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1. Introduction

1.1 Epithelial Ovarian Cancer

1.1.1 Epithelial Ovarian Cancer Epidemiology

Ovarian cancer is the seventh most frequent malignant tumour in females and the sec-
ond most common reason of gynaecological cancer decease worldwide (1, 2). The ma-
jority of Ovarian Cancer consists of Epithelial Ovarian Cancer (EOC) (3). Collectively
7350 women were detected with Epithelial Ovarian Cancer in Germany in 2016 and EOC
was the reason for 5.2% of all cancer-related deaths in German females in 2016 (4).
Age-standardised ratios for EOC are consistent or decreasing in the majority of high-
income countries, but they are increasing in numerous less wealthy countries (1). Insuf-
ficient screening methods and unspecific symptoms lead to late stage detection in the
preponderance of cases with EOC. The mortality of ovarian cancer stays high relative to
other cancers of the female reproductive organs and relative five-year survival is 43%
for women with EOC in Germany (2, 4).

1.1.2 Epithelial Ovarian Cancer Risk Factors

“A family medical record of breast or ovarian cancer” marks the most influential risk factor
for EOC (5). There are two hereditary tumour syndromes that can cause EOC. The he-
reditary breast ovarian cancer syndrome (HBOC) and the hereditary non-polyposis col-
orectal carcinoma syndrome (HNPCC) otherwise specified as ‘Lynch Syndrome’ (3).
Breast Cancer 1 and 2 (BRCA1 and BRCAZ2) are the primary genes linked to HBOC
which code for BRCA1 and BRCA2, essential “proteins in charge of the homologous
recombination mending of double-strand DNA disruptions” (6). “Germline alterations of
BRCAL1 and BRCAZ2 are detected in 5-10% of breast cancer involved patients and in 10-
18% of patients suffering from EOC” (7, 8). Next to BRCA1 and BRCA2, several other
genes have been discovered to be associated with the development of HBOC. Also al-
terations in the genes ATM, CDH1, CHEK2, NBN, MLH1, MSH2, MSH6, PALB2, PMS2,
RAD51C, RAD51D, TP53, were connected to ovarian cancer evolvement (2-4, 9). Two-
sided Salpingo-Oophorectomy is the utmost efficient method to decrease the mortality
and risk of developing hereditary EOC (10). Other factors identified as potential risk fac-
tors for the development of EOC are nulliparity, endometriosis, obesity, age, post-men-
opausal hormone therapy and perineal talc application (3, 4, 11). Gravidity, the use of

oral contraceptives and tubal ligation diminish the risk to develop EOC (2, 3).
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1.1.3 Epithelial Ovarian Cancer Subtypes and Prognostic Markers

The large majority of ovarian cancers is caused by EOC (3). Nonepithelial ovarian carci-
nomas classify less than 5% of all ovarian malignancies. They comprise “germ cell neo-
plasms, sex cord-stromal neoplasms, small cell carcinomas” and ovarian sarcoma (5).
EOC is classified in five major “subtypes; the high-grade serous ovarian carcinoma
(HGSOC) and low-grade-serous ovarian carcinoma, the mucinous ovarian carcinoma
(expansile and infiltrative subtype), the endometrioid ovarian carcinoma (high grade and
low grade subtype) and the clear-cell ovarian carcinoma, differing regarding their phe-
notype, molecular background, aetiology and clinical outcome” (12-14). HGSOC is the
most frequent subtype representing more than 50% of EOC cases (4) and is mostly de-
tected in late cancer stages. The majority of high-grade ovarian carcinomas is assumed
to originate in the distal fallopian tube (15, 16). 15-20% HGSOC cases are linked to
inheritable alterations “in BRCAL1 and BRCA2 genes or less frequent variations in other

homologous recombination genes” (3).

The crucial prognostic marker for EOC is the extensiveness “of residual illness after pri-
mary debulking operation” (17). Other prognostic markers comprehend “the International
Federation of Gynaecology and Obstetrics (FIGO) stage, the quantity of ascites, age of

a patient and histological subtype” (17, 18).

1.1.4 Epithelial Ovarian Cancer Therapy

EOC therapy comprises initial debulking surgery by an experienced gynaecological on-
cologist which allows accurate staging using the FIGO and TNM classifications (18). Cy-
toreductive operation is succeeded by platinum-based monochemotherapy or combined
with paclitaxel (4). Unfortunately, chemoresistance represents an important challenge in
EOC treatment (19). Targeted therapy has been gradually introduced into EOC treatment
in recent years. The humanized monoclonal antibody Bevacizumab which aims at the
vascular endothelial growth factor (VEGF), has become an essential part in the therapy
of woman with progressive stage and recurring disease (3, 4). Poly (ADP-ribose) poly-
merase (PARP)- Inhibitors target especially BRCA1/BRCA2-mutated cancers. PARPs
are enzymes implicated “in base excision restore, crucial in the process of single-strand
DNA breaks repair” (7). In suppressing the reparation of single-strand DNA breaks,
PARP-Inhibitors confer ‘synthetic lethality’ to BRCA1/BRCA2-mutated cells (20). Re-
cently, PARP-Inhibitors were authorized as first-line maintenance treatment for women
suffering from advanced EOC, regardless of their BRCA status, after initial successful
platinum-based chemotherapy (4, 7, 21-23). Immune Checkpoint Inhibitors, which have
greatly improved the treatment of other tumour entities, like melanoma, are being tested

in pre-clinical and clinical studies for EOC, until now with mixed results (24-26). Findings
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of latest investigations suggest that the combination of immune checkpoint inhibitors with
chemotherapeutics or PARP-Inhibitors are a promising approach for ovarian cancer
treatment (25, 27, 28). Most of EOCs express the estrogen receptor (ER), however an-
tiestrogen therapy was not favourable for patients with EOC (29). Local radiation therapy
of the affected area is only used in selected cases of recurrent disease for symptom
control (4).

1.2 NRF2

1.2.1 NRF2’s Role in Physiology

Nuclear factor erythroid 2-related factor-2 (NRF2) is a transcription factor which is ubig-

uitously fabricated at low quantities and appertains “to the cap “n” collar group of tran-
scription factors” (17, 30). NRF2 regulates genes with “antioxidant and cytoprotective”
properties (31). The physiological role of activated NRF2 is to protect the cell from inor-
dinate defect evoked “by metabolic, xenobiotic, and oxidative stress” (17, 32, 33). NRF2
is present in the cytoplasm in its inactive form bound by Kelch-like ECH-associated pro-
teinl (Keapl), under physiological states. Keapl controls the stability of NRF2 in accord-
ance with the redox conditions. In a redox-balanced environment, Keapl continually
guides NRF2 for ubiquitination and successive decomposition by the 26S proteasome
(30, 34). Whilst a cell is confronted with oxidative stress, cysteine fragments of Keapl
are oxidized involving a conformational alteration of the Keap1l-NRF2 compound and
enabling NRF2 to move to the nucleus (35). Within the nucleus, NRF2 connects along
with small musculoaponeurotic fibrosarcoma (Maf) proteins, to antioxidant response el-
ements (ARES) in the promotor area of target genes which induces the transcription of
its downstream genes (31, 36, 37). Another NRF2 decomposition mechanism exists in
the nucleus (38). B-transducin-repeat-containing protein (3-TrCP) builds a complex with
“E3 ubiquitin ligase CUL1 and ubiquitinates NRF2” to inhibit dispensable “NRF2 over-
induction provoked by Keapl inactivation” (38, 39). NRF2 induces the transcription of
numerous cytoprotective genes and its downstream genes are classified in distinct cat-
egories. These categories include genes which code for “intracellular redox-balancing
proteins, phase I/1l/1ll detoxifying enzymes”, in addition to enzymes patrticipating in the
“lipid, heme and glucose metabolism” (32). Furthermore, NRF2 induces the transcription
of genes coding for enzymes which play a role in the nicotinamide adenine dinucleotide
phosphate (NADPH) generation and pentose synthesis, along with proteins regulating

cellular autophagy, apoptosis and xenobiotic responses (32, 38).

The NRF2-Keapl-ARE pathway was discovered in 1999 (40). Since then, the regulatory

mechanisms of NRF2 and its role in the cellular defence against oxidative stress have
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been an important topic of research. In recent years, the dialogue and interaction among
the NRF2-Keapl-ARE pathway and various influential networks were revealed, which
confirmed the position of NRF2 at the centre of a complex regulatory network (30, 40-
42). The transcription factor Aryl Hydrocarbon Receptor (AHR) for instance which is im-
plicated “in the supervision of drug-metabolizing enzymes” (43), binds to the promotor
region of the gene Nuclear Factor, Erythroid 2 like 2 (NFE2L2), which encodes for NRF2
and thus regulates NFE2L2 gene transcription directly (37). Nuclear factor k-light-chain-
enhancer of activated B cells (NF-kB) proteins, a widely studied group of transcription
factors which play an essential part in a multitude of mechanisms, such as inflammation,
immune response, apoptosis, development, and cell growth (37), interact with NRF2, too
(44). Bidirectional crosstalk between NRF2 signalling and p53, an important tumour sup-
pressor, and Notch homolog 1, translocation-associated (NOTCH1), a transmembrane
receptor involved in the development of tissues, have been described as well (37, 42).
Apart from its role in DNA repair mechanisms, BRCAL also acts as an influential modu-
lator of oxidative stress by regulating the Keapl-mediated NRF2 ubiquitination activity
and therefore stabilizes NRF2 (44-46).

1.2.2 NRF2’s Role in Cancer

A dual role for NRF2 in cancer, chronic diseases and inflammation has been described
(30). The controversial question if activating, or rather inhibiting NRF2 is a useful strat-
egy for averting or treating cancer (47), has been an important field of research in recent
years (47). Generally speaking, the role of activated NRF2 in carcinomas and their “mi-
croenvironment is intricate and determined by the cell type and context” (46). Several
studies indicated the beneficial effects of NRF2 in the prevention of oxidative stress- or
inflammation-associated carcinogenesis (48, 49), which is due to the ability of NRF2 to
balance the intake, repartition, “metabolism and excretion of carcinogens”, together with
its anti-inflammatory response (30). However, increased levels of NRF2 were detected
in numerous malignancies (39). High and prolonged activation of NRF2 is linked to ad-
vancement, growth of metastases, angiogenesis and the resistance to radio- and chem-
otherapy in different cancers, including EOC (19, 39, 50-52).

Several mechanisms exist which lead to the elevated activeness of NRF2 in malignan-
cies. Somatic mutations of the encoding gene for Keapl (KEAP1) leading to the inacti-
vation of Keapl strongly induce NRF2 (38), as well as epigenetic silencing of KEAP1
(50, 53). Different proteins can alter the NRF2-Keapl interaction, too. The cyclin-de-
pendent kinase inhibitor 1 (p21), the ubiquitin-binding protein p62 and Protein deglycase
DJ-1 positively regulate NRF2 through various mechanisms and more proteins interact-

ing with NRF2 and Keapl are continuously discovered (32, 39). Furthermore, the tran-
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scription of NFE2L2 is upregulated by activated oncogenes, such as Kirsten Rat Sar-
coma (KRAS), “rapidly accelerated fibrosarcoma (B-Raf) proto-oncogene, serine/threo-
nine kinase (BRAF)” and cellular Myelocytomatosis c-MYC (54). Metabolic factors can
increase NRF2 as well when Fumarate Hydratase, an enzyme engaged in the Krebs
cycle, is mutated which contributes to the “accumulation of Fumarate” within the cell and
therefore to the stabilization of NRF2 (50, 53). In BRCAL1 deficient cells, NRF2 activation
is regulated by estrogen (E2) which promotes “antioxidant genes that shield the cell from

reactive oxygen species (ROS) -induced death” (55).

1.2.3 NRF2’s Role as a Pharmaceutical Target

Several molecules that reinforce the activity of NRF2 were investigated for the prevention
of diseases in recent years (50). Numerous NRF2 enhancers are natural, “plant-derived
phytochemicals” such as sulphoraphane or curcumin (50). NRF2 inducers have been
shown to protect from critical damages “to the lung, kidney, brain, liver, eye and heart”
(47, 56-62) that are provoked by different elements such as “cigarette smoke, hypoxia,
ischaemia—reperfusion injury, and chemical toxins” (47, 61-64). Furthermore, NRF2 ac-
tivating agents exhibited favourable effects in the prevention of chronic illnesses for in-
stance diabetes, obesity and various neurodegenerative diseases. Dimethyl fumarate, a
synthetic NRF2 activator was authorized by the United States Food and Drug Admin-
istration (FDA) for multiple sclerosis therapy in 2013 (30, 32, 38, 47).

The implication of NRF2 in cancer advancement and chemo- and radio resistance led to
the discovery of various NRF2 inhibitors (65, 66). NRF2 inhibitors have been shown to
sensitize former chemo- or radio resistant cancer cells to anti-tumour drugs and radio-
therapy (53, 66), making them a useful addition in cancer therapy. In recent years, al-
ready established therapeutics have been repurposed for new indications especially for
cancer treatment. Several well-known established drugs have been shown to act trough
NRF2 signalling on cancer cells (67). Metformin, a biguanide applied in the therapy of
type Il diabetes, inhibits proliferation in various carcinoma cell lines by suppressing heme
oxygenase 1 (HO-1) fabrication via the blocking of a “Rapidly Accelerated Fibrosarcoma
(RAF)/ extracellular signal-regulated kinase (ERK)/” NRF2 signalling and “5' adenosine
monophosphate-activated protein kinase (AMPK)—independent” pathways (67, 68). Met-
formin has also been demonstrated to chemo sensitize cancer cells from various cancer
types, including ovarian cancer by downregulating NRF2 (69, 70). The tyrosine kinase
inhibitor Apatinib, stimulates ROS-dependently “apoptosis and autophagy through the
NRF2/HO-1 mechanism in EOC cells” (71).
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1.3 Estrogens and Estrogen Receptors

Estrogens are steroid hormones derived from cholesterol. The most effective estrogen
hormone in the circulation,17p-Estradiol, modulates many crucial physiological mecha-
nisms comprising the growth and preservation “of reproductive organs and the” manage-
ment “of cardiovascular, musculoskeletal, immune, and central nervous system homeo-
stasis” (72, 73). As Estrogens influence many physiological processes, they are also
involved in various diseases such as “obesity, metabolic disorder, numerous carcino-
mas, osteoporosis, lupus erythematosus, endometriosis, and uterine fibroids” (74). The
biological effects of estrogens are exerted through the estrogen receptors (ER) a and j3,
which appertain to a large group of ligand-activated nuclear receptors and which are
found on separate genes (ESR1 and ESR2) (72, 74, 75). ERa is primarily detected “in
reproductive tissues, the ovary (interstitium and theca cells), kidney, bone, white adipose
tissue, and liver”, whereas ER is found “in the ovary (only in the granulosa cells), pros-
tate, lung, gastrointestinal tract, bladder, hematopoietic cells, and the central nervous
system” (33, 74, 76-79). ERa is also reported to be present in the mitochondria where it
is concerned with the regulation of ROS and apoptosis (78). ERa and ER form dimers
to regulate gene transactivation and ER dimers connect directly “to estrogen-responsive
elements (ERES) in the managerial areas of estrogen target genes” (77). There exist two
other genomic ER-guided transcriptional control procedures; the indirect attachment to
other transcription factors (tethering) and the “ligand-independent receptor activation by
growth factors” along with further signalling mechanisms within the cell (74, 78).

ERa interacts with a variety of proteins and pathways. ERa, bound to the DNA, together
with protein conglomerates are implicated “in base excision restore, cell fate decision,
and oxidative stress reaction” (80). The Cu/Zn superoxide dismutase (SOD1) is a protein
affiliated to ERa and engaged in the management of oxidative stress (80) for which an
interaction with NRF2 has been described (81). Estradiol also increases NRF2 protein
concentration but not mRNA levels directly by generating oxidative stress (31, 82, 83).
As already mentioned above, Estrogen regulates NRF2 activation in BRCAl-deficient
cells (55) through stimulation of the phosphoinositide 3-kinase (PI3K)— protein kinase B
(AKT) allowing BRCA1-deficient cells to survive (84). A dual role for Estradiol in the mod-
ulation of NRF2 has been reported; NRF2 is activated by the metabolites of Estradiol
through the production of ROS (independent of ER), however Estradiol is able to sup-
press the NRF2 downstream genes through connecting to ERa (31, 85-87).

1.4 Progesterone and Progesterone Receptors

Progesterone is a steroid hormone derived from cholesterol and the precursor to andro-

gens and estrogens (88). Progesterone plays a crucial role in normal physiology (89).
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Progesterone is also named ‘the pregnancy hormone’, as it is indispensable ahead of
and throughout pregnancy (88). Furthermore, progesterone is a mediator for female re-
productive activity, “nerve restoral, adaptive immune system, brain damage rehabilita-
tion, sleep apnoea, and nervous systems” (88, 90). Progesterone exerts its biological
effects through progesterone receptors A and B (PRA, PRB), two isoforms which apper-
tain to the group of nuclear hormone receptors (75, 88) and which are encoded by the
gene PGR. PRs are found in numerous human tissues, for instance the female repro-
ductive organs the “brain, pancreas, bone, testes, and tissues of the lower urinary tract”
(89). PRA is crucial for normal ovarian function and nearly absent in ovarian carcinoma
cells, whereas PRB is mostly expressed in ovarian carcinoma cells (91). Progesterone
binds to the PR leading to receptor dimerization and DNA binding (89). The PR then
binds to progesterone response elements (PRES) for gene transcription (75, 91), but can
also bind to other DNA-bound transcription factors or growth factor receptors for gene

expression and activation of downstream signalling cascades (91).

