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Sex steroids, including androgens, estrogens, and progestogens, are known to have widespread

physiological actions beyond the reproductive system via binding to the sex hormone receptors,

members of the nuclear receptor superfamily that function as ligand-inducible transcription factors.

Meanwhile, emerging evidence has indicated that sex hormone receptor-mediated signals are

involved in the development and progression of some malignancies, such as prostate and breast

carcinomas, as well as others that have not traditionally been considered as endocrine-related

neoplasms. This Special Issue “Sex Hormone Receptor Signals in Human Malignancies” aims to cover

a variety of aspects of the potential role of sex hormone receptor-mediated signals in prostate cancer,

breast cancer, and other neoplastic conditions. The current observations described may provide

unique insights into novel or known functions of sex hormone receptors and related molecules.
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Sex steroids, including androgens, estrogens, and progestogens, are known to have widespread
physiological actions beyond the reproductive system via binding to the sex hormone receptors,
members of the nuclear receptor superfamily that function as ligand-inducible transcription factors.
Meanwhile, emerging evidence has indicated the involvement of sex hormone receptor signals in the
outgrowth of some malignancies, such as prostate and breast carcinomas, as well as others that have
not traditionally been considered as endocrine neoplasms. This Special Issue “Sex Hormone Receptor
Signals in Human Malignancies” covers various aspects of the potential role of sex hormone receptors
and related signals in prostate cancer [1,2], breast cancer [3–5], and other neoplastic conditions [6–9]
by depicting promising findings derived from in vitro and in vivo experiments as well as analyses of
surgical specimens.

Capaia et al. [1] investigated the functional role of heterogeneous nuclear ribonucleoprotein
K (HNRPK) in androgen-sensitive and castration-resistant prostate cancer cells. Their in vitro data
suggested that HNRPK could induce androgen receptor (AR) transactivation and activate downstream
targets via functioning as its transcriptional co-regulator. Furthermore, using a co-immunoprecipitation
assay coupled with mass spectrometry, they identified several proteins that could interact with HNRPK,
as well as AR, and potentially modulated sensitivity to androgen deprivation therapy in prostate
cancer. Similarly, Yun et al. [2] assessed the functional role of a BRCA1-interacting protein, COBRA1,
in androgen-sensitive and castration-resistant prostate cancer cells. First, COBRA1 expression in
prostate cancer was found to correlate with its aggressiveness. In vitro studies then indicated that
COBRA1 contributed to promoting cell growth via activating the AR. Moreover, a potent estrogen,
2-methoxyestradiol, was shown to inhibit the growth of even AR-negative DU145 cells, together
with down-regulation of COBRA1 expression. These observations may offer potential therapeutic
approaches for both androgen-sensitive and castration-resistant prostate cancers via targeting HNRPK
and COBRA1.

Forkhead box A1 (FOXA1), as a pioneer factor that modulates the activity of AR and estrogen
receptor (ER)-α, has been implicated in the development and progression of prostate and breast
cancers [10]. Using high throughput chemical screening and mass spectrometry, Wang et al. [3]
identified proteins that could control FOXA1 in breast cancer cells. Of these, cyclin-dependent kinase
1 was suggested to directly regulate FOXA1 via its phosphorylation. Lopez et al. [4] examined
the mutational signatures of ER-positive/progesterone receptor (PR)-negative breast cancers and
compared the molecular landscapes of PR-negative versus PR-positive tumors. Mutations in the
PIK3CA (37%) and TP53 (33%) genes were most frequently seen in PR-negative tumors, with lower
(PIK3CA: vs. 47%, p < 0.01) or higher (TP53: vs. 19%, p < 0.01) prevalence compared with PR-positive
tumors. Additionally, in patients with ER-positive/PR-negative breast cancer, mutations in the PIK3CA
and/or TP53 were found to correlate with a significantly worse prognosis. Meanwhile, Hsu et al. [5]
summarized available data indicating the involvement of a putative membrane ER, G protein-coupled
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ER (GPER; also known as GPR30), in breast cancer. Current evidence suggests that GPER plays an
important role in mediating the genomic and non-genomic effects of estrogens in breast cancer cells.
GPER expression was also suggested to serve as a prognosticator in patients with breast cancer.

Aquino et al. [6] immunohistochemically stained for AR, ERα, ERβ, GPR30, and PR in salivary
gland tumor specimens. AR, ERβ, and GPR30 were positive in 25%, 36% (nuclear)/28% (cytoplasmic),
and 18% (nuclear)/85% (cytoplasmic) of tumors, respectively, while ERα and PR were negative in all
cases examined. In addition, there was a trend to correlate between cytoplasmic ERβ expression and
higher grade (p= 0.052) or between nuclear GPR30 expression and better disease-free survival (p= 0.055).
We also used immunohistochemistry to assess the expression status of phospho-ELK1, an activated form
of a transcription factor ELK1, in upper urinary tract urothelial carcinoma specimens [7]. Phospho-ELK1
expression was up-regulated in tumors (47.5%; p = 0.002), compared with non-neoplastic urothelial
tissues (25.3%), and muscle-invasive tumors (54.8%; p = 0.065), compared with non-muscle-invasive
tumors (35.1%), and was associated with risks of disease progression (p = 0.055) and cancer-specific
mortality (p = 0.008). More interestingly, phospho-ELK1 expression in tumors tended to correlate with
AR positivity (p = 0.091), especially in male patients (p = 0.058). These data support our previous
findings in preclinical models [11–13] indicating that ELK1 induces urothelial carcinogenesis and cancer
growth via cooperation with AR signaling. Another immunohistochemical study by Czogalla et al. [8]
determined the expression of ERα and a transcription factor NRF2, which was shown to physically
interact with ERα [14], in ovarian cancer tissue samples. The levels of cytoplasmic NRF2 expression
were significantly higher in low grade tumors than in high grade tumors (p = 0.03). In addition, patients
with NRF2-high (p = 0.04) or ERα-high (p = 0.002) serous cancer showed significantly better overall
survival. As expected, inactivation of NRF2 (i.e. cytoplasmic expression in tissues, siRNA expression
in cell lines) resulted in up-regulation of ERα protein/mRNA expression, supporting the crosstalk
between NRF2 and ERα in ovarian cancer cells. Finally, Coricovac et al. [9] assessed the cytotoxic effects
of the components of oral contraceptives in normal skin and skin cancer cells. Ethinylestradiol (10 μM),
levonorgestrel (10 μM), or both inhibited the growth of all cell lines examined, especially melanoma
cells. However, conflicting results on the effects of contraceptives on the viability of melanoma cells
with UVB irradiation were obtained: additional inhibition (in human A375 line) vs. protection against
UVB-induced suppression (in murine B164A5 line). Further studies are thus warranted to determine the
impact of hormonal therapy with or without irradiation on skin tumorigenesis and tumor progression.

