment through the release of growth
factors and other signalling molecules in a hypoxia-adapted
state, potentially affecting the outcome. This could explain why
hypoxia has been associated with RT resistance [44-46], but not
in this postoperative study.

Tumour HIF-1a positivity correlated to unfavourable tumour
characteristics. Analyses of the non-irradiated patient group, as
well as the total study population, showed that patients with HIF-
1a positive primary tumours were more prone to develop IBTR
during the first five years after surgery. Multivariable analysis
showed that primary tumour HIF-1a positivity was an independent
risk factor for IBTR in the total patient population. In addition,
primary tumour HIF-1a positivity correlated to an increase in any
recurrence in the whole study population and remained an
independent risk factor after adjustment for patient age, tumour
subtype, size, and systemic treatment. Primary tumour HIF-1a
positivity was also associated with an increase in BCD, but not
when adjusted for patient age, tumour subtype, size and systemic
treatment. The association between primary tumour HIF-1a
positivity and IBTR is, to our knowledge, a novel finding, and in
line with previous reports that hypoxia and HIF-1a are associated
with distant metastasis and poor prognosis in breast cancer [16-
18]. Breast tumour hypoxia and HIF-1a-regulated gene expression
contribute to aggressive tumour behaviour and seeding of cancer
cells with a metastatic capacity [47, 48].

We found that most tumour samples from surgically removed
IBTRs had the same HIF-1a status as their corresponding primary
tumour, indicating that hypoxia and HIF-1a positivity is an
inherent tumour trait. Additionally, of 11 hypoxia-related gene-
expression signatures from the literature, 10 correlated with HIF-
1a protein level, and 5 with an increased risk of IBTR within 5 years
after resection of the primary tumour. The presence of a HIF-1a-
positive IBTR correlated to an increased risk for BCD compared to
having a HIF-1a negative IBTR, analysed in relation to time after
IBTR-surgery (Fig. 4b).

To specifically address whether ER affects the role of tumour
hypoxia, we investigated the hazard of the investigated hypoxia
markers in ER-positive and -negative groups separately. We found
that primary tumour HIF-1a positivity was a risk factor for IBTR and
any recurrence within 5 years after surgery in the ER-positive
subgroup as well as in the entire study population. The study
included too few patients with ER-negative primary tumour to
allow for meaningful multivariable analyses in this subgroup. In
this large breast cancer material, we establish that HIF-1a
positivity is associated with the tumour subtype. Luminal A
tumours have the lowest frequency of HIF-1a positivity, and the
frequency of HIF-1a-positivity is then increasing step by step in
luminal B, HER2-positive and triple-negative tumours. HIF-1a
positivity, thus, has a negative correlation to the distribution of
ER expression in the breast cancer subtypes. The ER-negative
breast tumours generally have a worse prognosis and a high
frequency of HIF-1a-positivity. However, as stated above, within
the ER-positive group HIF-Ta-positivity remains associated with a
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Fig. 5 Hypoxic gene-expression signatures. Hypoxia signature scores in relation to HIF-1a IHC status, negative (blue) and positive

(red), presented as boxes of the 25th-75th percentiles with whiskers at percentile 2.5-97.5 *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001
(a). Correlations were tested using Spearman’s correlation. Correlation plot of hypoxia signature scores, ordered according to the first principal
component order (b). Positive correlations in increasing intensity of blue and negative in red. Crossed squares mark correlations where p <
0.0001. Venn diagram of gene overlaps in four of the hypoxia signatures between which the scores exhibited the highest correlation (c),
darker colour representing higher percentage of overlapping genes. Forest plot presenting the benefit of RT in prevention of IBTR the first 5
years after the primary tumour in relation to hypoxia signature scores (d). The tumours were stratified based on hypoxia scores, where the 4th

quartile was defined as high, and quartile 1-3 as low.

worse prognosis. We have previously shown, on the molecular
level, that in hypoxic breast cancer cells ER-expression diminishes
as HIF-1a accumulate [17, 49]. It is plausible that, in the generally
less proliferative ER-positive tumours, the additive effect of growth
factors, cytokines and other effectors induced by HIF-regulated
transcription have a relatively greater impact than in ER-negative
tumours.

Regulation of HIF-1a is mainly post-translational as described
above, but we found that HIF-1a IHC signal correlated to HIF-1a
mRNA-expression levels. Albeit, with a great degree of variability,
and HIF-la mRNA-expression did not correlate to tumour
characteristics or patient outcome (data not shown). Thus, the
need for a hypoxic gene-expression signature remains. To further
study the role of tumour hypoxia in relation to patient outcome,
we calculated a series of hypoxic scores according to hypoxia-
related gene-expression signatures from the literature for each
tumour in the cohort. Eleven literature-derived hypoxia gene-
expression signatures [30-38] were analysed in relation to patient
outcome. There was a high degree of correlation between several

British Journal of Cancer (2022) 126:1145-1156

of the signatures, which was anticipated as some were published
by associated research groups. The signatures were enriched in
genes known to be regulated by HIF. Furthermore, we found that
their expression correlated with HIF-1a IHC positivity, indicating
that IHC detected transcriptionally active HIF-1a. High expression
of most of the analysed hypoxia signatures correlated to a higher
incidence of IBTR, any recurrence, and BCD, similarly to the pattern
seen for HIF-1a IHC positivity. Notably, the Elvidge, Mense and
Yang signatures did not correlate to increased occurrence of IBTR
and were also among those with the least gene overlap and score
correlation with the other signatures (Fig. 5b, c). However, the
hallmarks of cancer signature, which had a large overlap with
other hypoxic signatures, also did not correlate to increased IBTRs
(Fig. 6). None of the hypoxic signatures, similar to HIF-1a IHC,
correlated to RT-resistance.

In conclusion, patients with HIF-1a positive primary tumours
had a worse outcome with increased recurrences, but these
patients still had equal benefit from postoperative RT as patients
with a non-hypoxic primary tumour.
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Fig. 6 Hypoxic gene-expression signatures in relation to recurrence and BCD. Forest plot presenting HR of hypoxic signature scores as
continuous variables in relation to IBTR during the first 5 years after the primary tumour (a). For all rows, n and events were 766 and 75,
respectively. Competing risk curves presenting the relationship between risk of IBTR, any recurrence, or BCD as first event. For each endpoint,
the three hypoxia signatures with the strongest association to outcome are shown (b). The scores were plotted as a dichotomous variable of
high vs. low, where low included quartile 1-3 (Q1-3, blue line), and high included quartile 4 (Q4, red line). Survival data presented as text in
the plot area were obtained from Cox proportional hazards model with the score as a continuous variable.
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