Interactions of progesterone and the PR with various networks including the cyclic aden-
osine monophosphate (cAMP)/protein kinase A (PKA), mitogen-activated protein Ki-
nases (MAPK), toll-like receptors (TLRs)/NF-kB, and the PI-3K/Akt signalling pathway
have been described (84, 90). Additionally, steroid receptors, including the PR and ER,
participate in complexes and modulate activities of each other (91). Progesterone also
interacts with p21 which is able to stabilize NRF2 (39, 91). Progesterone was also shown
to activate NRF2 signalling directly and together they exert neuroprotective effects on
patients with traumatic brain injury (90). Recent studies revealed that interaction of
NRF2, aldo-keto reductase family 1 member C1 (AKR1C1) and PR might be the molec-
ular mechanism for progestin (synthetic progesterone) resistance in endometrial cancer
(92).

1.5 Steroid Hormones and Steroid Receptors in Epithelial
Ovarian Cancer

Numerous therapies for estrogen associated diseases are linked to regulating the activ-
ities of ERa and ERf (93). The expression of steroid hormone receptors is of “therapeutic
and prognostic” interest in the management of “breast, endometrial or prostate cancer”,
however investigations on EOC and ER or PR expression are scarce and provide dis-
crepant results (29, 94). Estrogen and progesterone seem to have different roles in the
prevention or induction of cancer, also depending on cancer types. In breast cancer cells,
progesterone, together with estrogen, stimulates proliferative and pro-survival gene pro-

grams (91), on the other hand, progesterone protects against the evolvement of estro-
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gen-induced endometrial cancer (88, 91). Several studies indicated the beneficial prog-
nostic impact of ER and PR expression on disease-specific and progression free survival
and proposed PR-B as independent prognostic marker for EOC (29, 94-100). As already
mentioned above, hormone replacement therapy (HRT) including estrogen replacement
therapy after menopause, is a risk factor for the evolvement of EOC (17), whereas preg-
nancy and oral contraceptive use decrease the possibility of developing EOC which is
attributed to the high levels of progesterone (4, 16, 88, 101). Another study showed that
estrogen led to “epithelial-mesenchymal transition (EMT)” and enhanced EOC cell mi-
gratory capability therefore increasing the metastatic potential (88). Progesterone, how-
ever, had “anti-proliferative and anti-metastasis” impacts in EOC and acted as an oppo-
nent to estrogen (88). This point of view is supported by recent studies which show that
“progesterone averts HGSOC through promoting necroptosis of p53-deficient fallopian
tube epithelial cells” (15) and by repressing Wnt/Bcatenin signalling in serous ovarian
cancer precursor lesions in fallopian tubes (16). In contrast, it was detected that estrogen
enhances tumour growth by supporting the Wnt/Bcatenin signalling in the precursor le-
sions (16). Additionally, it was discovered that the stroma surrounding epithelial tumours
in the ovary, which present corresponding receptors (e.g. ER and PR) is activated to
produce steroid hormones, which may stimulate further neoplastic growth (102). In con-
trast to the treatment of other gynaecological malignancies, antiestrogen treatment has
not been shown to be successful in the therapy of EOC (29). Also, the efficacy of several
antiprogestins was studied in clinical trials for breast cancer and gynaecological diseases
(91). Therefore, the antiprogestin Mifepristone was studied in patients diagnosed with
EOC but was not proven to be an effective instrument in the treatment of women with
EOC (91, 103).

1.6 Intentions and Objectives of the Studies

Even though immense progress has been achieved in the diagnosis and therapy of many
cancers in the last decades, the prognosis for women with EOC has hardly improved
over time (4, 29). The majority of patients with EOC is detected with advanced cancer
stages and cytoreductive surgery together with platinum-based chemotherapy have
been the traditional therapeutic options for decades (4, 75). Until now, reliable prognostic
markers and effective individual targeted treatments for patients with EOC, which take
the heterogeneity of ovarian cancer subtypes into account, are scarce (29). With the
latest initiation “of Poly (ADP-ribose) polymerase (PARP)-Inhibitors as maintenance”
treatment after initial successful platinum-based chemotherapy for patients regardless
their BRCA1/BRCA2 status, a first step into the right direction of targeted therapies for
EOC patients has been made (4).



Introduction 17

The development of EOC appears to be associated with oxidative stress (31, 33). The
transcription factor NRF2 has an essential function in the handling of oxidative stress in
normal physiology by regulating a multitude of antioxidant and cytoprotective genes (30,
38). Both the lack of NRF2 and its overexpression have been linked to various patholo-
gies. NRF2 seems to have a dual function in cancer since cancer preventive and cancer
promoting properties of NRF2 have been described (32, 39, 48, 49, 53). Hence, the

function of NRF2 in ovarian cancer has not been resolved (31, 52, 104-106).

The steroid hormones estrogen and progesterone are crucial for the evolution and func-
tion of the female reproductive system but exert their effects in a multitude of other phys-
iological mechanisms through their receptors ERa, ERB, PRA and PRB (72, 74, 77, 78,
93). The functions of steroid hormones and steroid receptors in different carcinoma types
varies substantially and they appear to have both agonistic and antagonistic properties
in the promotion or prevention of tumorigenesis. Oral contraceptives and pregnancy pre-
vent the development of EOC whereas hormone replacement therapy was discovered
to be a risk factor for it (75). Being an important part of cancer treatment regimens in
breast or endometrial cancer, endocrine therapy for ovarian cancer had limited success
in trials (4). Therefore, the prognostic significance of steroid hormones and the steroid
receptors in EOC is still under debate (29, 88, 91, 94-97, 99, 107). Interactions between
NRF2 and steroid receptors have been reported in other diseases (45, 55, 85-87, 108),

but there exist only a few results on their interaction in ovarian cancer (83).

The first intention of the two submitted studies was to explore the prognostic function of
NRF2 and the steroid receptors ERa, PRA and PRB in different ovarian cancer subtypes.
We thus assessed “tissue specimen of 156 women who were operated on for EOC at
the Department of Obstetrics and Gynaecology of the Ludwig-Maximillian’s-University in
Munich between the years 1990 and 2002. Demographic and clinical information were
acquired from the women’s records and follow up information from the Munich Cancer
Registry” (17, 33). Immunohistochemistry was performed to detect NRF2, ERa, PRA and
PRB staining in the nuclei and cytoplasms of the cells and staining was evaluated apply-
ing the semi-quantitative immunoreactive score (IR score, Remmele’s score). In the sec-
ond of the enlisted publications, immunofluorescence staining was carried out to further
investigate the existence of NRF2 and PRB in the EOC tissues. Subsequent to staining
the tissue samples, statistical assessment was done with SPSS 25.0. We compared IR
scores of NRF2 among distinct clinical and pathological subtypes, detected correlations

amid results of immunohistochemical staining and determined survival times (17).

The second goal of the following studies was to further explore and compare the expres-

sion and correlation of NFE2L2, ESR1 and PGR differentiating between subtypes and to
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detect their potential interaction on a molecular level. We therefore performed polymer-
ase chain reaction (PCR) analysis to detect expressions of NFE2L2, ESR1 and PGR in
the EOC “cell lines OVCARS (serous), ES-2 (clear cell), TOV112D (endometrioid) and
UWB1.289 (serous, BRCAL1 negative)” and compared them to their expressions in the
benign ovarian cell line HOSEpIiC (33). We then inhibited NFE2L2 expression through
small interfering RNA (siRNA) knockdown of NFE2L2 to rate the impact of NRF2 on the
genetic expression of ESR1 and PGR. Messenger RNA “(mRNA) fabrication quantities
of NFE2L2, ESR1 and PGR in NFE2L2 silenced cells were contrasted with NFE2L2

comprising cells” to detect possible functional interactions (17).

1.7 Results and Evaluation of the Studies

In the two submitted studies we detected that NRF2 and PRA vary significantly in histo-
logic subtypes of EOC and the level of NRF2 in the cytoplasm was linked to the expres-
sions of ERa, PRA and PRB (17, 33). We demonstrated that “NRF2’s cytoplasmic ex-
pression was significantly more present in women with low-grade histology” (17) and
NRF2’s expression in the cytoplasm alone, and combined with ERa, PRA and PRB ex-
pression corresponded to ameliorated overall survival (17, 33). These results correspond
to a previous study suggesting that cytoplasmic NRF2, which corresponds to its inactive
form, is beneficial for patients with EOC, whereas nuclear or activated NRF2 is linked to
impaired overall survival (104). ERa, PRA and PRB expression could not be affirmed as
independent prognostic factors for the studied cohort. In the molecular analysis of the
first enlisted publication, it was revealed that the NFE2L2 expression was doubled in
EOC cell types OVCAR3 and UWB1.289 contrasted to the benign ovarian cell line
HOSEDpIC, whereas ESR1 was significantly less expressed in all EOC cell types versus
in the benign ovarian cell line HOSEpIC (33, 109). An augmented level of ESR1 and
PGR in the NFE2L2 downregulated cells was detected confirming functional interactions
of NFE2L2, ESR1 and PGR on a molecular level (17, 33, 109). In conclusion, in the
submitted publications the prognostic role and interactions of NRF2 and the steroid re-
ceptors ERa, PRA, and PRB in EOC were evaluated taking the different EOC subtypes
into account. Further studies are warranted to investigate the NRF2-ER-PR-pathways

and possible therapeutic perspectives in EOC.
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2. Zusammenfassung

Das Ovarialkarzinom ist eine haufige gynakologische Krebserkrankung der Frau. Die
Prognose des Ovarialkarzinoms ist im Vergleich mit anderen gynakologischen Tumoren
schlecht. Da die Erkrankung erst spat zu spezifischen Symptomen fuhrt und es bis heute
keine verlasslichen Screening Methoden gibt, werden die meisten Patientinnen mit fort-
geschrittenen Stadien diagnostiziert. Die zytoreduktive Operation in Kombination mit ei-
ner platinhaltigen Chemotherapie bilden die Standardtherapie in den meisten Fallen. An
zielgerichteten Therapieansétzen, welche zwischen den Subtypen des Ovarialkarzinoms
unterscheiden, und an subtypspezifischen prognostischen Markern mangelt es bislang.
NF-E2-related factor-2 (NRF2) ist ein Transkriptionsfaktor, der eine Vielzahl von antioxi-
dativen und zytoprotektiven Genen reguliert und in seiner inaktiven Form im Cytoplasma
vorliegt. NRF2 galt lange als Tumorsuppressor, allerdings wurde in den letzten Jahren
in verschiedenen Tumoren eine aberrante Expression von NRF2 festgestellt. Die Stero-
idhormone Ostrogen und Progesteron und ihre Rezeptoren Ostrogen Rezeptor o (Era),
Progesteron Rezeptor A und B (PRA, PRB) regulieren die Funktionen des weiblichen
Reproduktionstraktes, sowie viele weitere physiologische Prozesse, sind aber auch re-
levant in der Entstehung von gynakologischen Erkrankungen und Tumoren. Gegenstand
der vorliegenden Dissertation war die Untersuchung des Transkriptionsfaktors NRF2,
sowie der Steroidrezeptoren ERa, PRA und PRB in verschieden Subtypen des Ovarial-
karzinoms. Das Ziel der beiden vorgelegten Publikationen war es, Riickschlisse auf den
prognostischen Wert der oben genannten Faktoren fir das Ovarialkarzinom zu ziehen,
sowie mdgliche Interaktionen zwischen NRF2, ERa, PRA und PRB auf molekularer
Ebene aufzudecken. Hierzu wurden in den beiden publizierten Artikeln die Proteinex-
pressionen von NRF2, ERa, PRA und PRB in 156 Tumorproben mittels Immunhistoche-
mie bestimmt und anschlieRend statistisch aufgearbeitet. Dabei zeigten sich signifikante
Unterschiede in den Expressionen von NRF2, PRA und PRB in den verschiedenen Sub-
typen. AulRerdem korrelierten die zytoplasmatische Expression von NRF2, und somit
seine inaktive Form, mit den Expressionen von ERa, PRA und PRB. In Kaplan-Meier
Uberlebenszeitanalysen konnten die hohe zytoplasmatische Expression von NRF2 und
Expressionen von ERa, PRA und PRB mit einer verlangerten Uberlebenszeit in Verbin-
dung gebracht werden. Als unabhangige prognostische Marker konnten die untersuch-
ten Faktoren allerdings nicht nachgewiesen werden. Um die Expression der kodierenden
Gene von NRF2 (NFE2L2) und ERa (ESR1) auf molekularer Ebene zu erforschen,
wurde in der ersten Verdffentlichung eine Polymerase-Kettenreaktion (PCR) Analyse
durchgefihrt, welche signifikante Unterschiede der Genexpressionen beider Gene zwi-
schen den Karzinomzelllinien im Vergleich mit der benigne Ovarzelllinie feststellte. Dar-
Uber hinaus wurden in beiden Publikationen der Einfluss einer unterdriickten NFE2L2

Expression mittels small interfering RNA (siRNA) auf die Expressionen von ESR1 und
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dem fir PRA und B codierenden Gen (PGR) ermittelt. Es konnten somit Interaktionen

zwischen NFE2L2, ESR1 und PGR auf molekularer Ebene erwiesen werden.
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3. Abstract

Ovarian cancer is a frequent gynaecological malignancy but its survival rates are poor in
comparison to other gynaecological tumours. Most patients are diagnosed with ad-
vanced cancer stages as the disease leads to late unspecific symptoms and efficient
screening methods are lacking. Cytoreductive surgery together with platinum-based
chemotherapy compose the traditional therapeutic approach for most cases. Both tar-
geted therapies, which differentiate between ovarian cancer subtypes, and subtype spe-
cific prognostic markers are scarce. The transcription factor NF-E2-related factor-2
(NRF2) regulates a multitude of antioxidant genes with cytoprotective properties and its
inactive form is found in the cytoplasm. In recent years, aberrant concentrations of NRF2
in various tumours have been detected, although NRF2 has been considered as a tu-
mour suppressor. Estrogen and progesterone are steroid hormones, which, together with
their receptors Estrogen Receptor a (ERa), Progesterone Receptor A (PRA), Progester-
one Receptor B (PRB), control the function of the female reproductive organs and many
other physiological processes, as well as are implicated in the occurrence of gynaeco-
logical diseases and malignancies. The intention of the present dissertation was the in-
vestigation of the function of the transcription factor NRF2 and the steroid hormone re-
ceptors ERa, PRA and PRB in various epithelial ovarian cancer (EOC) subtypes. The
goal of the two submitted publications was to examine the prognostic relevance of the
aforementioned factors for EOC but also to detect potential interactions between NRF2,
ERa, PRA and PRB on a molecular level. In the two published articles the protein ex-
pressions of NRF2, ERa, PRA and PRB were identified in 156 tumour tissue samples
with immunohistochemistry and interpreted statistically subsequently. Significant differ-
ences in the expressions of NRF2, PRA and PRB were shown in ovarian cancer sub-
types. The cytoplasmic expression of NRF2, therefore its inactive form, was linked to the
expressions of ERa, PRA and PRB and Kaplan Meier calculations demonstrated longer
survival times for women with strong cytoplasmic NRF2 expressions and expressions of
ERa, PRA and PRB. The submitted publications did not confirm the aforementioned fac-
tors to be independent prognostic factors. In the first publication, polymerase chain re-
action (PCR) analysis was conducted to investigate the presence of the encoding genes
for NRF2 (NFE2L2) and ERa (ESR1) in different EOC cells. Significant differences in the
gene expressions between the cancer cell lines and the benign cell line were identified.
Small interfering RNA (siRNA) silencing of NFE2L2 expression influenced the gene ex-
pressions of ESR1 and the encoding gene for PRA and B (PGR), which prove the mo-
lecular interactions of NFE2L2, ESR1 and PGR in both submitted papers.
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Abstract: Nuclear factor erythroid 2-related factor 2 (NRF2) regulates cytoprotective antioxidant
processes. In this study, the prognostic potential of NRF2 and its interactions with the estrogen
receptor « (ER) in ovarian cancer cells was investigated. NRF2 and ERa protein expression in
ovarian cancer tissue was analyzed as well as mRNA expression of NRF2 (NFE2L2) and ERex (ESR1) in
four ovarian cancer and one benign cell line. NFE2L2 silencing was carried out to evaluate a potential
interplay between NRF2 and ERa. Cytoplasmic NRF2 expression as inactive form had significantly
higher expression in patients with low-grade histology (p = 0.03). In the serous cancer subtype,
high cytoplasmic NRF2 expression (overall survival (OS), median 50.6 vs. 29.3 months; p = 0.04)
and high ERx expression (OS, median 74.5 vs. 27.1 months; p = 0.002) was associated with longer
overall survival as well as combined expression of both inactive cytoplasmic NRF2 and ER« in
the whole cohort (median 74.5 vs. 37.7 months; p = 0.04). Cytoplasmic NRF2 expression showed
a positive correlation with ERox expression (p = 0.004). NFE2L2 was found to be highly expressed in
the ovarian cancer cell lines OVCAR3, UWB1.289, and TOV112D. Compared with the benign cell
line HOSEpiC, ESR1 expression was reduced in all ovary cancer cell lines (all p < 0.001). Silencing of
NFE2L2 induced a higher mRNA expression of ESR1 in the NFE2L2 downregulated cancer cell lines
OVCARS (p = 0.003) and ES2 (p < 0.001), confirming genetic interactions of NRF2 and ER«. In this
study, both inactive cytoplasmic NRF2 and high ERx expression were demonstrated to be associated
with improved survival in ovarian cancer patients. Further understanding of interactions within the
estradiol-ERo-NRF2 pathway could better predict the impact of endocrine therapy in ovarian cancer.