Again, a variety of aspects of the role of sex hormone receptor-mediated signals in human
malignancies are described in this Special Issue. The current observations may thus provide a unique
insight into novel or known functions of sex hormone receptors and related molecules.

Conflicts of Interest: The author declares no competing interest.
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Abstract: The major challenge in castration-resistant prostate cancer (CRPC) remains the ability to
predict the clinical responses to improve patient selection for appropriate treatments. The finding that
androgen deprivation therapy (ADT) induces alterations in the androgen receptor (AR) transcriptional
program by AR coregulators activity in a context-dependent manner, offers the opportunity for
identifying signatures discriminating different clinical states of prostate cancer (PCa) progression.
Gel electrophoretic analyses combined with western blot showed that, in androgen-dependent
PCa and CRPC in vitro models, the subcellular distribution of spliced and serine-phosphorylated
heterogeneous nuclear ribonucleoprotein K (hnRNP K) isoforms can be associated with different AR
activities. Using mass spectrometry and bioinformatic analyses, we showed that the protein sets of
androgen-dependent (LNCaP) and ADT-resistant cell lines (PDB and MDB) co-immunoprecipitated
with hnRNP K varied depending on the cell type, unravelling a dynamic relationship between hnRNP
K and AR during PCa progression to CRPC. By comparing the interactome of LNCaP, PDB, and MDB
cell lines, we identified 51 proteins differentially interacting with hnRNP K, among which KLK3,
SORD, SPON2, IMPDH2, ACTN4, ATP1B1, HSPB1, and KHDRBS1 were associated with AR and
differentially expressed in normal and tumor human prostate tissues. This hnRNP K–AR-related
signature, associated with androgen sensitivity and PCa progression, may help clinicians to better
manage patients with CRPC.

Keywords: castration-resistant prostate cancer; heterogeneous nuclear ribonucleoprotein K; androgen
receptor; androgen deprivation therapy

1. Introduction

In the last years, experimental evidence has supported the role of the androgen receptor (AR)
in castration-resistant prostate cancer (CRPC) development. Almost all patients with metastatic
prostate cancer (PCa) initially treated with androgen deprivation therapy (ADT) progress to CRPC,

Int. J. Mol. Sci. 2018, 19, 1920; doi:10.3390/ijms19071920 www.mdpi.com/journal/ijms4
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in many cases following the reactivation of the AR pathway. Several mechanisms, which are not
necessarily mutually exclusive, have been proposed to explain CRPC development [1]. They include
AR amplification or overexpression, AR mutations that can modify the ligand specificity, AR gain
of function, changes in the expression levels of AR coregulators, and involvement of alternative
pathways that could be completely independent of AR signaling [2,3]. However, to date, the molecular
mechanisms through which hormone-sensitive PCa cells acquire the ability to resist to hormone
deprivation need further investigation.

Multi-omics studies showed that CRPC is a heterogeneous group of diseases characterized by
different genotypes and phenotypes [4–6]. Emerging evidence suggests that phenotypic plasticity,
driving the adaptation to ADT stress, further amplifies cellular heterogeneity and can contribute
to ADT resistance [7,8]. These findings indicate that an adequate response to cytotoxic or targeted
therapies cannot disregard the broad spectrum of cellular sub-clones with different clinical behaviors.
Since multiple pathways are involved in CRPC development and progression, it is evident that
therapies, to be useful, should selectively target driving molecular alterations at a specific stage of PCa
evolution. For this purpose, we explored the possibility of developing a signature for identifying PCa
and CRPC subtypes with different androgen responsiveness.

A new scenario to develop alternative targeted therapies was recently proposed by Liu et al. [9],
reporting the context dependency by which AR coregulators control selectively an AR target gene
set reflecting PCa biology and evolution. This finding also provides a proof of principle for the
identification of PCa subtypes associated with an AR coregulator and the corresponding subset of
AR-related genes.

The heterogeneous nuclear ribonucleoprotein K (hnRNP K) is a multifunctional protein playing a
pivotal role in regulating numerous cellular functions, such as transcription, signal transduction,
alternative splicing, and chromatin remodeling [10]. This functional versatility depends on
post-translation modifications (PTM) that modulate its interactions with nucleic acids and proteins [11].
Increasing evidence for the involvement of hnRNP K in cancer progression was reported [12]. In PCa
patients, we have demonstrated that its overexpression positively correlates with Gleason score and
poor patients prognosis [13] and that the concomitant expression of both AR and cytoplasmic hnRNP
K has a potential prognostic value [14]. In PCa cell lines, hnRNP K regulates AR activity by inhibiting
its translation [15], and, in nucleoplasm, hnRNP K phosphorylation shapes the AR–DNA complex
after anti-androgen treatments [16]. HnRNP K appears to be also able to regulate neuroendocrine
differentiation [17].

Kelly et al. [18] underlined the importance of the adaptive phenotype acquired during ADT
leading to cellular reprogramming that ultimately resulted in tumor heterogeneity and different AR
status. To reproduce this behavior, we obtained the androgen-resistant cell lines PDB and MDB by
treating LNCaP cell line for over one year with the anti-androgen bicalutamide (BIC) in the presence
or absence of 5-α-dihydrotestosterone (DHT), respectively. Transcriptomic and proteomic analyses
highlighted the high degree of phenotypic plasticity that characterizes our CRPC models and allows
their adaptation under stress conditions. BIC-resistant cell lines represent two sub-populations with
AR levels and subcellular localization similar to the parental LNCaP cell line, but with reduced
functionality depending on AR phosphorylation status. Interestingly, partial (PDB) or minimal (MDB)
AR transcriptional activity correlated with enhanced tumorigenicity and decreased sensitivity to
treatment with a novel anti-androgen, enzalutamide, compared to the parental cell line [19].

Given the above findings, in this study, we investigated the role of hnRNP K in androgen-
resistance using in vitro models of androgen-dependent or castration-resistant PCa. We hypothesized
that hnRNP K, working like an AR transcriptional collaborator, could participate in regulating the
different AR transcriptional programs during PCa development and progression. Consequently,
a hnRNP K signature associated to AR activity could be useful to identify clinically distinct
PCa subgroups.
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2. Results

2.1. Role of hnRNP K in ADT Resistance

We previously reported that in the androgen-dependent cell line LNCaP, changes in the AR
binding property of hnRNP K was associated with cell growth and AR activity [16,20]. Here, using
our in vitro resistant models, we investigated the role of hnRNP K in the resistant cell lines PDB and
MDB which can be considered models mimicking two CRPC subpopulations [19].

HnRNP K silencing decreased both AR and PSA expression in LNCaP cells (Figure 1a,b), while
it was less effective in BIC-resistant cells lines, in particular MDB. Furthermore, hnRNP K silencing
in LNCaP induced a 68% reduction of AR activity, as evaluated by the luciferase assay (Figure 1c).
Because of their reduced AR activity [19], it was not possible to determine luciferase activity in PDB
and MDB cells.

 

Figure 1. Effects of heterogeneous nuclear ribonucleoprotein K (hnRNP K) on the regulation of
androgen receptor (AR) expression and AR transcriptional activity in LNCaP, PDB, and MDB cells.
(a,d) Representative western blotting (WB) analysis carried out using antibodies against hnRNP K, AR,
and prostate-specific antigen (PSA) and (b,e) quantitative analysis of total proteins extract from (a)
hnRNP K-silenced (siHK) and -non-silenced (siNT) LNCaP, PDB, and MDB cell lines or (d) from control
(Ctrl) PDB and MDB cell lines grown in the appropriate medium (see Material and Methods) or in
restored LNCaP growth medium without bicalutamide (-BIC) and with 5-α-dihydrotestosterone(+DHT)
for 2, 3 weeks (wk) or 1, 2, 3 months (m). The ordinate represents the mean ± SE (b) of the percentage
of selected protein expression in hnRNP K-silenced cell lines or (e) the relative amounts of proteins
determined by quantitative analysis. (c) AR transcriptional activity determined in hnRNP K-silenced
and non-silenced LNCaP by the luciferase activity assay; * p < 0.05, ** p < 0.01, and *** p < 0.001
(Student’s t-test).
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BIC removal and restored availability of androgen in the culture media determined comparable
features in prostate-specific antigen (PSA) expression in both our ADT-resistant cell lines, with a
maximum effect after 3–4 weeks (Figure 1d,e). However, in MDB cells, the substantial increase in PSA
synthesis was associated with the overexpression of both hnRNP K and AR, while, in PDB cells, it was
independent of it, probably due to AR hypersensitivity developed during ADT.

Overall, these results suggest that hnRNP K in prostate cancer cell lines is likely to act as an AR
transcriptional collaborator that regulates AR activity through different molecular mechanisms depending
on cell differentiation, supporting the hypothesis of the involvement of hnRNP K in ADT resistance.

2.2. Role of hnRNP K Phosphorylation in ADT Resistance

The mechanistic role of phosphorylation in regulating hnRNP K transcriptional activity [21,22] as
well as its increased expression in several neoplasms with an aggressive phenotype [12] have been
described. Here, we evaluated both its expression level and phosphorylation status in LNCaP and
BIC-resistant PDB and MDB cell lines.

Unexpectedly, using quantitative western blotting (WB) analysis (Figure 2a), we detected a
significant hnRNP K decrease in PBD and MDB cells compared to the parental cell line LNCaP,
suggesting its distinct functional role in androgen-resistance compared to PCa where hnRNP K
overexpression has shown diagnostic and prognostic value [13].

 

Figure 2. HnRNP K decreased expression and altered phosphorylation in resistant cell lines PDB and
MDB compared with LNCaP. (a) WB analysis of hnRNP K expression in total extracts from LNCaP,
PDB, and MDB cell lines. The histogram on the right side represents the mean ± SE of relative amount
of proteins determined in six WBs. (b) The quantitative analysis of hnRNP K phosphorylation was
carried out using 1D Phos-tag and WB analysis of LNCaP, PDB, and MDB total extracts. The histograms
on the right side represent the mean percentage ± SE of phosphorylated hnRNP K (p-hK) evaluated
in four experiments. The hnRNP K isoforms with minimal (phK0), intermediate (phK1), or maximal
(phK2) phosphorylation are indicated; * p < 0.05 and ** p < 0.01 (Student’s t-test).

By evaluating the total hnRNP K phosphorylation status by means of the monodimensional
phosphate affinity gel electrophoresis (1D Phos-tag), it was possible to identify a non-phosphorylated
isoform (phK0) and two species characterized by intermediate (phK1) and maximal (phK2)
phosphorylation (Figure 2b). As shown in the histogram of Figure 2b (right panel), significant
differences were found only for PDB, showing phK0 decrease, compared to LNCaP and MDB, and
phK1 increase with respect to MDB.
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Phosphorylation and cellular compartmentalization of hnRNP K isoforms generate a regulatory
system involved in cell growth [23] and translation regulation [24]. Aberrant hnRNP K
hyperphosphorylation and cytoplasmic accumulation are peculiar features of several human tumors,
often associated with a worse prognosis [12]. As serine residues phosphorylation and hnRNP K functions
involved in regulating its intracellular distribution, cell growth, and transcription (PhosphoSitePlus
database: www.phosphosite.org) are closely related, we evaluated the role of the subcellular
distribution of hnRNP K phosphorylated isoforms in PCa evolution. Using Phos-tag bidimensional
gel electrophoresis (2D Phos-tag) and WB (Figure 3), we analyzed nuclear and cytoplasmic extracts from
the androgen-dependent PCa cell line LNCaP and from cell lines with different CRPC phenotypes with
respect to AR status and transcriptional activity: three AR-positive cell lines (PDB, hypersensitive; MDB,
inactive; 22Rv1, ARv7, androgen-independent) and the AR-negative PC3 cell line [25]. Each spot detected
with the anti-hnRNP K antibody was attributed, according to Kimura el al. [26], to the alternatively
spliced isoforms 1 and 2 and to the phosphorylated isoforms at Ser116, Ser284, Ser353 residues (pS116,
pS284, pS353), as schematically represented in Figure S1. Quantitative analysis of each spot was carried
out using PDQuest software and is reported in Table 1 and Figure S2.

Figure 3. The hnRNP K phosphorylation status correlates with AR activity in prostate cancer cell lines.
Nuclear (a) and cytoplasmic (b) profiles of hnRNP K phosphorylated isoforms in androgen-responsive
LNCaP and resistant cell lines PDB, MDB, 22Rv1, and PC3, evaluated using 2D Phos-tag and WB
analysis. The membranes were probed with an anti-hnRNP K antibody. The phK0, phK1, and phK2
identified in Phos-tag 1D (Figure 2b) are indicated.

8



Int. J. Mol. Sci. 2018, 19, 1920

Table 1. Quantitative analysis of the spots reported in Figure 3. The assignment of the alternatively
spliced isoforms 1 and 2, non-phosphorylated, and S116-, S284-, S353-phosphorylated forms was
carried out according to the schematic representation showed in Figure S1.