Keywords: estrogen receptor alpha; nuclear factor erythroid 2-related factor 2; ovarian cancer;
immunohistochemistry

1. Introduction

Ovarian cancer is the eighth most frequent cause of cancer death among women and the most
lethal gynecological malignancy [1]. Relative five-year survival is less than 50% for patients with
epithelial ovarian carcinoma (EOC) [2]. Main reasons for poor prognosis are insufficient screening
methods, late stage detection, and resistance to chemotherapy later in the clinical course. As most
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patients have advanced stage disease, recommended therapy consists of cytoreductive surgery and
platinum-based chemotherapy which might be combined with antiangiogenic bevacizumab. Residual
disease after initial debulking surgery is the most important prognostic factor being influenced by
treating physicians, while further clinical and pathological prognostic factors include the degree
of differentiation, the International Federation of Gynecology and Obstetrics (FIGO) stage, and
histological subtype [3-6]. With serous, mucinous, endometrioid, and clear cell histology, invasive
EOC exhibits several histopathological subtypes that are phenotypically, molecularly, and etiologically
distinct [7]. The association between tumor biomarker expression and survival varies substantially
between subtypes and can be distinguished in overall analyses of all EOCs [8,9].

According to current investigations, the occurrence of EOC seems to be related to oxidative
stress [9]. By activating the nuclear factor erythroid-2-related factor 2 (NRF2), a relevant regulator of
antioxidant and cytoprotective genes, both healthy and tumor cells can cope with oxidative stress.
NRE2 is ubiquitously expressed at low levels in all human organs. As NRF2 regulates a major cellular
defense mechanism, tight regulation is crucial to maintain cellular homeostasis. High constitutive
levels of NRF2 have been described in different tumors or cancer cell lines [10-14]. Overexpression
of NRF2 might protect cancer cells from the cytotoxic effects of anticancer therapies, resulting in
resistance for chemo- or radiotherapy [15,16].

So far, the role of estrogen in EOC is still debated [17]. While application of exogenous hormones
for menopause-related symptoms could be associated with an increased risk of EOC [18], a protective
effect of oral contraceptives has been described. The estrogen receptor (ER) is expressed in two
isoforms, the ERa and ERB [19]. ERx mediates the effects of female steroid hormones on proliferation
and apoptosis of EOC cells, and immunohistochemical assessment of ER status is routinely done for the
clinical management of breast cancer [19]. Molecular and cell biological interactions between NRF2 and
ER« have been reported so far [16,20]. The aryl hydrocarbon receptor and ER« differentially modulate
NRE2 transactivation in MCF-7 breast cancer cells [16]. Furthermore, studies show an important
crosstalk between NRF2 and ER« in neurophysiological processes [16,20].

To better understand these effects in EOC, we first assessed the prognostic influence of NRF2 and
ERa in various subtypes of EOC. To understand the interaction of NRF2 and Erx on a molecular level,
we investigated the expression and their correlation in vitro.

2. Results

2.1. NRF2/ERx Expression Correlates with Cinical and Pathological Data

Nuclear staining of NRF2 was technically successful in 145 of 156 cases (93%) with positive
staining in 144 of 145 cases (99%). Cytoplasmic staining of NRF2 was evaluable with technically
adequate staining in 139 of 156 cases (89%) (Figure 1 and Figures S1 and S2) and NRF2 expression was
observed in all these 139 specimens (100%). Median (range) immunoreactivity scores (IRS) for NRF2 in
nuclei and cytoplasm were 8 (2,12) and 8 (4,12), respectively.

NRF2 expression displayed correlations to clinical and pathological data (Table 1). NRF2 staining
in both cytoplasm and nucleus was different between the histological subtypes (p = 0.001 and p = 0.02,
respectively) with low nuclear NRF2 expression in serous, clear cell, and endometrioid histology and
high expression in the mucinous subtype. In comparison, the strongest and weakest cytoplasmic NRF2
staining was found in the serous and clear cell subtypes, respectively. Cytoplasmic NRF2 expression
had significantly higher expression in patients with low-grade histology (p = 0.03), and low nuclear
NREF?2 expression was associated with age (p = 0.045) (Table 1).

ER« staining was successfully performed in all 156 cases (100%), and ERo expression was
observed in 70 of 156 (45%) specimens with a median (range) IRS of 4 (1,12) (Figure 1 and Figure
S1). There was no significant difference in the ERx expression comparing all histological subtypes
(p = 0.21). Analysis of clear cell and endometrioid ovarian cancer subtypes revealed nearly significant
upregulation (p = 0.05). Analyzing the grading, there were no significant differences in general, and
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low-graded patients showed significantly higher ERx expression compared to high-graded patients
(p = 0.028). All other parameters, such as FIGO, lymph node involvement (pN), and distant metastasis
(pM), showed no significant differences in the ERax expression. NRF2 cytoplasmic expression correlated
with ER«x expression (p = 0.004, Table 2 and Figures 1 and 2).

Al NRF2serous subtype Bl NRE2serous subtype

Figure 1. Detection of nuclear factor erythroid-2-related factor 2 (NRF2) (A1, B1) and estrogen receptor
(ER)«x (A2, B2) with immunohistochemistry. High (A1) and low (B1) cytoplasmic NRF2 stains in serous
subtype correspond with high (A2) and low (B2) ER« stains, respectively. NRF2 shows faint staining
in the nucleus in both cases (A1, B1).
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Figure 2. Correlation analysis of NRF2 and ER« in ovarian cancer tissue (n = 139). A significant
correlation of cytoplasmic NRF2 expression with ER«x expression was noted. For better visualization,
dots have been jittered.
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Table 1. Expression profile of NRF2 staining regarding clinical and pathological characteristics.

Parameters N N]t;:]ear l\.IRFZ p N Cytoplasml'c NRF2
pression Expression
Negative Low High Negative Low High
Histology
Serous 103 0 87 16 002 98 0 54 4 0.001
Clear cell 11 1 7 3 11 0 11 0
Endometrioid 20 0 18 2 19 0 12 7
Mucinous 11 0 3 8 11 0 7 4
Lymph node
pNO/X 96 0 76 20 NS 93 0 59 34 NS
pN1 49 1 39 9 46 0 25 21
Distant Metastasis
pMO/X 141 1 112 28 NS 135 0 83 52 NS
pM1 4 0 3 1 4 0 1 3
Grading
Low 33 0 25 8 NS 33 0 16 17 0.03
High 100 1 83 16 95 0 64 31
FIGO
/1 41 0 31 10 NS 40 0 24 16 NS
/v 99 0 81 18 94 0 56 38
Age
<60 years 77 1 56 20 0045 75 0 43 32 NS
>60 years 68 0 59 9 64 0 41 23
Table 2. Correlation analysis.
Staining NRF2 Nucleus NRF2 Cytoplasm  ERa
NRF2 Nucleus
cc 1.000 0.013 —-0.019
P 0.88 0.82
n 146 138 146
NRF2 Cytoplasm
cc 0.013 1.000 0.246
P 0.88 0.004
n 138 139 139
ERx
cc —-0.019 0.246 1.000
P 0.82 0.004
n 146 139 156

Immunoreactivity scores (IRS) of NRF2 and ER« staining in different compartments was correlated to each other
using Spearman’s correlation analysis. cc = correlation coefficient, p = two-tailed significance, n = number of patients.

2.2. High NRF2/ER« Expression is Associated with Improved Overall Survival

The median age of the patients was 58.7 (standard deviation (SD) of 31.4) years with a range of
31-88 years. Median overall survival of the EOC patients was 34.4 (SD 57.8) months. Cytoplasmic
NRF2 expression in the serous cancer subtype was associated with longer overall survival (Figure 3,
median 50.6 vs. 29.3 months; p = 0.04) as it was noted for ERx expression (Figure 3, median 74.5 vs.
27.1 months; p = 0.002). Improved OS was also seen for patients with combined and high expression of
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both NRF2 and ER« in the cytoplasm comparing all histological subtypes (Figure 3, median 74.5 vs.
37.7 months; p = 0.04).

A NRF2cytoplasm, serous subtype B ERalpha, seroussubtype
i 5004 b \

cumutative survival
cumulative survival
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C NRF2 cytoplasm, ERalpha (IRS>0)
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Figure 3. Kaplan-Meier estimates of NRF2 expression, ERx expression, and combined NRF2 and
ER« expression were analyzed. In the serous subtype, patients with a high cytoplasmic expression
of NRF2 showed a significantly increased overall survival compared with patients with a low
cytoplasmic expression (A). In addition, high ERx expression was associated with significantly better
overall survival in serous ovarian cancer compared with patients with a low ERa expression (B).
Patients with combined high NRF2 expression in the cytoplasm and ERa expression in epithelial
ovarian carcinoma (EOC) had significantly increased overall survival compared with those with low
cytoplasmic expression and ER« expression (C).

2.3. Clinical and Pathological Parameters are Independent Prognostic Factors

Cancer grading, the FIGO classification, and patients’ age were independent prognostic factors in
the present cohort (Table 3). In contrast, prognostic impact of histological subtype, NRF2, and /or ER«x
staining /expression was not significant.

Table 3. Multivariate analysis.

95% CI

Covariate Coefficient (b;) [HR Exp(b;)] —————— p-Value
Lower Upper
Histology (serous vs. other) —0.108 0.898 0.678 1.188 0.45
Grade (low vs. high) 0519 1.680 1211 2.332 0.002
FIGO (I, T vs. III, IV) 0.722 2.058 1421 2.979 0.000
Patients” age (<60 vs. >60 years) 0.000 1.000 1.000 1.000 0.001
NRF2 cytoplasmic/ ERx —0.166 0.847 0.531 1.351 0.49

2.4. Downregulation of NFE2L2 Increases ESR1 Expression, Confirming Their Genetic Interaction

Basal expressions of both NFE2L2 and ESR1 were analyzed by qPCR in all four EOC cell lines
and compared with a benign ovarian cell line (HOSEpiC). As shown in Figure 4 and compared to
HOSEpiC, NFE2L2 expression increased 2-fold in both OVCAR3 (p = 0.02) and UWB1.289 (p = 0.08)
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and was 1.5-fold elevated in the TOV112D (p = 0.30) cell lines. In comparison, ESR1 expression was
markedly reduced in all EOC cell lines compared to the benign ovarian cells (all p < 0.001).

A NFE2L2basal expression B ESR1 basal expression
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Figure 4. Basal gene expression of NFE2L2 (A) and ESR1 (B) in four ovarian cancer cell lines was
compared to the expression in the benign ovarian cell line (HOSEpiC).

Following effective silencing of NFE2L2 with siRNA to evaluate the impact on ESR1 expression
(Figure 5), an elevated expression of ESR1 in the NFE2L2 downregulated cancer cell lines OVCAR3
(p = 0.003) and ES2 was noted (p < 0.001).
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Figure 5. siRNA downregulation of NFE2L2 in the ovarian cancer cell lines OVCAR3 (A1) and ES2
(A2). ESR1 expression following NFE2L2 downregulation in both cell lines (B1, B2).

3. Discussion

This cell and molecular biological experimental study reveals that NRF2 expression differs
in histologic subtypes of EOC, with the strongest cytoplasmic expression in the serous subtype.
Cytoplasmic NRF2 expression had significantly higher expression in patients with low-grade histology.
Patients with higher cytoplasmic NRF2 expression in the serous type confirmed to have a significantly
improved OS. Moreover, we could reveal that the combination of cytoplasmic NRF2 and ER«x
expression was associated with significantly longer OS. Molecular testing in cell lines exhibited
that the ESR1 gene was lower expressed in all four EOC cell lines, which could be upregulated by
NFE2L2 silencing in the subsequently NFE2L2-downregulated cancer cell lines.

NREF2 has been traditionally considered as a tumor suppressor because its cytoprotective functions
are deemed to be the main cellular defense mechanism against exogenous and endogenous insults,
including xenobiotic and oxidative stress [21,22]. Under homeostatic conditions, NRF2 activation
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prevents excessive cellular damage produced by metabolic, xenobiotic, and oxidative stress [22]. NRF2
activation is thus important in cancer chemoprevention. Cancer chemoprevention mechanisms seem to
be mediated through the Keap1-NRF2 pathway, and in experimental models, NRF2/Keapl mutations
are present at preneoplastic stages [23]. Further, NRF2-null mice are more prone to develop cancer in
response to chemical and physical stimuli (nitrosamine, ultraviolet light, and aflatoxin) [17]. On the
other hand, recent studies demonstrated that NRF2 hyperactivation may also create an environment
favoring survival of normal as well as malignant cells, protecting them from apoptosis and senescence
and against oxidative stress, chemotherapeutic agents, and radiotherapy [24,25]. Hence, the potential
dual role of NRF2 in cancer may explain the described results below.

Our findings are in line with previous reports showing that nuclear or activated NRF2 expression
is associated with upregulation of NRF2 target genes and poorer OS and disease-free survival
(DFS), whereas patients with high cytoplasmic or inactive NRF2 expression displayed better OS
and DFS [26]. Our evaluation of ER expression in the EOC tissue samples confirmed previous
reports. In patients with EOC, the ER, especially ERg, is significantly associated with improved
OS [8], grading, progression-free survival, and cause-specific survival, respectively [27]. There is
a strong relationship between circulating sex hormones and female reproductive cancers (e.g., ovarian,
breast, and endometrial cancers) [28]. Interestingly, estradiol may play a dual role in modulating
NREF?2 activity. On the one hand, its metabolites activate NRF2 via the generation of reactive oxygen
species (ROS) (independent of the ER) [29]. While recent studies demonstrated that estradiol leads
to an activation of NRF2 in a wide range of cell types [30,31], the estradiol effect was only noted
on protein and not on mRNA levels, suggesting that the main effect of estradiol is based on NRF2
protein stabilization [32]. However, binding to ERx (dependent of ER) appears to be the mechanism
for estradiol itself to inhibit the NRF2 downstream genes [9]. ER«, but not ER, interacts with NRF2
in an estradiol-dependent way and thereby represses NRF2-mediated transcription [33]. Thus, EOC
patients with high tumor expression of ERx show a strong influence of the estradiol-ERa-dependent
pathway, resulting in inactivated NRF2 and better survival rates. Otherwise, low ER«x expression
causes a dysbalance in favor of the estradiol-ERx-independent pathway with an activation of NRF2
(Figure 6). Studies show that other NRF2-associated factors also could play a crucial role in the
above-described interaction. Glutathione S-transferase (GST), an NRE2 target gene, is modulated by
miR-186 overexpression in OVCARS3 cells with consecutively increased sensitivity of ovarian cancer
cells to paclitaxel [34]. Furthermore, it was described that the KEAP1-NRF2 pathway is important in
ovarian cancer cell reaction to cigarette-smoke-induced ROS [35].

Endocrine therapy in EOC has been considered as a potential approach in subgroups of patients
with a specific tumor biology that responds to this therapy [36]. Hereby, the rationale for endocrine
treatment is based on the high ER /PR IHC expression as a predictive marker [37]. A present prospective
study demonstrated evidence for the usefulness of letrozole as an aromatase inhibitor in serous
EOC [38]. Under the conditions described above, treatment with aromatase inhibitors could cause
a prognostically beneficial predominance of the ERa-NRF2-dependent pathway. As revealed in the
present investigation, a putative functional association of endocrine therapy and NRF2 underlines the
relationship of NRF2/ERg, as confirmed by significant correlation of expression. In addition to the
mentioned approach, further therapeutic strategies as interference of DNA repair mechanisms are of
great interest to overcome treatment burden [39-42].

The retrospective design, the relatively small number of tissue samples evaluated, and the

semiquantitative scoring method may critically be regarded as limitations of the submitted work.

The data are hypothesis generating and further prospective studies with a larger patient collective and
standardized immunohistochemical and molecular methods are warranted to gain more detailed and
better insight into this research field.

However, despite these drawbacks, our analysis indicates for the first time a putative molecular
role of the estradiol-ERx-NRF2 pathway as a basis for a better understanding of endocrine therapy
in EOC.
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Figure 6. Summary of the hypothesized interaction within the estradiol-ERx-NRF2 pathway: High
expression of ERx leads to an induction of the estradiol-ERx-dependent pathway, resulting in
transcriptionally inactive NRF2 (low nuclear, high cytoplasmic expression) and consecutively less impact
on tumor growth. In contrast, low ER« expression favors the estradiol-ERa-independent pathway, with
activation of NRF2 (high nuclear, low cytoplasmic expression) causing tumor progression.

4. Materials and Methods

4.1. Ethical Approval

The current study was approved by the Ethics Committee of the Ludwig-Maximilians-University,
Munich, Germany (approval number 227-09) on 30 September 2009. All tissue samples used for
this study were obtained from material from the archives of LMU Munich, Department Gynecology
and Obstetrics, Ludwig-Maximilians-University, Munich, Germany, initially used for pathological
diagnostics. The diagnostic procedures were completed before the current study was performed.
During the analysis, the observers were fully blinded to patients” data. The study was approved by the
Ethics Committee of LMU Munich. All experiments were performed according to the standards of the
Declaration of Helsinki (1975).

4.2. Patients and Specimens

Tissue samples of 156 patients who underwent surgery for EOC at the Department of Obstetrics
and Gynecology, Ludwig-Maximillian’s-University Munich from 1990 to 2002 were analyzed in this
study. Clinical data was obtained from the patients’ charts and follow up data from the Munich
Cancer Registry. All samples had been formalin-fixated and paraffin-embedded (FFPE). Patients with
benign or borderline tumors were excluded and no patients had adjuvant chemotherapy. Specialized
pathologists for EOC examined and classified the samples for tumor grading—low (1 = 38), high
(n = 117)—and histological subtypes—serous (1 = 110), endometrioid (1 = 21), clear cell (n = 12), and
mucinous (1 = 13). Staging was performed using TNM and FIGO (WHO) classification: I (n = 35), Il
(n=10,) III (n = 103), and IV (n = 3). Data on primary tumor extension were available in 155 cases—T1
(n = 40), T2 (n = 18), T3 (n = 93), and T4 (n = 4)—as well as data on lymph node involvement in
95 cases—NO (1 =43), N1 (n = 52). Data on distant metastasis were available in nine cases—MO0 (1 = 3),
M1 (n = 6).
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4.3. Immunohistochemistry

Immunohistochemistry was performed as previously described by our lab [43]. For NRF2 staining,
FFPE EOC samples were incubated with anti-NRF2 (Abcam, Cambridge, UK, rabbit, monoclonal, clone
EP1808) at a final concentration of 5.93 pg/ml (1:100 dilution) for 1 h at room temperature. Afterwards,
slides were incubated with isotype-matching MACH 3 Rabbit AP Polymer Detection (Biocare Medical,
Pacheco, CA, USA, catalogue-number M3R533). The Permanent AP Red Kit (Zytomed Systems
GmbH, Berlin, Germany, catalogue-number ZUC-001) was used as a chromogen. Slides were then
counterstained with Gill’s hematoxylin (Vector Laboratories, Burlingame, CA, USA). System controls
were included.

For the detection of ER«, resected EOC tissue samples were fixed in formalin and embedded
in paraffin after surgery. ERa staining was performed by blocking slides with goat serum (1:100
dilution, Vectastain® ABC-Elite-Kit, Linaris, Dossenheim, Germany, catalogue-number PK-6101) for
30 min at room temperature. Subsequently, slides were incubated with anti-ER« primary antibody
(1:400 dilutions, Abcam, Cambridge, UK, rabbit, monoclonal, clone EPR703(2)) for 16 h at 4 °C.
Afterwards, slides were incubated with isotype-matching anti-rabbit IgG secondary antibody and
avidin-biotin-peroxidase complex both for 30 min at room temperature, according to the Vectastain®
ABC-Elite-Kit (Linaris, Dossenheim, Germany, catalogue-number PK-6101). All slides were washed
twice in PBS for 2 min after every incubation step. 3,3"-Diaminobenzidine chromogen (DAB; Dako,
Glostrup, Denmark, catalogue-number K3468) was used for visualization reaction. Slides were then
counterstained with Mayer’s acidic hematoxylin (Waldeck-Chroma, Miinster, Germany, catalogue
number 2E-038) and dehydrated in an ascending series of alcohol followed by xylol. System controls
were included.

4.4. Staining Evaluation and Statistical Analysis

All EOC specimens were examined with a Leitz (Wetzlar, Germany) photomicroscope and specific
NRF2 and ERa immunohistochemical staining reaction was observed in the nuclei and cytoplasm
of the cells. The intensity and distribution pattern of NRF2 and ER« staining was rated using the
semiquantitative immunoreactivity score (IRS, Remmele’s score). To obtain the IRS result, the optional
staining intensity (0 = no, 1 = weak, 2 = moderate, and 3 = strong staining) and the percentage of
positive stained cells (0 = no staining, 1 = <10% of the cells, 2 = 11%-50% of the cells, 3 = 51%-80% of
the cells, and 4 = >81%) were multiplied. Nuclear and cytoplasmic NRF2 staining was successfully
performed in 145 (93%) and 139 (89%) of 156 EOC tissue specimens, respectively. Cut-off points for the
IRSs were selected for cytoplasmic and nuclear NRF2 staining considering the distribution pattern of
IRSs in the collective. Nuclear and cytoplasmic NRF2 staining were regarded as negative with an IRS
of 0-2, as low with IRS of 4-8, and as high with IRS of >9. ER« staining was successfully performed in
all 156 (100%) EOC specimens. Cellular ER« staining was considered as negative with an IRS of 0 and
as positive with an IRS of >0.

Statistical analysis was performed using SPSS 25.0 (v25, IBM, Armonk, New York). Distribution
of clinical pathological variables was evaluated with the chi-squared test. The Mann-Whitney U test
was used to compare IRSs of NRF2 between different clinical and pathological subgroups. Correlations

between findings of immunohistochemical staining were calculated using Spearman’s analysis.

Survival times were analyzed by Kaplan-Meier (log-rank) estimates. To identify an appropriate
cut-off, the ROC curve was drawn, which is considered as one of the most reliable methods for
cut-off point selection. In this context, the ROC curve was a plot representing sensitivity on the
y-axis and (1-specificity) on x-axis [44]. Consecutively, Youden'’s index, defined as the maximum
(sensitivity+specificity-1) [45], was used to find the optimal cut-off maximizing the sum of sensitivity
and specificity [46,47]. For multivariate analyses, a Cox regression model was applied, with p-values
less than 0.05 considered to be significant. Ct values of each gene were obtained with qPCR and the
relative expressions were calculated using the 2-44Ct formula. Statistical data was acquired using
Graph Pad Prism 7.03 (v7, La Jolla, CA, USA).
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4.5. Cell Lines

The human ovarian cancer cell lines OVCARS3 (serous), ES-2 (clear cell), TOV112D (endometrioid),
and UWB1.289 (serous, BRCA1 negative) were purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA). Cells were maintained in culture in RPMI 1640 medium (ThermoFisher
Scientific, Waltham, MA, USA) supplemented with 10% FBS in a humidified incubator at 37 °C under
5% CO;. The benign ovarian cell line HOSEpiC was purchased from ScienCell (Carlsbad, CA, USA).
HOSEpiC cells were maintained in culture in Ovarian Epithelial Cell Medium (OEpiCM) (ScienCell,
Carlsbad, CA, USA, catalogue-number 7311) in a humidified incubator at 37 °C under 5% CO5.

4.6. PCR

RNA isolation was performed using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) and 1 ug
of RNA was converted into first-strand cDNA using the MMLV Reverse Transcriptase 1st-Strand
c¢DNA Synthesis Kit (Epicentre, Madison, WI, USA) according to the instructions of the manufacturer.
The basal mRNA expressions of NFE2L2 and ESRI were quantified by qPCR applying FastStart
Essential DNA Probes Master and gene-specific primers (Roche, Basel, Switzerland). For normalization
of expressions the housekeeping genes, B-Actin and GAPDH were used as reference controls. Basal
expressions of NFE2L2 and ESR1 in the ovarian cancer cell lines were compared with their expressions
in the benign ovarian cell lines.

4.7. siRNA

The specific siRNA for NFE2L2 (Silencer Select Pre-designed and Custom Designed siRNA,
Ambion, Carlsbad, CA, USA) was kindly provided by Beate Niesler (Department of Human Molecular
Genetics, University of Heidelberg). Cells were transfected with siRNA using Lipofectamine
RNAIMAX reagent (Invitrogen, Carlsbad, CA, USA) to silence the expression of NFE2L2 in the
cell lines. RNA isolation and mRNA quantification by qPCR was repeated as outlined above.
mRNA expression levels of NFE2L2 and ESR1 in NFE2L2-downregulated cells were compared with
NFE2L2-containing cells.

5. Conclusions

Here, ESR1 expression was reduced in different ovarian cancer cells vs. benign cells in vitro
(all p < 0.001). NFE2L2 silencing showed a higher expression of ESR1 in the NFE2L2-downregulated
cancer cell lines OVCARS3 (p = 0.003) and ES2 (p < 0.001). In the serous cancer subtype, high cytoplasmic
NRF2 expression (OS, median 50.6 vs. 29.3 months; p = 0.04) and high ERx expression (OS, median 74.5
vs. 27.1 months; p = 0.002) was associated with longer overall survival as well as combined expression
of both inactive cytoplasmic NRF2 and ERe in the whole cohort (median 74.5 vs. 37.7 months; p = 0.04).
Thus, interactions of NRF2 and ER«x impact survival in ovarian cancer patients and may be important
factors for the response to endocrine treatment strategies.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com /1422-0067 /20 /1/
112/s1.
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Purpose: This study aimed to investigate the potential prognostic impact of nuclear factor
erythroid 2-related factor 2 (NRF2) and progesterone receptor A (PRA)/progesterone recep-
tor B (PRB) in ovarian cancer patients which might be the rationale for putative new
treatment strategies.

Patients and methods: The presence of NRF2 and PRA/PRB was investigated in 156
ovarian cancer samples using immunohistochemistry (IHC). Staining of NRF2 and PRA/
PRB was rated using the semi-quantitative immunoreactive score (IR score, Remmele’s
score) and correlated to clinical and pathological data. NRF2 and PRA/PRB expression
were compared with respect to the overall survival (OS).

Results: NRF2 staining was different in both, the cytoplasm and nucleus between the
histological subtypes (p=0.001 and p=0.02, respectively). There was a significant difference
in the PRA expression comparing all histological subtypes (p=0.02). Histological subtypes
showed no significant differences in the PRB expression. A strong correlation of cytoplasmic
NRF2 and PRA expression was detected (cc=0.247, p=0.003) as well as of cytoplasmic
NRF2 and PRB expression (cc=0.25, p=0.003), confirmed by immunofluorescence double
staining. Cytoplasmic NRF2 expression was associated with a longer OS (median 50.6 vs
32.5 months; p=0.1) as it was seen for PRA expression (median 634 vs 33.1 months;
p=0.08), although not statistically significant. In addition, high PRB expression (median
80.4 vs 32.5 months; p=0.04) and concurrent expression of cytoplasmic NRF2 and PRA were
associated with a significantly longer OS (median 109.7 vs 30.6 months; p=0.02). The same
relationship was also noted for NRF2 and PRB with improved OS for patients expressing

both cytoplasmic NRF2 and PRB (median 153.5 vs 30.6 months; p=0.009). Silencing of

NFE2L2 induced higher mRNA expression of PGR in the cancer cell line OVCAR3 (p=>0.05)
confirming genetic interactions of NRF2 and PR.

Conclusion: In this study, the combination of cytoplasmic NRF2 and high PRA/PRB
expression was demonstrated to be associated with improved overall survival in ovarian
cancer patients. Further understanding of interactions within the NRF2/AKR1C1/PR path-
way could open new additional therapeutic approaches.

Keywords: nuclear factor erythroid 2-related factor 2, progesterone receptor, ovarian cancer,
immunohistochemistry

Introduction

Ovarian cancer is one of the five most frequent cancer deaths among women with a
five-year survival rate of less than 45%."
an insufficient screening method often lead to a diagnosis in advanced tumor stage with

The non-specific symptoms combined with

a consecutively impaired prognosis. Recommended therapeutic approaches include
primary cytoreductive surgery and platinum-based chemotherapy with anti-angiogenic
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agents or PARP inhibitors. Most reliable prognostic markers
include volume of residual disease after initial debulking
surgery, the International Federation of Gynecology and
Obstetrics (FIGO) stage, ascites volume, patient age, and
subtype.”®  Epithelial
(EOC) are classified as serous, mucinous, endometrioid,

histological ovarian carcinomas
and clear-cell histology, being distinguished in terms of
phenotype, molecular background, and etiology.” Research
to identify new molecular prognostic markers needs to take
this heterogeneity of ovarian cancer into account. A better
understanding of the differences between ovarian cancer
subtypes appears crucial to enable new diagnostic and ther-
apeutic approaches.

Current investigations attribute an important impact for the
development of ovarian cancer to oxidative stress.® The
nuclear factor erythroid-2-related factor 2 (NRF2) is a well-
known regulator of antioxidant and cytoprotective genes med-
iating cellular coping of oxidative stress. Whereas NRF2 is
ubiquitously expressed at low levels in all human organs, tight
regulation of this major cellular defense mechanism is crucial
to maintain cellular homeostasis. Different cancer entities and
cell lines exhibit high constitutive levels of NRF2.”" Qur
research group recently demonstrated that cytoplasmic NRF2
expression in its inactive cytoplasmic form is associated
with improved survival in ovarian cancer patients."*
Overexpression of NRF2 might protect cancer cells from the
cytotoxic effects of anticancer therapies, resulting in resistance
to chemo- and radiotherapy.'*'

Progesterone inhibits cell growth and metastasis in ovarian
cancer cells and is considered as an established protective
factor for the development of ovarian cancer as part of com-
bined oral contraceptives.'” 2" The detailed molecular back-
ground of this mechanism has not yet been fully understood.
The progesterone receptor (PR), a member of the steroid
hormone receptor superfamily, is expressed in two isoforms,
the PRA and PRB differing in their molecular weight. Studies
show an up to date functional unknown dominant expression
21-23 Progesterone receptor
expression has been described to be associated with improved
overall (OS) and progression-free survival (PFS) due to its
putative anti-proliferative effect.**’ To our knowledge, inter-
actions between NRF2 and PR are not well understood so far,

of PRB in ovarian carcinomas.

but warrant further investigation based on the results of our
present data.

This study aimed to investigate the potential prognos-
tic impact of NRF2 and PR in ovarian cancer patients
which might be the rationale for putative new treatment
strategies.

Materials and methods

Patients and specimens

Tissue samples of 156 patients who underwent surgery for
EOC at the Department of Obstetrics and Gynecology,
Ludwig-Maximillian’s-University Munich from 1990 to
2002, were analyzed in this study. Clinical data were
obtained from the patient’s charts and follow-up data
from the Munich Cancer Registry. All samples had been
formalin-fixated and paraffin-embedded (FFPE). Patients
with benign or borderline tumors were excluded and no
patients had neoadjuvant chemotherapy. Specialized
pathologists for EOC examined and classified the samples
for tumor grading: low (n=38), high (n=117), and histolo-
gical subtypes: serous (n=110), endometrioid (n=21), clear
cell (n=12), mucinous (n=13). Staging was performed
using TNM and FIGO (WHO) classification: I (n=35), II
(n=10,) III (n=103), IV (n=3). Data on primary tumor
extension were available in 155 cases: T1 (n=40), T2
(n=18), T3 (n=93), T4 (n=4) as well as data on lymph
node involvement in 95 cases NO (n=43), N1 (n=52). Data
on distant metastasis were available in nine cases MO
(n=3), M1 (n=6).

Ethical approval

This study was approved by the Ethics Committee of the
Ludwig-Maximilians-University, =~ Munich,  Germany
(approval number 227-09). All tissue samples used for
this study were obtained from material from the archives
of the Department of Obstetrics and Gynecology,
University Hospital, LMU Munich, Munich, Germany,
initially used for pathological diagnostics. The diagnostic
procedures were completed before the current study was
performed. All patients” data were fully anonymized, and
the study was performed according to the standards set in
the Declaration of Helsinki 1975. The ethics committee
approved this consent process. During the analysis, the
observers were fully blinded for patients’ data.

Immunohistochemistry

Immunohistochemistry was performed as
described by our lab*® For NRF2 staining, paraffin-
embedded and formalin-fixed EOC samples were incubated
with Anti-NRF2 (Abcam, Cambridge, UK, rabbit, monoclo-
nal, clone EP1808) at a final concentration of 5.93 pg/mL
(1:100 dilution) for 1 hr at room temperature. Afterward,
slides were incubated with isotype-matching MACH 3
Rabbit AP Polymer Detection (Biocare Medical, Pacheco,

previously
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CA, USA, catalog-number M3R533). The Permanent AP
Red Kit (Zytomed Systems GmbH, Berlin, Germany, cata-
log-number ZUC-001) was used as chromogen. Slides were
then counterstained with Gill’s hematoxylin (Vector
Laboratories, Burlingame, CA, USA). System controls
were included.