Cell Line LNCaP(AR-FL 1) PDB(AR-FL) MDB(AR-FL) 22Rv1 (ARv7 2) PC3(AR-Null 3)

AR Status Active Hypersensitive Inactive Androgen Independent Not Detected

Nucleus
Alternatively spliced

isoform 1 (%) 50.1 66.7 62.5 76.6 66.8
isoform 2 (%) 49.9 33.3 37.5 23.4 33.2

Phosphorylated forms
pS116 (%) 17.1 19.5 15.0 1.7 0.7
pS284 (%) 37.6 45.8 23.2 36.1 22.8
pS353 (%) 21.6 8.4 16.2 1.8 10.6

Non-phosphorylated forms (%) 23.6 26.2 45.5 60.3 65.8

Cytoplasm
Alternatively spliced

isoform 1 (%) 38.7 45.1 66.1 63.7 76.2
isoform 2 (%) 61.3 54.9 33.9 36.3 23.8

Phosphorylated forms
pS116 (%) 0.0 8.2 9.9 13.3 6.8
pS284 (%) 0.0 0.0 42.0 41.3 0.0
pS353 (%) 24.9 35.7 21.5 17.8 23.8

Non-phosphorylated forms (%) 75.1 56.1 26.6 27.7 69.4
1 Cell line expressing AR full length; 2 Cell line expressing AR splicing isoform ARv7; 3 Cell line not expressing AR.

The level of nuclear hnRNP K phosphorylated isoform 1 was higher than that of isoform 2 in
resistant cell lines compared to androgen-dependent LNCaP, while, in the cytoplasm, alternatively
spliced isoforms phosphorylation was regulated in an opposite manner. Interestingly, pS353, localized
in the nuclear shuttling (KNS) domains regulating hnRNP K intracellular localization, was detected
exclusively in isoform 2 (Figure S2).

Quantitative analysis of nuclear hnRNP K phosphorylated forms in all cell lines revealed that:
(i) pS353 decreased in resistant cell lines compared to LNCaP; (ii) an over 36% pS284 increase was
observed in cell lines with active AR axis, while pS284 decreased to about 23% in MDB and PC3
cells; (iii) both high percentages of non-phosphorylated forms and low pS116 percentages were
detected in androgen-independent cell lines MDB (AR-positive), 22Rv1 (ARv7), and PC3 (AR-negative),
independently of the AR status.

The cytoplasmic hnRNP K isoforms distribution in the different cell lines showed that pS116 could
discriminate between LNCaP and CRPC lines, regardless of AR functionality. Cytoplasmic pS353
showed an opposite trend in PDB and 22Rv1 cell lines with aberrant AR activation, in comparison to
LNCaP. The pS284 isoforms were overrepresented in androgen-independent MDB and 22Rv1 cell lines.

These findings suggest that differential phosphorylation at specific serine residues and
compartmentalization of hnRNP K splicing isoforms 1 and 2 correlate with different resistant
phenotypes, providing further evidence for hnRNP K involvement in CRPC evolution.

2.3. Characterization of the hnRNP K Interactome in LNCaP, PDB, and MDB Cell Lines

HnRNP K may regulate several cellular functions, such as transcription and signal transduction,
by PTMs that modify its binding partners [11,27]. Using a co-immunoprecipitation assay coupled with
mass spectrometry (MS), we identified the proteins directly or indirectly interacting with hnRNP K in
LNCaP, PDB, and MDB total extracts. A total of 254 proteins were identified (Table S1).

As shown in Figure 4, the number of proteins interacting with hnRNP K gradually decreased
from 221 in LNCaP, to 111 in PDB, and 55 in MDB cell lines. Protein–protein interaction networks
for LNCaP, PDB, and MDB cell lines were created through Intact and Reactome databases and then
clusterized through the Cytoscape app clustermaker2 [28]. Three significant clusters were obtained
for each cell line, and the proteins belonging to each of them were enriched through JEPETTO
Cytoscape plug-in [29], according to the Gene Ontology (GO) Molecular Function annotation restricted
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to prostate tissue. In cluster 1, hnRNP K was the primary hub connecting about 50% of proteins
both in LNCaP and in PDB cells, while cluster 2 was predominant in the resistant cell line MDB.
Interestingly, some proteins involved in AR binding (Figure 5, red arrow) were significantly clustered
only in the androgen-dependent cell line LNCaP. In all cell lines, enriched GO terms in cluster 1
and 2 were different, while cluster 3, referred mainly to mRNA binding, represented about 20% of
hnRNP K interacting proteins. Since, in our experiments, MS analysis was not able to efficiently
detect AR, we verified hnRNP K–AR association in all cell lines using WB analysis of hnRNP K
co-immunoprecipitates (co-IPs) obtained from LNCaP, PDB, and MDB (Figure S3).

 

Figure 4. The hnRNP K interactome depends on the cellular phenotype. Protein–protein interaction
networks of co-immunoprecipitates (co-IPs) obtained from LNCaP, PDB, and MDB, highlighting GO
molecular function annotation restricted to prostate tissue grouped in three clusters, were realized in
Cytoscape environment. The dot color refers to the Z score of protein intensity calculated on the basis
of all three experiments: upregulated (red), downregulated (blue), and medium (black) value.

By comparing hnRNP K co-IP abundance values obtained from LNCaP, PDB, and MDB,
we identified three sets of differentially interacting proteins. The data were linearly modeled using
Limma R package, and from the three contrasts generated (PDBvsLNCaP, MDBvsLNCaP, MDBvsPDB)
we identified 51 proteins differentially interacting (p < 0.05) with hnRNP K (DIhKP), as reported in Table
S2. Decreased interaction with hnRNP K was observed in all comparisons, except for PDBvsLNCaP,
where eight proteins increased their binding capacity.

Enrichment analysis was performed to identify the biological processes and molecular functions
associated to DIhKPs, according to Gene Ontology annotation (Table S3). Among the significant
terms, the highest percentages corresponded to proteins involved in translation (17% for GO Biological
Processes) and RNA binding (35% for GO Molecular Function), indicating that in PCa resistance,
the central role of hnRNP K is linked to protein synthesis regulation.
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Figure 5. Transcriptional regulatory subnetworks of transcription factors (hK-TFs)potentially regulating
the expression of differentially interacting hnRNP K proteins (DIhKPs) and selected DIhKPs, predicted
and enriched by DAVID UCSC_TFBS option. The comparison of the subnetworks reveals dynamic
remodeling of the hnRNP K interactome in LNCaP, PDB, and MDB. The six enriched hK-TFs are
represented in colored circles, and DIhKPs in white circles, the edges are colored according to
the hK-TFs. The subnetworks were grouped by the specific comparison of proteins abundance:
PDBvsLNCaP (a), MDBvsLNCaP (b), MDB and PDBvsLNCaP (c), and MDBvsPDB (d). The red arrows
indicate upregulated DIhKP expression; in all other cases, DIhKPs expression is downregulated.

In PCa and CRPC tissues, the altered profile of AR-interacting transcription factors (TFs)
determines AR transcriptional program modifications [30]. By performing the enrichment of
transcription factor binding sites (TFBS) through Database for Annotation Visualization and Integrated
Discovery, we identified six TFs potentially regulating the expression of DIhKPs (hK-TFs) (Table S3).
It is significant that five of these hK-TFs revealed a direct association with AR and PCa. ZIC2
and HOXB13 are AR-controlled genes [9]; the latter, in the absence of androgen, promotes
androgen-independent growth in PCa cell line [31], while HOXA13 overexpression is significantly
associated to PCa poor prognosis [32]. CMYB shares with AR common genes that correlate with
advanced stages of PCa [33]. The TF XBP1, mediating cellular stress responses, is proposed as a
predictor marker for PCa [34]. The bidirectional crosstalk between PPARG and AR regulates growth
and development both in normal and in tumor prostate, as recently highlighted [35]. Using Cytoscape,
we generated a network visualization of the predicted regulatory interaction between hK-TFs and
51 DIhKPs (Figure S4). In this network, PPARG and PAX5 were the main hK-TFs, regulating about
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25% and 18% of DIhKPs, respectively. In addition, all DIhKPs and hK-TFs appeared to be potentially
regulated by one or more hK-TF. Interestingly, hnRNP K expression resulted to be potentially regulated
by four hK-TFs, among which PPARG, HOX13, and ZIC2 are controlled by AR.

As LNCaP, PDB and MDB cell lines can mimic distinct stages of PCa progression [19], we can
infer that the Cytoscape network representation of the hK-TFs and the controlled DIhKPs grouped by
comparing PDB versus LNCaP, MDB versus LNCaP, MDB and PDB versus LNCaP, and MDB versus
PDB could represent proteins associated with different stages of PCa progression (Figure 5). Although
PPARG represents the main hK-TF controlling DIhKPs in all networks, the global regulatory feature
of hnRNP K partners is different in all comparisons. In PDB versus LNCaP, the eight proteins with
increased hnRNP K interaction (Table S2) were under transcriptional control of PPARG and XBP1
(Figure 5a). Conversely, in MDB versus LNCaP, excluding PPARG, the number of DIhKPs controlled by
others hK-TF was equally distributed (Figure 5b). Interestingly, despite the exiguous DIhKP number,
the networks that featured the differences between androgen-dependent and -resistant cell lines or
between MDB and PDB cell lines (Figure 5c,d) showed, respectively, an enhanced role of XBP1 and
HOX13 in regulating hnRNP K partners transcription.

Overall, these findings indicate that, in cell lines with different androgen-resistant phenotypes,
decreased hnRNP K expression and modified subcellular distribution of its isoforms were associated
with dynamic remodeling of the hnRNP K interacting protein network depending on cellular
differentiation, thus providing a rationale for DIhKPs analysis in human prostate cancer tissues.

2.4. Signature Identification for Potential PCa and CRPC Patient Stratification

From the above results, we hypothesized that some DIhKPs could differentiate distinct stages of
PCa progression to CRPC, thus conferring clinical relevance to the findings obtained in our CRPC cell
lines PDB and MDB. In this section, we describe the analytical strategies used to identify, among the
51 DIhKPs, a protein set that might putatively discriminate among clinical stages of PCa progression.

To exclude any potential bias due to the different expression of DIhKPs in the three cell lines,
we verified the differential abundance calculated in our previous work [19] using total LNCaP, PDB,
and MDB extracts by MS. For all proteins, the concordance between differential expression and altered
hnRNP K binding capacity (respectively, differentially expressed protein—DEP—and DIhKP columns in
Table S4) was evaluated, excluding 16 proteins (highlighted in light grey in Table S4) from further analysis.
Moreover, referring to the expression determined by immunohistochemistry (IHC) reported in “The
Human Protein Atlas” (http://www.proteinatlas.org/), we verified that only three proteins (highlighted
in heavy grey in Table S4) out of the 51 DIhKPs were not expressed in normal and tumor prostate tissues.
According to these findings, 32 DIhKPs were retained and considered for further evaluations.

By analyzing AR-related profiles reported in the literature evaluating AR signature [36],
androgen-responsive genes [37], AR-controlled genes, and co-regulators [9,38], we verified that six out
of the 32 DIhKPs retained for our analysis correlated with AR activity (Table S5).

Next, we evaluated differential expression, both at protein and transcript level, in human prostate
tissues for the selected 32 DIhKPs (Table S5). Using gene expression data from four published datasets
(expression profiling by array) available on Gene Expression Omnibus (GEO) portal (GSE32269,
GSE101607, GSE29650, GSE66532), we performed the differential expression analyses to identify
transcript alterations in tissues at different stages of PCa development. Interestingly, 53% of the
32 DIhKPs selected in our in vitro models were differentially expressed also in the first two datasets
comparing non-tumoral tissue, PCa, and two subgroups of CRPC (AR-driven and non-AR-driven)
bone metastases. By analyzing recent and exhaustive literature of proteomic studies in PCa tissues
reported by Larkin et al. [39], we observed different expression of seven DIhKPs in PCa compared
with non-tumoral or hyperplastic prostate tissues.

Combining all data reported in Table S5, we defined a hnRNP K-AR-related signature comprising
eight DIhKPs selected on the basis of their AR association as coregulators and/or interactors and their
differential expression in both mCRPC subgroups and PCa (Table 2).
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For all proteins, evidence in the literature, reported in Table 2, shows a clear association with PCa
progression. KLK3, SORD, and SPON2 expression differentiates hormone-dependent PCa from the
two mCRPC subgroups. IMPDH2 tissue expression can differentiate PCa and mCRPC non-AR driven
subgroups. Although there was no evidence for differential expression in androgen-dependent PCa
and mCRPC tissues, the other four proteins (ACTN4, ATP1B1, HSPB1, KHDRBS1) were associated
with AR. Of note, three AR co-regulators showed decreased hnRNP K interaction with respect to the
parental cell line, depending on the cellular context (ACTN4 and HSPB1 for PDB and KHDRBS1 for
MDB cell line). All the hK-TFs are potentially involved in regulating the transcription of the eight
selected proteins. Exclusively the expression of ACTN4, an AR coregulator, is regulated by all hK-TFs,
while the other proteins are controlled by one or more hK-TF.

Globally, these observations suggest that the hnRNP K–AR-related signature identified in
our in vitro models might be associated to advanced stages of PCa and could identify molecular
mCRPC subgroups.