For the detection of PR, paraffin-fixed tissue sections
were dewaxed with xylol for 15 mins, then dehydrated in
ascending concentrations of alcohol (70-100%). Afterward,
they were exposed for epitope retrieval for 10 mins in a
pressure cooker using sodium citrate buffer (pH 6.0) con-
taining 0.1 M citric acid and 0.1 M sodium citrate in
distilled water. After cooling, slides were washed in PBS
twice. Endogenous peroxidase activity was quenched by
dipping in 3% hydrogen peroxide (Merck, Darmstadt,
Germany) in methanol for 20 mins. Non-specific binding
of the primary antibodies was blocked by incubating the
sections with “diluted normal serum” (10 mL PBS contain-
ing 150 pL horse serum; Vector Laboratories, CA) for
20 mins at room temperature. Then, slides were incubated
with the primary antibodies (PRA: 1:250 dilutions, Sigma-
Aldrich, St. Louis, MO, USA, rabbit, polyclonal, clone
R04125; PRB:
Wetzlar, Germany, mouse, monoclonal, clone SAN27) at

1:50 dilutions, Novocastra Reagents,

room temperature for 60 mins. After washing with PBS,
slides were incubated in diluted biotinylated anti-serum
secondary antibody (10 mL PBS containing 50 pl horse
serum, Vector Laboratories, CA) for 30 mins at room tem-
perature. After incubation with the avidin-biotin-peroxidase
complex (diluted in 10 mL PBS, Vector Laboratories, CA)
for 30 mins and repeated PBS washing, visualization was
conducted using substrate and chromagen 3,3’-diaminoben-
zidine (DAB; Dako, Glostrup, Denmark, catalog-number
K3468) for 8-10 mins. Slides were then counterstained
with  Mayer’s hematoxylin  (Waldeck-Chroma,
Miinster, Germany, catalog-number 2E-038) and dehydrated
in an ascending series of alcohol followed by xylol. System

acidic

controls were included.

Staining evaluation

All EOC specimens were examined with a Leitz (Wetzlar,
Germany) photomicroscope and specific NRF2 and PR
immunohistochemically staining reaction was observed in
the nuclei and cytoplasm of the cells. The intensity and
distribution pattern of NRF2 and PR staining were rated
using the semi-quantitative immunoreactive score
(IR score, Remmele’s score). To obtain the IR score result,

the optional staining intensity (0=no, 1=weak, 2=moderate,

and 3=strong staining) and the percentage of positive-stained
cells (0=no staining, 1=<10% of the cells, 2=11-50% of the
cells, 3=51-80% of the cells, and 4<81%) were multiplied.
NRF?2 staining was successfully performed in 145 (93%) of
156 EOC tissue specimens. Cut-off points for the IR scores
were selected for the cytoplasmic and nuclear NRF2 staining
considering the distribution pattern of IR scores in the col-
lective. Nuclear and cytoplasmic NRF2 staining were
regarded as negative with an IR score 0-2, as low with IRS
4-8, and as high with IRS >8. PRA and PRB stainings were
successfully performed in all 156 (100%) EOC specimens.
Cellular PRA and PRB stainings were considered as negative
with an IR score 0 and as positive with IRS >0.

Immunofluorescence staining

Mouse anti-NRF2 IgGs were diluted at 1:200 with a diluting
medium (Dako, Hamburg, Germany), while rabbit anti-PRB
polyclonal IgGs were diluted at 1:200. After washing, slides
were incubated with Cy2-/Cy3-labeled antibodies (Dianova,
Hamburg, Germany) as fluorescent secondary antibodies for
30mins at room temperature in darkness to avoid fluores-
cence quenching. Cy2-labeled secondary antibodies were
used at a dilution of 1:100 and Cy3-labeled antibodies at a
dilution of 1:500. Finally, the slides were embedded in
mounting buffer containing 4’,6-diamino-2-phenylindole
(DAPI, Vectastain, Vector Laboratories) for blue staining of
the nucleus after washing and drying. Confocal laser scan-
ning microscope images were acquired with Zeiss LSM 880
with Airyscan model for high-resolution visualization and
analyzed with ZEN blue software.

Cell line

The human serous ovarian cancer cell line OVCAR3 was
purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA). Cells were maintained in
culture in RPMI 1640 medium (ThermoFisher Scientific,
Waltham, MA, USA) supplemented with 10% FBS in a
humified incubator at 37°C under 5% CO,.

PCR

RNA isolation was performed using the RNeasy Mini Kit
(Qiagen, Venlo, Netherlands) and 1 pg RNA was con-
verted into first-strand ¢cDNA using the MMLV Reverse
Transcriptase 1st-Strand ¢cDNA Synthesis Kit (Epicentre,
Madison, WI, USA) according to the instructions of the
manufacturer. The basal mRNA expressions of NFE2L2
and PGR were quantified by qPCR applying FastStart
Essential DNA Probes Master and gene-specific primers

Cancer Management and Research 2019:1 |
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(Roche, Basel, Switzerland). For normalization of expres-
sions the housekeeping genes f-Actin and GAPDH were
used as reference controls.

si-RNA

The specific siRNA for NFE2L2 (Silencer Select Pre-
designed and Custom Designed siRNA, Ambion, Carlsbad,
CA, USA) was kindly provided by
(Department of Human Molecular Genetics, University of
Heidelberg). Cells were transfected with siRNA using
Lipofectamine RNAIMAX reagent (Invitrogen, Carlsbad,
CA, USA) to silence the expression of NFE2L2 in the cell
line. RNA Isolation and mRNA quantification by qPCR was
repeated as outlined earlier. mRNA expression levels of
NFE2L2 and PGR in NFE2L2 downregulated cells were
compared with NFE2L2 containing cells.

Beate Niesler

Statistical analysis

Statistical analysis was performed using SPSS 25.0 (v25,
IBM, Armonk, New York). Distribution of clinical patholo-
gical variables was evaluated with the Chi-Square test.
Mann-Whitney U test was used to compare IR scores of
NRF2/PR between different clinical and pathological sub-
groups. Correlations between findings of immunohisto-
chemically staining were calculated using Spearman’s
analysis. Survival times were analyzed by Kaplan-Meier
(log-rank) estimates. To identify an appropriate cut-off, the
ROC curve was drawn which is considered as one of the most
reliable methods for cut-off point selection. In this context,
the ROC curve is a plot representing sensitivity on the y-axis
and (1-specificity) on the x-axis.”’ Consecutively, Youden
index, defined as the maximum (sensitivity+specificity-1),>
was used to find the optimal cut-off maximizing the sum of
sensitivity and speciﬁcily.“'32 For multivariate analyses, a
Cox-regression model was applied, with P-values less than
0.05 considered to be significant. Ct values of each gene were
obtained with qPCR and the relative expressions were calcu-
lated using the 222" formula. Statistical data were acquired
using Graph Pad Prism 7.03 (v7, La Jolla, California).

Results

NRF2/PR expression correlates with
clinical and pathological data
Clinicopathologic characteristics of the analyzed ovarian
cancer patients are listed in Table 1. Nuclear staining of
NRF2 was observed in 144 of 145 evaluable cases (99%),
and cytoplasmic staining of NRF2 was observed in 139

(96%) of these 145 cases. Median (range) immunoreactiv-
ity scores (IRS) for NRF2 in nuclei and cytoplasm were 8
(2,12) and 8 (4,12), respectively.

NRF2 staining in both cytoplasm and nucleus was
different between the histological subtypes (p=0.001 and
p=0.02, respectively) with low nuclear NRF2 expression
in serous, clear-cell, and endometrioid histology and high
expression in mucinous subtype. In comparison, strongest
and weakest cytoplasmic NRF2 staining were found in the
serous and clear-cell subtypes, respectively. Cytoplasmic
NRF2 expression was significantly higher expressed in
patients with low-grade histology (p=0.03) and low
nuclear NRF2 expression was associated with age
(p=0.045).

All 156 cases could be successfully stained for PRA
(100%) and PRA expression could be detected in 63 of
156 (40%) specimens with a median (range) IRS of 0
(0,12) and mean (range) IRS of 2 (0,12) (Figure 1).
There was a significant difference in the PRA expres-
sion comparing all histological subtypes (p=0.02) with
the highest expression in the serous subtype. All other

Table | Clinicopathologic characteristics of the ovarian cancer
patients

Clinicopathologic parameters N Percentage
Histology

Serous 110 705%

Clear cell 12 7.7%

Endometrioid 21 135%

Mucinous 13 8.3%
Lymph node

pNO/X 104 66.7%

pNI 52 333%
Distant metastasis

pMO/X 150 96.2%

pMI 6 3.8%
Grading

Low 38 25.0%

High 17 750%
FIGO

| 35 224%

I 10 6.4%

1 103 66.0%

v 3 1.9%
Age

<60 years 83 532%

>60 years 73 46.8%
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significant differences in the PRA expression. Of
note, a strong correlation of cytoplasmic NRF2 and
PRA expression was detected (cc=0.247, p=0.003,
Table 2 and Figures 1 and 3).

PRB staining was successfully performed in all 156
cases (100%) and PRB expression was observed in 63 of
156 (40%) specimens with a median (range) IRS of 0
(0,12) and mean (range) IRS of 2 (0,12) (Figure 1).
Parameters like histological subtypes, grading, FIGO,
lymph node involvement (pN), and distant metastasis
(pM) showed no significant differences in the PRB
expression. Again, NRF2 cytoplasmic expression was
correlated with PRB expression (cc=0.25, p=0.003,
Table 2 and Figures 1-3).

Table 2 Correlation analysis

Staining NRF2 cytoplasm PRA PRB
NRF2 cytoplasm
cc 1.000 0.247 0.25
p @ 0.003 0.003
146 142 144
PRA
cc 0.247 1.000 0.622
p 0.003 . 0.0001
n 142 152 152
PRB
cc 0.25 0.622 1.000
p 0.003 0.0001 "
144 152 154

Figure | Detection of NRF2 and PRA/PRB with immunohistochemistry.

Notes: High cytoplasmic NRF2 staining (A) corresponds with high PRA (B) and high PRB
(€) staining found in specimens from the same i I. NRF2 cytoplasmi

correlated with PRA (cc=0.247, p=0.003) and PRB expression (cc=0.25, p=0003)
Abbreviations: cc, correlation coefficient, p = two-tailed significance.

parameters like grading, FIGO, lymph node involve-
ment (pN), and distant metastasis (pM) showed no

Notes: IR-scores of NRF2 and PRA/PRB staining were correlated to each other
using Spearman’s correlation analysis.

Abbreviations: cc, correlation coeffici P iled signi n, number of
patients.
NRF2 PRB merge

Figure 2 Double immunofluorescence of NRF2 and PRB.
Notes: Red stained cytoplasmic NRF2 expression, green stained PRB expression in
ovarian cancer tissue. Co-expression of NRF2 and PRB + DAPI (triple filter excitation)
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Figure 3 Correlation analysis of NRF2 and PRA/PRB.

Notes: Correlation analysis of NRF2 and PRA (A)/PRB (B) in ovarian cancer tissue. A significant correlation of cytoplasmic NRF2 expression with PRA/PRB expression was

noted. For better visualization, dots have been jittered.

Abbreviations: r = correlation coefficient, p = two-tailed significance, n = number of patients.

High NRF2/PR expression is associated
with improved overall survival

Median age of the patients was 58.7 (standard deviation
[SD] 31.4) years with a range of 31-88 years. Median
follow-up OS of the EOC patients was 34.4 (SD 57.8)
months. Although not statistically significant, cytoplasmic
NRF2 expression was associated with a longer OS (Figure
4, median 50.6 vs 32.5 months; p=0.1) as it was seen for
PRA expression (Figure 4, median 63.4 vs 33.1 months;

»=0.08). In addition, high PRB expression was associated
with increased OS (Figure 4, median 80.4 vs 32.5 months;
p=0.04).

Due to the biological relationship between NRF2 and
PRA, concurrent expression of cytoplasmic NRF2 and
PRA was evaluated revealing significantly longer OS for
patients expressing both, NRF2 and PRA (Figure 4, med-
ian 109.7 vs 30.6 months; p=0.02). The same relationship
was also noted between NRF2 and PRB with improved OS
for patients with the combined expression of cytoplasmic
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Figure 4 Kaplan-Meier estimates.
Notes: Kaplan—Meier of NRF2 expression (A), PRA exp. (B), PRB exp (C) and bined NRF2 and PRA/PRB (D, E) expression were analyzed.

Although not statistically significant, cytoplasmic NRF2 expression was noted with a longer overall survival (A) as it was seen for PRA expression (B). High PRB expression
was associated with increased overall survival (C). Patients with combined high NRF2 expression in the cytoplasm and PRA/PRB expression had significantly increased

overall survival compared with those with low cytoplasmic expression (D/E).
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NRF2 and PRB (Figure 4, median 153.5 vs 30.6 months;
p=0.009).

Clinical and pathological parameters are
independent prognostic factors

Cancer grading, the FIGO classification, and patient’s age were
independent prognostic factors in the present cohort (Table 3).
In contrast, the prognostic impact of histological subtype as
well as NRF2 and PRA/PRB expression were not confirmed to
be of independent significance.

Downregulation of NFE2L2 influences
PGR expression confirming their genetic
interaction

Following effective silencing of NFE2L2 with siRNA to eval-
uate the impact on PGR expression (Figure 5), an elevated
expression of PGR in the NFE2L2 downregulated cancer cell
line OVCAR3 was noted, although not statistically significant
(p=0.41).

Table 3 Multivariate analysis

Discussion

The present study investigating the expression patterns of
NRF2 and PRA as well as PRB demonstrates that cyto-
plasmic NRF2 expression is significantly correlated with
the expression of both PRA and PRB and that this correla-
tion seems to be associated with a significant impact on
OS of ovarian cancer patients. Silencing of NFE2L2
induced a higher mRNA expression of PGR in the
NFE2L2 downregulated OVCAR3.
Therefore, these results might corroborate a possible func-
tional interaction between NRF2 and PR which merits
further investigations.

cancer cell line

As a main cellular defense mechanism against meta-
bolic, xenobiotic, and oxidative stress, NRF2 has been
generally regarded as a tumor suppressor.>*** NRF2 acti-
vation avoids excessive cellular damage under abovemen-
NRF2/Keapl
essential in cancer chemoprevention underlining NRF2/

tioned conditions.* Thus, pathway is

Keapl mutations at pre-neoplastic stages in experimental

35 . .
models.” In comparison, recent studies revealed that

Covariate Coefficient (b;) [HR Exp(b;)] 95% ClI p-Value
Lower Upper
Histology (serous vs other) -0.124 0.883 0.678 1.188 035
Grade (low vs high) 0.472 1.604 1.158 2.138 0.002
FIGO (I, I vs IlI, IV) 0.679 1.972 1.550 3.096 0.000
Patients’ age (<60 vs >60 years) 0.008 1.008 1.003 1.013 0.00!
NRF2 cytoplasmic/PRA —0.090 0914 0.382 2332 085
NRF2 cytoplasmic/PRB —0.422 0.656 0.276 1.639 035
A NFE2L 2silenced expression B PGR expression
154 2.5+
g *
c
3 O 204
8 1.0 ?
Q. 4
g g 15
[ X
2 o
= 1.0 7
© 0.5 2
[0} . o
o & 051
0.0~ T 0.0 T
OVCARS3 Co OVCARS si OVCARS3 Co OVCARS si
*P<0.001 *P=0.05

Figure 5 siRNA downregulation of NFE2L2.

Notes: siRNA downregulation of NFE2L2 in the ovarian cancer cell line OVCAR3 (A) and the effect on PGR expression following NFE2L2 downregulation (B).
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NRF2 hyperactivation may facilitate conditions favoring
the survival of normal as well as malignant cells, protect-
ing them from apoptosis following oxidative stress by
chemotherapeutic agents or radiotherapy.***’

Hence, this potential dual role of NRF2 in cancer biology
should be taken into account in interpretation of its molecular
role. Studies revealed that nuclear or activated NRF2 expres-
sion is associated with upregulation of multiple target genes
with negative prognostic effects leading to impaired overall as
well as progression-free survival (PFS). Inaccordance, patients
with high cytoplasmic NRF2 expression (inactive form of the
transcription factor) displayed improved OS and PFS.'**

Progesterone plays an anti-proliferative effect via its
receptor and has hereby been reported to be associated with
improved OS and PFS in ovarian cancer patients.”* " These
findings are supported by studies showing that PR mediates
apoptotic cell death.*”* Furthermore, upregulation of
Forkhead-box transcription factor (FOXO1) through proges-
tin activated PR causes cell cycle arrest by increasing of
mediators of cell senescence.’**' A potential interaction
between NRF2 and PR is not well understood yet, but can
be conceived as a hypothesis-generating approach based on
the presented evidence. NRF2 activates its target gene aldo-
keto reductase family 1 member C1 (AKRICI) amongst
others via an antioxidant response element (ARE) in a spe-
cific promoter region. AKRICI converts progesterone to
its inactive form, the 20-alpha-dihydroxyprogesterone

(20-alpha-OHP).**** Moreover, AKRICI can bind to the
promoter region of PR and decreases hereby receptor
activity.* In this study, silencing of NFE2L2 induced a
higher mRNA expression of PGR supporting this data. In
endometrial cancer patients, concurrent NRF2/AKRI1C1
overexpression was proposed to be part of the molecular
mechanisms underlying progestin resistance.*’
Accordingly, increased expression of AKRIC1 is associated
with the development of platinum resistance in human ovar-
fan carcinoma cells as well as colon carcinoma cells.***7 In
contrast, progesterone facilitates the toxicity of cisplatin in
ovarian cancer cells and a preclinical murine xenograft
model.** Taken together, the interaction of NRF2 and PR
might represent a potential pathway significantly influencing
platinum response being mediated by AKRIC1 in ovarian
cancer which should be followed in future studies. NRF2/
AKRIC1 expression can be downregulated by metformin
treatment as described in endometrial and lung cancer

45,49,50
cells.