3. Discussion

In the last years, experimental evidence has demonstrated that hnRNP K overexpression and
aberrant cytoplasmic localization have an important role in PCa progression [12]. Recent findings
suggest a relationship between AR and hnRNP K, as the latter regulates AR expression [57,58] and
mRNA translation [15,24] and shapes a complex with AR and DNA modulated by anti-androgens [20].
In PCa tissues, the association of AR with cytoplasmic hnRNP K has a potential prognostic value [14],
while the deregulation of the AKT–hnRNPK–AR–β-catenin pathway is involved in neuroendocrine
differentiation [17]. Despite these evidence, the role of hnRNP K in androgen resistance has not been
established yet.

HnRNP K is a modular protein that regulates a wide range of biological processes, among which
transcription, splicing, and translation involved in the regulation of gene expression. By its ability to
interact with both nucleic acids and proteins, hnRNP K acts like a docking platform coordinating the
cross-talk between cell signaling pathways [10,21]. Consequently, the hnRNP K interactome is dynamic
and changes depending on cellular compartments and external stimuli [27]. Moreover, hnRNP K
functional versatility is regulated by several PTMs that modify its binding with nucleic acid and
proteins [11,26].

On the basis of these premises, we explored the role of hnRNP K in androgen-resistance acquisition
using three PCa cell lines: the androgen-responsive LNCaP and two resistant cell lines representing
in vitro CRPC models, namely, the androgen-hypersensitive PDB and the androgen-insensitive MDB
cell lines [19].

In LNCaP cell line, hnRNP K was found to regulate both AR expression and AR transcriptional
activity (Figure 1a,b), while these functions were compromised in resistant cell lines, maximally in
the most aggressive MDB. The adaptive phenotype characterizing PDB and MDB cells [19] under less
stressful conditions (BIC removal) was found to drive a temporary recovery of AR activity which
appeared to depend on the cellular context (Figure 1d,e). In the AR-inactive MDB cell line, restored
androgen levels temporary reactivated the AR axis, determining a PSA rise correlated with AR and
hnRNP K overexpression. Conversely, in PDB cell line, BIC removal increased PSA expression
independently of AR and hnRNP K but associated with increased hnRNP K phosphorylation
(Figure 2b) that could drive the AR hypersensitivity acquired during prolonged BIC exposure in
androgen-containing medium.

The functional flexibility of hnRNP K arises, as for all the others hnRNPs, from the expression of
alternatively spliced isoforms, PTMs, and subcellular distribution, which modify its binding activity to
nucleic acids and proteins [59]. In response to mitogenic stimuli, the phosphorylated isoforms 1 and
2 generated by hnRNP K alternative splicing were differentially distributed in the nucleus and the
cytoplasm [26], whereas the isoform 2 was downregulated in the colon carcinoma cell line HCT116
after p53 activation [60]. In the present study, we demonstrate a role for hnRNP K in ADT resistance
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acquisition depending on its alternative splicing, phosphorylation, and subcellular localization (Table 1
and Figure S2). Regardless of the AR status, the resistant cell lines showed higher levels of nuclear
isoforms 1 and cytoplasmic isoform 2 than the androgen-responsive LNCaP. A quantitative comparison
of the nuclear profiles of the pS116, pS284, and pS353 isoforms in the androgen-responsive LNCaP cell
lines and in the resistant cell lines with different AR status and androgen responsiveness (Figure 3 and
Table 1) showed a relationship between hnRNP K phosphorylation and AR transcriptional activity. In
particular, to an active AR corresponded a low percentage of non-phosphorylated hnRNP K nuclear
isoforms and vice versa (24% in LNCaP versus 66% in PC3). Interestingly, Ser116-phosphorylated
isoforms could discriminate between resistant cell lines with different AR activity (nuclear fraction)
and between LNCaP and all resistant cell lines (cytoplasmic fraction). It has been shown that the
nuclear–cytoplasmic trafficking of hnRNP K may depend on Ser284 and Ser353 phosphorylation,
determining inhibition of translation [24], and that Ser353 was involved in hnRNP K transactivation
activity [61]. In line with these observations, our analysis showed an altered subcellular distribution of
pS284 and pS353 in all CRPC cell lines in comparison to LNCaP.

Overall, these results suggest that the decreased phosphorylation of hnRNP K isoform 2, harboring
the pS353 residue, and the subcellular distribution of pS116 and pS284 could have a significant role in
ADT resistance.

It is increasingly evident that the identification of a molecular signature for specific stages of
PCa would be useful not only for the selection of an appropriate and more effective therapy, but also
for understanding the molecular basis of ADT resistance with relevant therapeutic implications [62].
The complex genomic and transcriptomic landscape of PCa has been explored through molecular
analyses leading to the evidence that AR is involved in the development of drug resistance [61].
The selection pressure exerted by ADT induces alterations both in AR transcriptional program and in
androgen-responsive gene (ARG) expression [37], triggering different downstream signaling pathways
in PCa tissues that promote resistance [30,63]. Among the mechanisms proposed for AR reactivation
during ADT, coregulators can play a critical role in influencing AR transcriptional activity and
can represent new potential therapeutic targets for CRPC [64–67]. Recently, it was reported that
AR coregulators control ARGs associated with different cellular processes in a context-dependent
manner [9]. The dysregulated expression of AR coregulators in androgen-dependent PCa and in CRPC
was reported to correlate with a poor prognosis and a more aggressive disease [65]. Therefore, it is
reasonable to assume that the altered hnRNP K expression and function, by modifying the interaction
with its partners involved in protein expression regulation (Figure 4 and Table S3), could alter the AR
transcriptional program and androgen responsiveness in all stages of PCa.

In addition to AR coregulators, Obinata et al. [68] suggested a role for TFs in the control of the
altered AR transcriptional program during anti-androgen treatment. The transcriptional regulatory
networks of hK-TFs and DIhKPs subsets showed in Figure 5 confirm this hypothesis, since the
composition of the hnRNP K interactome changed dynamically from LNCaP to the resistant cell lines
PDB (AR-hypersensitive) and MDB (AR-inactive). Among the six hK-TFs, AR-controlled PPARG
and HOX13 can be associated to ADT resistance. A recent study [35] has reported that PPARG
controls prostate cell growth and differentiation and is involved in androgen-dependent PCa and
CRPC evolution, acting as a tumor suppressor through its interplay with AR. The TF HOXA13, whose
expression is associated with unfavorable survival [32], and the HOXB13, which controls PCa cell
growth by inhibiting AR signaling [31], are also involved in PCa evolution.