Interestingly, recent studies show that metfor-
min, usually applied in diabetic patients, prevents tumor
growth, induces apoptosis and increases sensitivity to che-
motherapy in ovarian cancer cells.*' >’ Mechanisms under-
lying these cellular effects include suppression of cancer
stem cells, inhibition of epithelial-to-mesenchymal transition
and interference with neoplastic cell metabolism.**
Following promising data of epidemiological studies show-

ing a favorable effect of metformin on ovarian cancer

Platinum sensitivity

Progesterone

20-alpha-dihydroxyprogesterone

Figure 6 Summary of the hypothesized interaction within the NRFZAKR | CI/PR pathway.

Notes: Activated NRF2 (high nuclear, low cytopl:

) activates aldo-k

reductase family | member CI (AKRICI) via an antioxidant response element (ARE).

AKRICI converts progesterone to its inactive form, the 20-alpha-dihydroxyprogesterone, and decreases PR receptor activity with consecutive platinum resistance.
Metformin treatment counteracts this pathway, which may reverse the effects and consecutively lead to platinum re-sensitization.
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incidence and survival, it was proposed that metformin
should be followed as an additional approach in ovarian
cancer treatment.*>"®> As metformin treatment is associated
with an increased PR expression, these results further support
future investigations of the above-described relationships in
the NRF2/AKR1CI/PR pathway and their impact on ovarian
cancer biology and the clinical behavior.

Conclusion

In summary, based on the results of the present study, we
hypothesize that the interplay between NRF2/AKRIC1/PR
might serve as an important pathway with significant impact

on ovarian carcinogenesis elucidating additional therapeutic

perspectives (Figure 6). With the rationale described earlier,

metformin might have favorable effects on ovarian cancer

biology and open new approaches to overcome platinum

resistance which needs to be proved in future studies.

Acknowledgments

The authors are grateful to Mrs Martina Rahmeh and Mrs
Christina Kuhn for excellent technical assistance. This work
has been funded by the “Monika Kutzner” foundation and
the “Brigitte & Dr. Konstanze Wegener” foundation.

Disclosure

Bastian Czogalla has received a research grant from the
“Monika Kutzner” foundation and “Brigitte & Dr. Konstanze
Wegener” foundation. Anna Hester has received a research

grant from the “Walter Schulz” foundation and advisory board,

speech honoraria and travel expenses from Roche and Pfizer.

Thomas Kolben's relative is employed at Roche AG. Research

support, advisory board, honoraria, and travel expenses from
AstraZeneca, Clovis, Medac, MSD, Novartis, PharmaMar,
Roche, Sensor Kinesis, Tesaro, Teva have been received by
Sven Mahner and from AstraZeneca, Medac, PharmaMar,
Roche, Tesaro by Fabian Trillsch. All authors report no other

conflicts of interest in this work.

References

=)

. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. C4 Cancer J

Clin. 2017;67(1):7-30. doi:10.3322/caac.21387

. Baldwin LA, Huang B, Miller RW, et al. Ten-year relative survival for

&

w

o

=

o

°

=

[

v

B

w

)

0

Aletti GD, Gostout BS, Podratz KC, Cliby WA. Ovarian cancer
surgical resectability: relative impact of disease, patient status,
and surgeon. Gynecol Oncol. 2006:100(1):33-37. doi:10.1016/j.
ygyno.2005.07.123

. Vergote I, De Brabanter J, Fyles A, et al. Prognostic importance of

degree of differentiation and cyst rupture in stage I invasive epithelial
ovarian carcinoma. Lancet. 2001;357(9251):176-182. doi:10.1016/
S0140-6736(00)03590-X

Dembo AJ, Davy M, Stenwig AE, Berle EJ, Bush RS, Kjorstad K.
Prognostic factors in patients with stage I epithelial ovarian cancer.
Obstet Gynecol. 1990;75(2):263-273. Available from: http://eur
opepmc.org/abstract/ MED/2300355. Accessed July 15, 2019.

Kossai M, Leary A, Scoazec J-Y, Genestie C. Ovarian cancer: a hetero-
2 disease. Pathobiology. 2018:85(1-2):41-49. doi:10.1159/
000479006
van der Wijst MGP, Brown R, Rots MG. Nrf2, the master redox
switch: the Achilles” heel of ovarian cancer? Biochim Biophys Acta.
2014:1846(2):494-509. doi:10.1016/j.bbcan.2014.09.004

Namani A, Matiur Rahaman M, Chen M, Tang X. Gene-expression
signature regulated by the KEAPI-NRF2-CUL3 axis is associated
with a poor prognosis in head and neck squamous cell cancer. BMC
Cancer. 2018:18(1):46. doi:10.1186/s12885-017-3907-z

Boustani MR, Khoshnood RJ, Nikpasand F, et al. Overexpression of
ubiquitin-specific protease 2a (USP2a) and nuclear factor erythroid 2-
related factor 2 (Nrf2) in human gliomas. J Newol Sci.
2016:363:249-252. doi:10.1016/j.jn5.2016.03.003

JJi L, Wei Y, Jiang T, Wang S. Correlation of Nrf2, NQO1, MRPI,

cmyc and p53 in colorectal cancer and their relationships to clinico-
pathologic features and survival. Int J Clin Exp Pathol. 2014;7
(3):1124-1131. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/24695690. Accessed July 15, 2019.

Jiang T, Chen N, Zhao F, et al. High levels of Nrf2 determine
chemor in type II end rial cancer. Cancer Res. 2010;70
(13):5486-5496. doi:10.1158/0008-5472.CAN-10-0713

. Ryoo I, Choi B, Kwak M-K. Activation of NRF2 by p62 and

proteasome reduction in sphere-forming breast carcinoma cells.
Oncotarget;. 2015:6(10). doi:10.18632/oncotarget.v6il0

Czogalla B, Kahaly M, Mayr D, et al. Interaction of ERa and NRF2
impacts survival in ovarian cancer patients. Int J Mol Sci. 2018;20:1.
doi:10.3390/ijms20010112

Zhang DD. The Nrf2-Keapl-ARE signaling pathway: the regulation
and dual function of Nrf2 in cancer. Antioxid Redox Signal. 2010;13
(11):1623-1626. doi:10.1089/ars.2010.3301

. Lo R, Matthews J. The aryl hydrocarbon receptor and estrogen recep-

tor alpha differentially modulate nuclear factor erythroid-2-related
factor 2 transactivation in MCF-7 breast cancer cells. Toxicol Appl
Pharmacol. 2013:270(2):139-148. doi:10.1016/j.taap.2013.03.029
Wu N-Y, Huang H-S, Chao TH, et al. Progesterone prevents high-
grade serous ovarian cancer by inducing necroptosis of p53-defective
fallopian tube epithelial cells. Cell Rep. 2017:18(11):2557-2565.
doi:10.1016/j.celrep.2017.02.049

Jeon S-Y, Hwang K-A, Choi K-C. Effect of steroid hormones, estro-
gen and progesterone, on epithelial mesenchymal transition in ovar-
ian cancer development. J Steroid Biochem Mol Biol. 2016;158:1-8.
doi:10.1016/j.jsbmb.2016.02.005

Nagendra PB, Goad J, Nielsen S, et al. Ovarian hormones through
Wnt signalling regulate the growth of human and mouse ovarian
cancer initiating lesions. Oncotarget. 2016:;7(40):64836-64853.
doi:10.18632/oncotarget. 11711

epithelial ovarian cancer. Obstet Gynecol. 2012;120(3). doi:10.1097/  20. Lurie G, Wilkens LR, Thompson PJ, et al. Combined oral contra-
AOG.0b013e3 18264794 ceptive use and epithelial ovarian cancer risk: time-related effects.

3. Du Bois A, Reuss A, Pujade-Lauraine E, Harter P, Ray-Coquard I, Epidemiology. 2008;19(2). doi:10.1097/EDE.0b013e31816334c¢5
Pfisterer J. Role of surgical outcome as prognostic factor in advanced ~ 21. Akahira J, Inoue T, Suzuki T, et al. Progesterone receptor isoforms A
epithelial ovarian cancer: a combined exploratory analysis of 3 pro- and B in human epithelial ovarian carcinoma: immunohistochemical
spectively randomized phase 3 multicenter trials. Cancer. 2009;115 and RT-PCR studies. Br J Cancer. 2000;83(11):1488-1494.
(6):1234-1244. doi:10.1002/cncr.24149 doi:10.1054/bjoc.2000.1463

T682  cvbmicyour manuscipe Cancer Management and Research 2019:11

Dove



Paper Il

45

Dove

Czogalla et al

22.

23.

24,

2

v

26.

27:

28.

29.

30.

3

32:

3

w

34

35.

36.

3

3

38.

39.

Akahira J-1, Suzuki T, Ito K, et al. Differential expression of proges-
terone receptor isoforms A and B in the normal ovary, and in benign,
borderline, and malignant ovarian tumors. Jpn J Cancer Res. 200293
(7):807-815. doi:10.1111/j.1349-7006.2002.tb01323.x

Lenhard M, Tereza L, Heublein S, et al. Steroid hormone receptor
expression in ovarian cancer: progesterone receptor B as prognostic
marker for patient survival. BMC Cancer. 2012;12:553. doi:10.1186/
1471-2407-12-553

Luo H, Li S, Zhao M, Sheng B, Zhu H, Zhu X. Prognostic value of
progesterone receptor expression in ovarian cancer: a meta-analysis.
Oncotarget. 2017:8(22):36845-36856. doi:10.18632/oncotarget. 15982

. Sinn BV, Darb-Esfahani S, Wirtz RM, et al. Evaluation of a

hormone receptor-positive ovarian carcinoma subtype with a
favourable prognosis by determination of progesterone receptor
and oestrogen receptor 1 mRNA expression in formalin-fixed
paraffin-embedded tissue. Hi hology. 2011;59(5):918-927.
doi:10.1111/§.1365-2559.2011.04028.x

Sieh W, Kobel M, Longacre TA, et al. Hormone-receptor expression
and ovarian cancer survival: an Ovarian Tumor Tissue Analysis
consortium study. Lancet Oncol. 2013:14(9):853-862. doi:10.1016/
S1470-2045(13)70253-5

Diep CH, Daniel AR, Mauro LJ, Knutson TP, Lange CA.
Progesterone action in breast, uterine, and ovarian cancers. .J Mol
Endocrinol. 2015:54(2):R31-R53. doi:10.1530/JME-14-0252

Scholz C, Heublein S, Lenhard M, Friese K, Mayr D, Jeschke U.
Glycodelin A is a prognostic marker to predict poor outcome in
advanced stage ovarian cancer patients. BMC Res Notes.
2012:5:551. doi:10.1186/1756-0500-5-551

Nakas CT, Alonzo TA, Yiannoutsos CT. Accuracy and cut-off point
selection in three-class classification problems using a generalization
of the Youden index. Stat Med. 2010:29(28):2946-2955. doi:10.1002/
sim.4044

Youden WJ. Index for rating diagnostic tests. Cancer. 1950:3(1):32-
35. doi:10.1002/1097-0142(1950)3: 1<32::AID-CNCR2820030106>3.0.
C0O;2-3

. Perkins NJ, Schisterman EF. The inconsistency of “optimal™ cut-

points obtained using two criteria based on the receiver operating
characteristic curve. Am J Epidemiol. 2006;163(7):670-675.
doi:10.1093/aje/kwj063

Fluss R, Faraggi D, Reiser B. Estimation of the youden index and its
associated cutoff point. 2005:47(4):458-472.
doi:10.1002/bimj.200410135

Biometrical J.

. Villeneuve NF, Lau A, Zhang DD. Regulation of the Nrf2-keapl

antioxidant response by the ubiquitin proteasome system: an insight
into cullin-ring ubiquitin ligases. Antioxid Redox Signal. 2010;13
(11):1699-1712. doi:10.1089/ars.2010.3211

Wakabayashi N, Slocum SL, Skoko JJ, Shin S, Kensler TW. When
NRF2 talks, who's listening? Antioxid Redox Signal. 2010:13
(11):1649-1663. doi:10.1089/ars.2010.3216

Hayes JD, McMahon M, Chowdhry S, Dinkova-Kostova AT. Cancer
h ntion hani diated through the Keapl-nrf2
pathway.  Antioxid ~ Redox  Signal.  2010;13(11):1713-1748.
doi:10.1089/ars.2010.3221

Menegon S, Columbano A, Giordano S. The dual roles of NRF2 in
cancer. Trends Mol Med. 2016;22(7):578-593. doi:10.1016/j.
molmed.2016.05.002

. Taguchi K, Yamamoto M. The KEAP I-NRF2 system in cancer. Front

Oncol. 2017:7:85. doi:10.3389/fonc.2017.00085

Cho H, Kim K, Kim Y-B, Kim H, No JH. Expression patterns of Nrf2
and Keap| in ovarian cancer cells and their prognostic role in disease
recurrence and patient survival. Int J Gynecol Cancer. 2017:27(3).
doi: 10.1097/1GC.0000000000000908

Modugno F, Laskey R, Smith AL, Andersen CL, Haluska P,
Oesterreich S. Hormone response in ovarian cancer: time to reconsi-
der as a clinical target? Endocr Relat Cancer. 2012;19(6):R255
R279. doi:10.1530/ERC-12-0175

41

41.

42.

4

byl

45.

4

>

4

48.

49.

50.

5

52.

S

54.

S

5

=

=

.

s

o

Chuffa LGDA, Lupi-Jinior LA, Costa AB, Amorim JPDA, Seiva
FRF. The role of sex hormones and steroid receptors on female
reproductive cancers. Steroids. 2017;118:93-108. doi:10.1016/j.
steroids.2016.12.011

Diep C, Charles N, Blake Gilks C, Kalloger S, Argenta P, Lange CA.
Progesterone receptors induce FOXOI-dependent senescence in
ovarian cancer cells. Cell Cycle. 2013;12(9):1433-1449.
doi:10.4161/cc.24550

Nishizawa M, Nakajima T, Yasuda K, et al. Close kinship of human
20a-hydroxysteroid dehydrogenase gene with three aldo-keto reduc-
tase genes. Genes Cells. 2000;5(2):111-125. doi:10.1046/j.1365-
2443.2000.00310.x

. Rizner TL, Smuc T, Rupreht R, Sinkovec J, Penning TM. AKRIC1

and AKRIC3 may determine progesterone and estrogen ratios in
endometrial cancer. Mol Cell Endocrinol. 2006;248(1):126-135.
doi:10.1016/j.mce.2005.10.009

Ji Q, Aoyama C, Nien Y-D, et al. Selective loss of AKRICI and
AKRIC2 in breast cancer and their potential effect on progesterone
signaling. Cancer Res. 2004:64(20):7610 LP-7617. doi:10.1158/
0008-5472.CAN-04-1608

Wang Y, Wang Y, Zhang Z, et al. Mechanism of progestin resistance
in endometrial precancer/cancer through Nrf2-AKRIC1 pathway.
Oncotarget. 2016:7(9):10363-10372. doi:10.18632/oncotarget. 7004

. Deng HB, Parekh HK, Chow K-C, Simpkins H. Increased expression

of dihydrodiol dehydrogenase induces resistance to cisplatin in
human ovarian carcinoma cells. J Biol Chem. 2002;277(17):15035
15043. doi:10.1074/jbe.M112028200

Matsunaga T, Hojo A, Yamane Y, Endo S, El-Kabbani O, Hara A.
Pathophysiological roles of aldo-keto reductases (AKRIC1 and
AKRIC3) in development of cisplatin resistance in human colon
cancers. Chem Biol Interact. 2013;202(1):234-242. doi:10.1016/j.
¢bi.2012.09.024

Murdoch W1, Van Kirk EA, Isaak DD, Shen Y. Progesterone facilitates
cisplatin toxicity in epithelial ovarian cancer cells and xenografis. Gynecol
Oncol. 2008;110(2):251-255. doi:10.1016/j.ygyno.2008.03.021

Yu C, Jiao Y, Xue J, et al. Metformin sensitizes non-small cell lung
cancer cells to an epigallocatechin-3-Gallate (EGCG) treatment by
suppressing the Nrf2/HO-1 signaling pathway. Int J Biol Sci. 2017;13
(12):1560-1569. doi:10.7150/ijbs.18830

Zhang J, Jiao K, Liu J, Xia Y. Metformin reverses the resistance
mechanism of lung ad inoma cells that knocks down the Nrf2
gene. Oncol Lett. 2018:16(5):6071-6080. doi:10.3892/01.2018.9382

. Lengyel E, Litchfield LM, Mitra AK, et al. Metformin inhibits

ovarian cancer growth and increases sensitivity to paclitaxel in
mouse models. Am J Obstet Gynecol. 2015;212(4):479.¢1-479.¢10.
doi:10.1016/j.ajog.2014.10.026

Zheng Y, Zhu J, Zhang H, Liu'Y, Sun H. Metformin inhibits ovarian cancer
growth and migration in vitro and in vivo by enhancing cisplatin cytotoxi-
city. Am J Transl Res. 2018:10(10):3086-3098. Available from: https:/
www.ncbi.nlm.nih.gov/pubmed/30416652. Accessed July 15, 2019.

Dos Santos Guimardes I, Ladislau-Magescky T, Tessarollo NG, et al.
Chemosensitizing effects of metformin on cisplatin- and paclitaxel-
resistant ovarian cancer cell lines. Pharmacol Rep. 2018;70(3):409

417. doi:10.1016/j.pharep.2017.11.007

Bishnu A, Sakpal A, Ghosh N, Choudhury P, Chaudhury K, Ray P.
Long term tri of metformin impedes develop of chemore-
sistance by regulating cancer stem cell differentiation through taurine
generation in ovarian cancer cells. Int J Biochem Cell Biol.
2019:107:116-127. doi:10.1016/j.biocel.2018.12.016

Garrido MP, Vera C, Vega M, Quest AFG, Romero C. Metformin prevents
nerve growth factor-dependent proliferative and proangiogenic effects in
epithelial ovarian cancer cells and endothelial cells. Ther Adv Med Oncol.
2018:10:1758835918770984. doi:10.1177/1758835918770984

Tang G, Guo J, Zhu Y, et al. Metformin inhibits ovarian cancer via
decreasing H3K27 trimethylation. Int J Oncol. 2018:;52(6):1899-

1911. doi:10.3892/ij0.2018.4343

Cancer Management and Research 2019:1 |

submit your manuscript

7683

Dove



Paper Il

46

Czogalla et al Dove
57. Dang J-H, Jin Z-J, Liu X-J, et al. Metformin in combination with 62. Lettieri Barbato D, Vegliante R, Desideri E, Ciriolo MR.
cisplatin inhibits cell viability and induces apoptosis of human ovar- Managing lipid metabolism in proliferating cells: new perspective
ian cancer cells by inactivating ERK 1/2. Oncol Lett. 2017;14 for metformin usage in cancer therapy. Biochim Biophys Acta -
(6):7557-7564. doi:10.3892/01.2017.7176 Rev  Cancer. 2014:1845(2):317-324. doi:10.1016/j.bbcan.2014.
58. Vazquez-Martin A, Lopez-Bonetc E, Cufi S, et al. Repositioning 02.003
chloroquine and metformin to eliminate cancer stem cell traits in  63. Shi J, Liu B, Wang H, Zhang T, Yang L. Association of metformin
pre-malignant lesions. Drug Resist Updat. 2011;14(4-5):212-223. use with ovarian cancer incidence and prognosis: a systematic review
doi:10.1016/j.drup.2011.04.003 and meta-analysis. Int J Gynecol Cancer.2019:29(1):140 LP-146 LP.
59. Cufi S, Vazquez-Martin A, Oliveras-Ferraros C, Martin-Castillo B, Joven doi:10.1136/ijgc-2018-000060
J,Menendez JA. Metformin against TGFp-induced epithelial-to-mesench- 64. Wang S-B, Lei K-J, Liu J-P, Jia Y-M. Continuous use of metformin
ymal transition (EMT): from cancer stem cells to aging-associated fibrosis. can improve survival in type 2 diabetic patients with ovarian cancer:
Cell Cycle. 2010:9(22):4461-4468. doi:10.4161/cc.9.22.14048 a retrospective study. Medicine (Baltimore). 2017;96(29):e7605
60. Shackelford DB, Shaw RJ. The LKBI-AMPK pathway: metabolism €7605. doi:10.1097/MD.0000000000007605
and growth control in tumour suppression. Nat Rev Cancer. 20099 65. Garcia C, Yao A, Camacho F, Balkrishnan R, Cantrell LA. A SEER-
(8):563-575. doi:10.1038/nrc2676 medicare analysis of the impact of metformin on overall survival in
61. Zakikhani M, Dowling R, Fantus IG, Sonenberg N, Pollak M. ovarian cancer. Gynecol Oncol. 2017;146(2):346-350. doi:10.1016/j.
Metformin is an AMP Kinase-dependent growth inhibitor for breast ygyno.2017.05.006
cancer cells. Cancer 2006;66(21):10269 LP-10273 LP.
doi:10.1158/0008-5472.CAN-06-1500
Cancer Management and Research Dove
Publish your work in this journal
Cancer M: and R i T The ipt system is pletely online and includes
open access journal focusing on cancer research and the optimal use of  a very quick and fair peer-review system, which is all easy to use.
preventative and integrated treatment interventions to achieve improved  Visit http://www.dovepress.com/testimonials.php to read real quotes
outcomes, enhanced survival and quality of life for the cancer patient. ~ from published authors.
Submit your manuscript here: https//www.dovepress.com/cancer-management-and-research-journal
7684 submit your manuscript Cancer Management and Research 2019:11

Dove



References 47

6. References

1. Webb PM, Jordan SJ. Epidemiology of epithelial ovarian cancer. Best Pract Res Clin Obstet
Gynaecol. 2017;41:3-14.

2. Prat J, Franceschi S. Cancers of the female reproductive organs. In;: Stewart BW, Wild CP,
editors. World Cancer Report. Lyon: IARC 2014. p. 465-81.

3. Lheureux S, Braunstein M, Oza AM. Epithelial ovarian cancer: Evolution of management in
the era of precision medicine. CA: a cancer journal for clinicians. 2019;69(4):280-304. Epub
2019/05/18.

4. Deutsche Krebsgesellschaft, Deutsche Krebshilfe, AWMF. S3-Leitlinie Diagnostik, Therapie
und Nachsorge maligner Ovarialtumoren, Langversion 4.0, 2020. Leitlinienprogramm Onkologie.
2020; https://www. leitlinienprogramm-onkologie.de/leitlinien/ovarialkarzinom/(AWME-
Registernummer: 032/0350L, [abgerufen am: 10.08.2020]).

5. Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G, Runowicz CD, et al. Ovarian cancer
statistics, 2018. CA: a cancer journal for clinicians. 2018;68(4):284-96. Epub 2018/05/29.

6. Naito Y, Urasaki T. Precision medicine in breast cancer. Chinese Clinical Oncology.
2018;7(3):8.

7. Walsh CS. Two decades beyond BRCA1/2: Homologous recombination, hereditary cancer
risk and a target for ovarian cancer therapy. Gynecologic oncology. 2015;137(2):343-50. Epub
2015/03/01.

8. Alsop K, Fereday S, Meldrum C, deFazio A, Emmanuel C, George J, et al. BRCA Mutation
Frequency and Patterns of Treatment Response in BRCA Mutation—Positive Women With
Ovarian Cancer: A Report From the Australian Ovarian Cancer Study Group. Journal of Clinical
Oncology. 2012;30(21):2654-63.

9. Pohl E, Hauke J, Horvath J, Dworniczak B, Gehrig A, Niederacher D, et al. NGS-based multi-
gene panel analysis in BRCA1/2-negative breast and ovarian cancer families. Journal of Clinical
Oncology. 2017;35(15_suppl):1526-.

10. DeVita VT, Lawrence TS, Rosenberg SA. DeVita, Hellman, and Rosenberg's cancer :
principles & practice of oncology. Philadelphia: Wolters Kluwer/Lippincott Williams & Wilkins;
2008.

11. Penninkilampi R, Eslick GD. Perineal Talc Use and Ovarian Cancer: A Systematic Review
and Meta-Analysis. Epidemiology. 2018;29(1):41-9.

12. Kossai M, Leary A, Scoazec JY, Genestie C. Ovarian Cancer: A Heterogeneous Disease.
Pathobiology : journal of immunopathology, molecular and cellular biology. 2018;85(1-2):41-9.
Epub 2017/10/12.

13. Ciucci A, Zannoni GF, Travaglia D, Petrillo M, Scambia G, Gallo D. Prognostic significance
of the estrogen receptor beta (ERbeta) isoforms ERbetal, ERbeta2, and ERbeta5 in advanced
serous ovarian cancer. Gynecologic oncology. 2014;132(2):351-9. Epub 2014/01/01.

14. WHO Classification of Tumours EB. Female Genital Tumours: WHO Classification of
Tumours. Lyon, France: IARC; 2020.

15. Wu NY, Huang HS, Chao TH, Chou HM, Fang C, Qin CZ, et al. Progesterone Prevents High-
Grade Serous Ovarian Cancer by Inducing Necroptosis of p53-Defective Fallopian Tube Epithelial
Cells. Cell reports. 2017;18(11):2557-65. Epub 2017/03/16.

16. Nagendra PB, Goad J, Nielsen S, Rassam L, Lombard JM, Nahar P, et al. Ovarian hormones
through Wnt signalling regulate the growth of human and mouse ovarian cancer initiating lesions.
Oncotarget. 2016;7(40).

17. Czogalla B, Kahaly M, Mayr D, Schmoeckel E, Niesler B, Hester A, et al. Correlation of NRF2
and progesterone receptor and its effects on ovarian cancer biology. Cancer management and
research. 2019;11:7673-84. Epub 2019/10/17.

18. Colombo N, Van Gorp T, Parma G, Amant F, Gatta G, Sessa C, et al. Ovarian cancer. Critical
reviews in oncology/hematology. 2006;60(2):159-79. Epub 2006/10/05.


http://www.leitlinienprogramm-onkologie.de/leitlinien/ovarialkarzinom/(AWMF-Registernummer:
http://www.leitlinienprogramm-onkologie.de/leitlinien/ovarialkarzinom/(AWMF-Registernummer:

References 48

19. Bao LJ, Jaramillo MC, Zhang ZB, Zheng YX, Yao M, Zhang DD, et al. Nrf2 induces cisplatin
resistance through activation of autophagy in ovarian carcinoma. International journal of clinical
and experimental pathology. 2014;7(4):1502-13.

20. Fang B. Development of Synthetic Lethality Anticancer Therapeutics. Journal of Medicinal
Chemistry. 2014;57(19):7859-73.

21. Walsh C. Targeted therapy for ovarian cancer: the rapidly evolving landscape of PARP
inhibitor use. Minerva ginecologica. 2018;70(2):150-70. Epub 2017/10/11.

22. Foo T, George A, Banerjee S. PARP inhibitors in ovarian cancer: An overview of the practice-
changing trials. Genes Chromosomes Cancer. 2021;60(5):385-97.

23. Mirza MR, Coleman RL, Gonzalez-Martin A, Moore KN, Colombo N, Ray-Coquard I, et al.
The forefront of ovarian cancer therapy: update on PARP inhibitors. Ann Oncol. 2020;31(9):1148-
59.

24. Mittica G, Genta S, Aglietta M, Valabrega G. Immune Checkpoint Inhibitors: A New
Opportunity in the Treatment of Ovarian Cancer? International journal of molecular sciences.
2016;17(7). Epub 2016/07/23.

25. Doo DW, Norian LA, Arend RC. Checkpoint inhibitors in ovarian cancer: A review of preclinical
data. Gynecologic oncology reports. 2019;29:48-54. Epub 2019/07/18.

26. Moore KN, Bookman M, Sehouli J, Miller A, Anderson C, Scambia G, et al. Atezolizumab,
Bevacizumab, and Chemotherapy for Newly Diagnosed Stage Il or IV Ovarian Cancer: Placebo-
Controlled Randomized Phase Il Trial (IMagyn050/GOG 3015/ENGOT-0V39). J Clin Oncol.
2021;39(17):1842-55.

27. Pietzner K, Nasser S, Alavi S, Darb-Esfahani S, Passler M, Muallem MZ, et al. Checkpoint-
inhibition in ovarian cancer: rising star or just a dream? Journal of gynecologic oncology.
2018;29(6):€93. Epub 2018/09/13.

28. Lee EK, Konstantinopoulos PA. Combined PARP and Immune Checkpoint Inhibition in
Ovarian Cancer. Trends in cancer. 2019;5(9):524-8. Epub 2019/09/03.

29. Jonsson JM, Skovbjerg Arildsen N, Malander S, Masback A, Hartman L, Nilbert M, et al. Sex
Steroid Hormone Receptor Expression Affects Ovarian Cancer Survival. Translational oncology.
2015;8(5):424-33. Epub 2015/10/27.

30. Zhang DD. The Nrf2-Keap1-ARE signaling pathway: The regulation and dual function of Nrf2
in cancer. Antioxidants & redox signaling. 2010;13(11):1623-6. Epub 2010/05/22.

31. van der Wijst MG, Brown R, Rots MG. Nrf2, the master redox switch: the Achilles' heel of
ovarian cancer? Biochimica et biophysica acta. 2014;1846(2):494-509. Epub 2014/10/02.

32. Menegon S, Columbano A, Giordano S. The Dual Roles of NRF2 in Cancer. Trends in
molecular medicine. 2016;22(7):578-93. Epub 2016/06/07.

33. Czogalla B, Kahaly M, Mayr D, Schmoeckel E, Niesler B, Kolben T, et al. Interaction of
ERalpha and NRF2 Impacts Survival in Ovarian Cancer Patients. International journal of
molecular sciences. 2018;20(1). Epub 2019/01/02.

34. Villeneuve NF, Lau A, Zhang DD. Regulation of the Nrf2-Keapl antioxidant response by the
ubiquitin proteasome system: an insight into cullin-ring ubiquitin ligases. Antioxidants & redox
signaling. 2010;13(11):1699-712. Epub 2010/05/22.

35. Espinosa-Diez C, Miguel V, Mennerich D, Kietzmann T, Sanchez-Pérez P, Cadenas S, et al.
Antioxidant responses and cellular adjustments to oxidative stress. Redox Biol. 2015;6:183-97.
Epub 2015/07/21.

36. Malhotra D, Portales-Casamar E, Singh A, Srivastava S, Arenillas D, Happel C, et al. Global
mapping of binding sites for Nrf2 identifies novel targets in cell survival response through ChlP-
Seq profiing and network analysis. Nucleic acids research. 2010;38(17):5718-34. Epub
2010/05/13.

37. Wakabayashi N, Slocum SL, Skoko JJ, Shin S, Kensler TW. When NRF2 talks, who's
listening? Antioxidants & redox signaling. 2010;13(11):1649-63. Epub 2010/04/07.

38. Taguchi K, Yamamoto M. The KEAP1-NRF2 System in Cancer. Frontiers in oncology.
2017;7:85. Epub 2017/05/20.



References 49

39. Furfaro AL, Traverso N, Domenicotti C, Piras S, Moretta L, Marinari UM, et al. The Nrf2/HO-
1 Axis in Cancer Cell Growth and Chemoresistance. Oxid Med Cell Longev. 2016;2016:1958174.
Epub 2015/12/24.

40. Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, et al. Keapl represses nuclear
activation amino-terminal Neh2 domain by Nrf2 through binding to the of antioxidant responsive
elements. Genes and Development. 1999

13(1):76-86.

41. Itoh K, Mimura J, Yamamoto M. Discovery of the negative regulator of Nrf2, keapl: A
historical overview. Antioxidants and Redox Signaling. 2010;13(11):1665-78.

42. Tonelli C, Chio IIC, Tuveson DA. Transcriptional Regulation by Nrf2. Antioxidants & redox
signaling. 2018;29(17):1727-45. Epub 2017/09/14.

43. Miao W, Hu L, Scrivens PJ, Batist G. Transcriptional regulation of NF-E2 p45-related factor
(NRF2) expression by the aryl hydrocarbon receptor-xenobiotic response element signaling
pathway: direct cross-talk between phase | and Il drug-metabolizing enzymes. The Journal of
biological chemistry. 2005;280(21):20340-8. Epub 2005/03/26.

44. Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides an interface between
redox and intermediary metabolism. Trends in biochemical sciences. 2014;39(4):199-218. Epub
2014/03/22.

45. Gorrini C, Baniasadi PS, Harris IS, Silvester J, Inoue S, Snow B, et al. BRCAL interacts with
Nrf2 to regulate antioxidant signaling and cell survival. The Journal of experimental medicine.
2013;210(8):1529-44. Epub 2013/07/17.

46. He F, Antonucci L, Karin M. NRF2 as a regulator of cell metabolism and inflammation in
cancer. Carcinogenesis. 2020;41(4):405-16. Epub 2020/04/30.

47. Sporn MB, Liby KT. NRF2 and cancer: the good, the bad and the importance of context.
Nature reviews Cancer. 2012;12(8):564-71. Epub 2012/07/20.

48. Acharya A, Das |, Chandhok D, Saha T. Redox regulation in cancer: A double-edged sword
with therapeutic potential. Oxidative Medicine and Cellular Longevity. 2010;3(1):23-34.

49. Hayes JD, McMahon M, Chowdhry S, Dinkova-Kostova AT. Cancer chemoprevention
mechanisms mediated through the Keapl-Nrf2 pathway. Antioxidants & redox signaling.
2010;13(11):1713-48. Epub 2010/05/08.

50. Jaramillo MC, Zhang DD. The emerging role of the Nrf2-Keap1l signaling pathway in cancer.
Genes & development. 2013;27(20):2179-91. Epub 2013/10/22.