The findings that emerge from our study demonstrate, for the first time, a clear-cut relationship
between hnRNP K and AR, since, among the DIhKPs and the six hK-TFs, we found three AR
coregulators (ACTN4, HSB1, KHDRBS1), four AR-controlled proteins (KLK3, SORD, SPON2, ATP1B1),
and three TFs associated with AR activity (PPARG, ZIC2, HOX13) (Figure 6 and Table 2). In both
androgen-resistant cell lines, the main hK-TF was PPARG which controls two distinct DIhKPs
sets: in PDB (Figure 5a), the expression of eight upregulated DIhKPs was associated with the
downregulation of the AR coregulators ACTN4 and HSB1, while, in MDB cell line (Figure 5b), all
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proteins under PPARG control were downregulated, except for PDIA4, including the AR coregulator
KHDRBS1. Thus, we can infer that hnRNP K acts as a coordinator between AR and PPARG
pathways and, depending on the AR coregulator involved, differently regulates the AR axis in
androgen-dependent or -independent cell lines. As a confirmation, Moss et al. [69] reported different
AR activity regulation by the PPARG ligand ciglitazone depending on androgen sensitivity, while
Yang et al. [70] described that hnRNP K and KHDRBS1 interaction can regulate their activities in signal
transduction pathways.

 

Figure 6. Schematic representation of the cross-talk network between hnRNP K, AR, the three
AR-regulated hK-TFs, and the eight proteins selected for the hnRNP K–AR-related signature. The eight
DIhKPs (heavy and light gray circles) directly or indirectly interact with hnRNP K (blue dotted lines).
The hK-TFs (black circles) potentially control hnRNP K, and the eight DIhKPs (black dotted lines).
AR coregulators (heavy gray circles) and androgen-responsive gene (ARGs) (highlighted with red *)
are associated with AR (red solid lines).

Understanding the context and the functional role of key proteins in ADT resistance could allow
the identification of a molecular signature, rather than single proteins, that could overcome the main
limit of prostate cancer treatments: tumor heterogeneity. Previously, we demonstrated that, in our CRPC
model, the AR transcriptional program was modified by ADT [19]. In this study, we found that hnRNP
K expression, alternatively spliced isoforms localization, and impaired phosphorylation promote
ADT resistance depending on the cellular context and external stimuli. Using different analytical
strategies, we identified eight proteins with dissimilar roles in the AR axis and correlation with clinical
PCa progression. Of note, KLK3, SORD, and SPON2 can discriminate between non-AR-driven and
AR-driven mCRPC and are characterized by common features: (i) decreased interaction with hnRNP K;
(ii) control by AR; (iii) association with a single hK-TF (PAX5, PPARG, HOX13).
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The eight proteins highlighted in this study (KLK3, SORD, SPON2, IMPDH2, ACTN4, ATP1B1,
HSPB1, and KHDRBS1) represent a signature associated with AR modulation during the transition
from androgen-dependent to castration-resistant prostate cancers. These proteins might discriminate
specific stages of PCa and thus predict patients’ prognosis and response to treatments. Further
investigations on PCa tissues or liquid biopsies from CRPC patients are needed to validate the clinical
usefulness of the hnRNP K–AR-related signature and to evaluate whether some of the proteins included
in our signature might become potential targets for new drugs development.

4. Materials and Methods

4.1. Cell Culture

The human prostate cancer cell lines LNCaP, 22Rv1, and PC3 were purchased from the American
Type Culture Collection (CRL-1740, CRL-2505, CRL1435) and cultured in RPMI (Celbio, Milan, Italy)
medium containing 10% fetal bovine serum, 2 mM glutamine, 1% penicillin, and 1% streptomycin.
The LNCaP and 22Rv1 medium was also supplemented with 10 mM HEPES, 10 mM sodium pyruvate,
and 0.25% glucose. The passage numbers at which LNCaP cells were used ranged from 22 to 30.
The BIC-resistant cell lines PDB and MDB, obtained in our laboratory [19], were cultured in RPMI
medium without phenol red, containing 10% charcoal-stripped fetal bovine serum, 2 mM glutamine,
10 mM HEPES, 10 mM sodium pyruvate, 0.25% glucose, 1% penicillin, 1% streptomycin, and 10 μM
BIC. The PDB cell line was supplemented with 0.1 nM DHT.

4.2. Cell Fractionation

All buffers were supplemented with a protease inhibitors cocktail (5 mM Na2S2O5, 1 mM
phenylmethylsulfonyl fluoride, 0.5 mM benzamidine, 20 mg/mL leupeptin, 10 mg/mL pepstatin A,
25 mg/mL aprotinin), 1 mM Na3VO4, and 1 mM dithiothreitol. The fractionation procedures were
performed at 4 ◦C. The cells were mechanically harvested with a sterile cell scraper and washed
three times in 30 mL of PBS. Total protein extracts, obtained using RIPA buffer, and cytoplasmic and
nuclear extracts were prepared as reported [16,20]. After cell fractionation, the pellet was delipidated,
cleaned, and solubilized for 1D or 2D gel electrophoresis as previously described [20]. The protein
concentrations were determined using the Bio-Rad (Hercules, CA, USA) protein microassay with
bovine serum albumin as a standard.

4.3. 1D and 2D Gel Electrophoresis and WB Analyses

Eight micrograms of proteins extracted from different cell fractions were loaded onto an 8–14%
linear gradient (1D) or 7.5% (1D Phos-tag) polyacrylamide gels, containing 25 mM polyacrylamide
-bound Mn2+-Phos-tagTM ligand (Phos-tag Consortium, Hiroshima, Japan) and separated at 5 mA/gel
for 16 h at a constant temperature of 12 ◦C. 2D Phos-tag was performed as described [20]. After
electrophoresis separation, the proteins were transferred to a Hybond-P membrane (GE Healthcare,
Piscataway, NJ, USA) and probed with anti-hnRNP K (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA; 1:5000), anti-AR (DAKO, Carpinteria, CA, USA; 1:500), and anti-PSA (Cell Signaling Technology,
Danvers, MA, USA; 1:2000) antibodies at 4 ◦C overnight. HRP-conjugated secondary antibodies (Cell
Signaling Technologies, Danvers, MA, USA; 1:2000) were used, and protein bands were detected by
chemiluminescent HRP substrate (Immobilon Western, Millipore, Darmstadt, Germany) and Hyper
film-ECL (GE-healthcare, Lafayette, CO, USA), according to the manufacturer’s instructions. As PDB
and MDB cell lines showed a global downregulation of protein expression compared to LNCaP cell
line [19], the conventional normalization approach was inadequate. Different results were in fact
obtained using β-actin- or Sypro Ruby- (Invitrogen, Eugene, OR, USA) normalized data to evaluate
the relative amounts of AR and hnRNP K in total extracts from LNCaP, PDB, and MDB (Figure S5).
For 1D analysis, the relative amount of immunoreactive bands on WB films scanned with a GS-800
densitometer (BioRad, Hercules, CA, USA), was assessed using Bio-Rad Quantity One software
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and normalizing the optical density of each band to the total optical density of the corresponding
lane in the Sypro Ruby-stained gel providing the total protein content [16]. In Figure S6, the Sypro
Ruby-stained gels used for quantitative analysis of WB reported in Figure 1a,d and Figure 2a are
shown. The quantitative analysis of 1D Phos-tag WB was carried out comparing the relative percentage
of phK0, phK1, and phK2 hnRNP K isoforms in each cell lines. The 2D Phos-tag analyses, including
detection, alignment, and matching for spots present in all 2D maps, were done using the software
package PDQuest (ver. 8.6, BioRad, Hercules, CA, USA).