51. Bekele RT, Venkatraman G, Liu RZ, Tang X, Mi S, Benesch MG, et al. Oxidative stress
contributes to the tamoxifen-induced Killing of breast cancer cells: implications for tamoxifen
therapy and resistance. Scientific reports. 2016;6:21164. Epub 2016/02/18.

52. Martinez VD, Vucic EA, Thu KL, Pikor LA, Hubaux R, Lam WL. Unique pattern of component
gene disruption in the NRF2 inhibitor KEAP1/CUL3/RBX1 E3-ubiquitin ligase complex in serous
ovarian cancer. BioMed research international. 2014;2014:159459. Epub 2014/08/13.

53. Kitamura H, Motohashi H. NRF2 addiction in cancer cells. Cancer science. 2018;109(4):900-
11. Epub 2018/02/17.

54. DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K, et al. Oncogene-
induced Nrf2 transcription promotes ROS detoxification and tumorigenesis. Nature.
2011;475(7354):106-9. Epub 2011/07/08.

55. Gorrini C, Gang BP, Bassi C, Wakeham A, Baniasadi SP, Hao Z, et al. Estrogen controls the
survival of BRCALl-deficient cells via a PISK-NRF2-regulated pathway. Proceedings of the
National Academy of Sciences of the United States of America. 2014;111(12):4472-7. Epub
2014/02/26.

56. Boutten A, Goven D, Artaud-Macari E, Boczkowski J, Bonay M. NRF2 targeting: a promising
therapeutic strategy in chronic obstructive pulmonary disease. Trends in molecular medicine.
2011;17(7):363-71.

57. Cho HY, Kleeberger SR. Nrf2 protects against airway disorders. Toxicology and applied
pharmacology. 2010;244(1):43-56.



References 50

58. Aleksunes LM, Goedken MJ, Rockwell CE, Thomale J, Manautou JE, Klaassen CD.
Transcriptional regulation of renal cytoprotective genes by Nrf2 and its potential use as a
therapeutic target to mitigate cisplatin-induced nephrotoxicity. The Journal of pharmacology and
experimental therapeutics. 2010;335(1):2-12.

59. Tufekci KU, Civi Bayin E, Genc S, Genc K. The Nrf2/ARE Pathway: A Promising Target to
Counteract Mitochondrial Dysfunction in  Parkinson's Disease. Parkinsons Dis.
2011;22(314082):314082.

60. Osburn WO, Yates MS, Dolan PD, Chen S, Liby KT, Sporn MB, et al. Genetic or
pharmacologic amplification of nrf2 signaling inhibits acute inflammatory liver injury in mice.
Toxicological sciences : an official journal of the Society of Toxicology. 2008;104(1):218-27.

61. Wei Y, Gong J, Yoshida T, Eberhart CG, Xu Z, Kombairaju P, et al. Nrf2 has a protective role
against neuronal and capillary degeneration in retinal ischemia-reperfusion injury. Free radical
biology & medicine. 2011;51(1):216-24.

62. Sussan TE, Rangasamy T, Blake DJ, Malhotra D, El-Haddad H, Bedja D, et al. Targeting Nrf2
with the triterpenoid CDDO-imidazolide attenuates cigarette smoke-induced emphysema and
cardiac dysfunction in mice. Proceedings of the National Academy of Sciences of the United
States of America. 2009;106(1):250-5.

63. McGrath-Morrow S, Lauer T, Yee M, Neptune E, Podowski M, Thimmulappa RK, et al. Nrf2
increases survival and attenuates alveolar growth inhibition in neonatal mice exposed to
hyperoxia. Am J Physiol Lung Cell Mol Physiol. 2009;296(4):16.

64. Wu QQ, Wang Y, Senitko M, Meyer C, Wigley WC, Ferguson DA, et al. Bardoxolone methyl
(BARD) ameliorates ischemic AKI and increases expression of protective genes Nrf2, PPARYy,
and HO-1. Am J Physiol Renal Physiol. 2011;300(5):2.

65. Namani A, Li Y, Wang XJ, Tang X. Modulation of NRF2 signaling pathway by nuclear
receptors: Implications for cancer. Biochimica et Biophysica Acta (BBA) - Molecular Cell
Research. 2014;1843(9):1875-85.

66. Zhu J, Wang H, Chen F, Fu J, Xu Y, Hou Y, et al. An overview of chemical inhibitors of the
Nrf2-ARE signaling pathway and their potential applications in cancer therapy. Free radical
biology & medicine. 2016;99:544-56. Epub 2016/10/23.

67. Panieri E, Saso L. Potential Applications of NRF2 Inhibitors in Cancer Therapy. Oxid Med
Cell Longev. 2019;2019:8592348. Epub 2019/05/18.

68. Do MT, Kim HG, Khanal T, Choi JH, Kim DH, Jeong TC, et al. Metformin inhibits heme
oxygenase-1 expression in cancer cells through inactivation of Raf-ERK-Nrf2 signaling and
AMPK-independent pathways. Toxicology and applied pharmacology. 2013;271(2):229-38. Epub
2013/05/28.

69. Zhang J, Jiao K, Liu J, Xia Y. Metformin reverses the resistance mechanism of lung
adenocarcinoma cells that knocks down the Nrf2 gene. Oncology letters. 2018;16(5):6071-80.
Epub 2018/10/20.

70. Dos Santos Guimarées I, Ladislau-Magescky T, Tessarollo NG, Dos Santos DZ, Gimba ERP,
Sternberg C, et al. Chemosensitizing effects of metformin on cisplatin- and paclitaxel-resistant
ovarian cancer cell lines. Pharmacological reports : PR. 2018;70(3):409-17. Epub 2018/04/09.

71. Sun X, Li J, Li Y, Wang S, Li Q. Apatinib, a Novel Tyrosine Kinase Inhibitor, Promotes ROS-
Dependent Apoptosis and Autophagy via the Nrf2/HO-1 Pathway in Ovarian Cancer Cells. Oxid
Med Cell Longev. 2020;2020:3145182. Epub 2020/06/09.

72. Bjornstrom L, Sjoberg M. Mechanisms of estrogen receptor signaling: convergence of
genomic and nongenomic actions on target genes. Molecular endocrinology. 2005;19(4):833-42.
Epub 2005/02/08.

73. Yasar P, Ayaz G, User SD, Gupur G, Muyan M. Molecular mechanism of estrogen-estrogen
receptor signaling. Reproductive medicine and biology. 2017;16(1):4-20. Epub 2017/12/21.

74. Hamilton KJ, Hewitt SC, Arao Y, Korach KS. Estrogen Hormone Biology. Current topics in
developmental biology. 2017;125:109-46. Epub 2017/05/22.

75. Chuffa LG, Lupi-Junior LA, Costa AB, Amorim JP, Seiva FR. The role of sex hormones and
steroid receptors on female reproductive cancers. Steroids. 2017;118:93-108. Epub 2017/01/04.



References 51

76. Matthews J, Gustafsson JA. Estrogen signaling: a subtle balance between ER alpha and ER
beta. Molecular interventions. 2003;3(5):281-92. Epub 2004/03/03.

77. Faulds MH, Zhao C, Dahlman-Wright K, Gustafsson JA. The diversity of sex steroid action:
regulation of metabolism by estrogen signaling. The Journal of endocrinology. 2012;212(1):3-12.
Epub 2011/04/23.

78. Santen RJ, Simpson E. History of Estrogen: Its Purification, Structure, Synthesis, Biologic
Actions, and Clinical Implications. Endocrinology. 2019;160(3):605-25. Epub 2018/12/20.

79. De Mirecki-Garrido M, Guerra B, Mateos-Diaz C, Jiménez-Monzén R, Diaz-Chico N, Diaz-
Chico JC, et al. The Influence of Estrogens on the Biological and Therapeutic Actions of Growth
Hormone in the Liver. Pharmaceuticals. 2012;5(7):758-78.

80. Schultz-Norton JR, Ziegler YS, Nardulli AM. ERalpha-associated protein networks. Trends in
endocrinology and metabolism: TEM. 2011;22(4):124-9. Epub 2011/03/05.

81. Milani P, Ambrosi G, Gammoh O, Blandini F, Cereda C. SOD1 and DJ-1 Converge at Nrf2
Pathway: A Clue for Antioxidant Therapeutic Potential in Neurodegeneration. Oxidative Medicine
and Cellular Longevity. 2013;2013:1-12.

82. Symonds DA, Merchenthaler I, Flaws JA. Methoxychlor and estradiol induce oxidative stress
DNA damage in the mouse ovarian surface epithelium. Toxicological sciences : an official journal
of the Society of Toxicology. 2008;105(1):182-7. Epub 2008/05/27.

83. Liao H, Zhou Q, Zhang Z, Wang Q, Sun Y, Yi X, et al. NRF2 is overexpressed in ovarian
epithelial carcinoma and is regulated by gonadotrophin and sex-steroid hormones. Oncology
reports. 2012;27(6):1918-24. Epub 2012/03/02.

84. Wu J, Williams D, Walter GA, Thompson WE, Sidell N. Estrogen increases Nrf2 activity
through activation of the PI3K pathway in MCF-7 breast cancer cells. Experimental cell research.
2014;328(2):351-60. Epub 2014/08/31.

85. Ansell PJ, Lo SC, Newton LG, Espinosa-Nicholas C, Zhang DD, Liu JH, et al. Repression of
cancer protective genes by 17beta-estradiol: ligand-dependent interaction between human Nrf2
and estrogen receptor alpha. Molecular and cellular endocrinology. 2005;243(1-2):27-34. Epub
2005/10/04.

86. Yao Y, Brodie AM, Davidson NE, Kensler TW, Zhou Q. Inhibition of estrogen signaling
activates the NRF2 pathway in breast cancer. Breast cancer research and treatment.
2010;124(2):585-91. Epub 2010/07/14.

87. Lo R, Matthews J. The aryl hydrocarbon receptor and estrogen receptor alpha differentially
modulate nuclear factor erythroid-2-related factor 2 transactivation in MCF-7 breast cancer cells.
Toxicology and applied pharmacology. 2013;270(2):139-48. Epub 2013/04/16.

88. Jeon SY, Hwang KA, Choi KC. Effect of steroid hormones, estrogen and progesterone, on
epithelial mesenchymal transition in ovarian cancer development. The Journal of steroid
biochemistry and molecular biology. 2016;158:1-8. Epub 2016/02/14.

89. Scarpin KM, Graham JD, Mote PA, Clarke CL. Progesterone action in human tissues:
regulation by progesterone receptor (PR) isoform expression, nuclear positioning and coregulator
expression. Nuclear receptor signaling. 2009;7:e009. Epub 2010/01/21.

90. Zzhang M, Wu J, Ding H, Wu W, Xiao G. Progesterone Provides the Pleiotropic
Neuroprotective Effect on Traumatic Brain Injury Through the Nrf2/ARE Signaling Pathway.
Neurocritical care. 2017;26(2):292-300. Epub 2016/12/21.

91. Diep CH, Daniel AR, Mauro LJ, Knutson TP, Lange CA. Progesterone action in breast,
uterine, and ovarian cancers. Journal of molecular endocrinology. 2015;54(2):R31-53. Epub
2015/01/15.

92. Wang Y, Wang Y, Zhang Z, Park J, Guo D, Liao H, et al. Mechanism of progestin resistance
in endometrial precancer/

cancer through Nrf2-AKR1C1 pathway. Oncotarget. 2016;7.

93. Hamilton KJ, Arao Y, Korach KS. Estrogen hormone physiology: reproductive findings from
estrogen receptor mutant mice. Reproductive biology. 2014;14(1):3-8. Epub 2014/03/13.



References 52

94. Lenhard M, Tereza L, Heublein S, Ditsch N, Himsl I, Mayr D, et al. Steroid hormone receptor
expression in ovarian cancer: Progesterone receptor B as prognostic marker for patient survival.
BMC cancer. 2012;12.

95. Sieh W, Kobel M, Longacre TA, Bowtell DD, deFazio A, Goodman MT, et al. Hormone-
receptor expression and ovarian cancer survival: an Ovarian Tumor Tissue Analysis consortium
study. The Lancet Oncology. 2013;14(9):853-62. Epub 2013/07/13.

96. Burges A, Bruning A, Dannenmann C, Blankenstein T, Jeschke U, Shabani N, et al.
Prognostic significance of estrogen receptor alpha and beta expression in human serous
carcinomas of the ovary. Archives of gynecology and obstetrics. 2010;281(3):511-7. Epub
2009/07/30.

97. Haggdall EVS, Christensen L, Hggdall CK, Blaakaer J, Gayther S, Jacobs 1J, et al. Prognostic
value of estrogen receptor and progesterone receptor tumor expression in Danish ovarian cancer
patients: From the 'MALOVA' Ovarian Cancer Study. Oncology reports. 2007;18(5):1051-9.

98. Sinn BV, Darb-Esfahani S, Wirtz RM, Budczies J, Sehouli J, Chekerov R, et al. Evaluation of
a hormone receptor-positive ovarian carcinoma subtype with a favourable prognosis by
determination of progesterone receptor and oestrogen receptor 1 mRNA expression in formalin-
fixed paraffin-embedded tissue. Histopathology. 2011;59(5):918-27. Epub 2011/11/19.

99. Luo H, Li S, Zhao M, Sheng B, Zhu H, Zhu X. Prognostic value of progesterone receptor
expression in ovarian cancer : a meta-analysis. Oncotarget. 2017;8(22):36845-56.

100. Shen Z, Luo H, Li S, Sheng B, Zzhao M, Zhu H, et al. Correlation between estrogen
receptor expression and prognosis in epithelial ovarian cancer: a meta-analysis. Oncotarget.
2017;8(37):62400-13. Epub 2017/10/06.

101. Narod SA. Ovarian cancer and HRT in the Milion Women Study. The Lancet.
2007;369(9574):1667-8.

102.  Blanco Lz, Jr., Kuhn E, Morrison JC, Bahadirli-Talbott A, Smith-Sehdev A, Kurman RJ.
Steroid hormone synthesis by the ovarian stroma surrounding epithelial ovarian tumors: a
potential mechanism in ovarian tumorigenesis. Modern pathology : an official journal of the United
States and Canadian Academy of Pathology, Inc. 2017;30(4):563-76. Epub 2017/01/07.

103. Rocereto TF, Brady WE, Shahin MS, Hoffman JS, Small L, Rotmensch J, et al. A phase
Il evaluation of mifepristone in the treatment of recurrent or persistent epithelial ovarian, fallopian
or primary peritoneal cancer. A gynecologic oncology group study. Gynecologic oncology.
2010;116(3):332-4.

104. Cho H-y, Kim K, Kim Y-B, Kim H, No JH. Expression Patterns of Nrf2 and Keapl in
Ovarian Cancer Cells and their Prognostic Role in Disease Recurrence and Patient Survival.
International Journal of Gynecological Cancer. 2017;27(3):412-9.

105. Liew PL, Hsu CS, Liu WM, Lee YC, Lee YC, Chen CL. Prognostic and predictive values
of Nrf2, Keapl, p16 and E-cadherin expression in ovarian epithelial carcinoma. International
journal of clinical and experimental pathology. 2015;8(5):5642-9. Epub 2015/07/21.

106. Konstantinopoulos PA, Spentzos D, Fountzilas E, Francoeur N, Sanisetty S,
Grammatikos AP, et al. Keapl mutations and Nrf2 pathway activation in epithelial ovarian cancer.
Cancer research. 2011;71(15):5081-9. Epub 2011/06/17.

107. Cunat S, Hoffmann P, Pujol P. Estrogens and epithelial ovarian cancer. Gynecologic
oncology. 2004;94(1):25-32. Epub 2004/07/21.

108. Zhu C, Wang S, Wang B, Du F, Hu C, Li H, et al. 17beta-Estradiol up-regulates Nrf2 via
PISK/AKT and estrogen receptor signaling pathways to suppress light-induced degeneration in
rat retina. Neuroscience. 2015;304:328-39. Epub 2015/07/28.

109. Kahaly M, Rahmeh M, Mayr D, Niesler B, Burges A, Trillsch F, et al. Combined
Expression of Nuclear Factor Erythroid 2-Related Factor 2 and Estrogen Receptor Alpha is
Prognostically Positive in Ovarian Cancer. Oncology Research and Treatment. 2018;41(1):1-221.
Epub 02/2018.



References

53




Danksagung 54

Danksagung

Mein herzlicher Dank gilt Prof. Dr. Udo Jeschke und Dr. med. Bastian Czogalla fir die

sehr gute fachliche und herzliche Betreuung wahrend der gesamten Promotion.

Ebenfalls mochte ich mich herzlich bei Martina Rahmeh bedanken fir die sehr gute und
grundliche Einarbeitung im Labor am Campus Grol3hadern. Mein Dank gilt zudem Chris-
tina Kuhn fur ihre wertvolle fachliche Unterstiitzung im Labor der Frauenklinik in der
Maistral3e.

Ich widme die vorgelegte Dissertation meinen Eltern als Dank fur ihre Unterstutzung und
ihr Vertrauen in mich wahrend des Studiums, der Promotion und wahrend jeglicher wei-

terer meiner Vorhaben.