Statistical significance was evaluated by two-tailed Student’s t-test within OriginPro 7.5 software
(OriginLab, Northampton, MA, USA), and the differences were considered statistically significant
when p < 0.05.

4.4. hnRNP K Silencing and Reporter Assay

ON-TARGET plus SMART pool for human hnRNP K (Dharmacon, GE- healthcare, Lafayette, CO,
USA) was used to knockdown the expression of hnRNP K; siCONTROL non-targeting (NT) siRNA pool
(Dharmacon, Lafayette, CO, USA) was used as a negative control. The cells were grown in their proper
medium and transfected with Lipofectamine 2000 (Thermo Fisher, Waltham, MA, USA) following the
manufacturer’s instructions. Protein expression was analyzed by WB 72 h after transfection.

To measure AR function, the cells were transfected with Lipofectamine 2000 utilizing the
Cignal androgen receptor dual-luciferase reporter kit (Qiagen, Hilden, Germany), following the
manufacturer’s instructions. Luciferase activity was assayed in triplicate 48 h after transfection using
the dual-luciferase reporter assay kit (Promega, Madison, WI, USA). To control for general effects
on transcription, Renilla luciferase was co-transfected in all reporter assays, and luciferase values
represent the ratio luciferase/Renilla.

4.5. Co-Immunoprecipitation

Co-immunoprecipitation, employed to identify proteins directly or indirectly interacting with
hnRNP K, was carried out using the Pierce Direct IP kit according to the manufacturer’s instructions
(Pierce Biotechnology, Rockford, IL, USA). Briefly, total cellular extracts, obtained with IP Lysis/Wash
buffer containing a protease inhibitor cocktail, were pre-cleared with agarose resin and passed
through an AminoLink plus resin with covalently immobilized anti-hnRNP K antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). The eluted proteins were subjected to MS for identification
of the hnRNP K interactome. Control resin and quenched antibody-coupling resin without anti-hnRNP
K antibodies were utilized to identify non-specific interactions. Common proteins between these
groups and the co-IPs were excluded from bioinformatic analyses. For MS analysis, three independent
experiments with LNCaP, PDB, and MDB were performed.

The hnRNP K co-IPs were analyzed by WB for hnRNP K and AR expression evaluation in LNCaP,
PDB, and MDB cell lines (Figure S3).

4.6. MS Analysis

The samples were processed by the FASP Protein Digestion Kit (Expedeon, Harston, UK). Briefly,
the co-IP samples were mixed with 0.3 mL of 8 M urea in 0.1 M Tris/HCl pH 8.5 (UA solution), loaded
into the filtration devices, and alkylated in 0.1 mL of 50 mM iodoacetamide in UA solution for 1 h in
darkness at room temperature. The samples were digested using, sequentially, 1 μg of LysC and 3 μg
of Trypsin in 50 mM NaHCO3 solution at 37 ◦C overnight. Peptides were collected by centrifugation of
the filter units for 10 min, and the filter devices were rinsed with two 40 μL washes of 50 mM NaHCO3

and 50 μL 0.5 M NaCl to eliminate the hydrophobic interactions. Each sample digest was desalted on
StageTips and analyzed by liquid chromatography–tandem mass spectrometry (LC–MS/MS).

All MS experiments were performed on a nanoscale high-performance liquid chromatography
system connected to a hybrid linear trap quadrupole (LTQ) Orbitrap mass spectrometer. The MS
instrument was operated in data-dependent mode to automatically switch between full-scan MS
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and MS/MS acquisition. Survey full-scan MS spectra were acquired in the Orbitrap analyzer with
resolution R = 60,000. The 10 most intense peptide ions with charge states ≥2 were sequentially
isolated and fragmented by collision-induced dissociation in the LTQ mass spectrometer. The raw
mass spectrometric data were analyzed using the MaxQuant pipeline. MaxQuant enables high
peptide identification rates, individualized p.p.b.-range mass accuracies, and proteome-wide protein
quantification [71]. The statistical and the pathways analyses were done with the freely available
Perseus [72] and Cytoscape software [73] respectively.

4.7. Network Analysis

Cytoscape (v 3.6.0) was used to visualize the protein–protein interaction network obtained from
the above proteomic data (co-IP) and to highlight functional annotations [28]. Statistically significant
proteins were used as the queries to interrogate Intact and Reactome database in order to obtain
a protein–protein interaction network. The network was treated as undirected, and all duplicated
edges and self-loop were removed. To highlight the most important proteins, a network analysis
was performed. In particular, the degrees and closeness were assessed. The degree is the simplest
topological index, corresponding to the number of nodes adjacent to a given node, where “adjacent”
means directly connected. The degree allows an immediate evaluation of the regulatory relevance of
the node. The closeness is a node centrality index. The closeness of a specific node is calculated by
computing the shortest path between the node and all other nodes in the graph and then calculating
the summa. From the biological point of view, the closeness can be interpreted as the “probability”
of a protein to be functionally relevant for several other proteins. Moreover, the MaxLFQ expression
data were loaded into the network as attribute node. Subsequently, a clusterization of significant
proteins related to the expression data and to the topology of the network was performed as previously
described, by clustermaker2 (Cytoscape App) [28] with the “autoSOME Clustering” algorithm (node
attribute = expression; distance metric: Euclidean, ignore node with no data). Each obtained cluster
was functionally tagged by an enrichment, performed by JEPETTO [29] (network: PSICQUIC, reference
database: GO MF/prostate tissue) if statistically significant results were obtained.

4.8. Differential Expression and Enrichment Analyses

Differential expression analyses were carried out both on protein detected through MS
spectroscopy for their binding to hnRNP K and on gene expression data extracted from four datasets
published and available on the GEO portal (GSE32269, GSE101607, GSE29650, GSE66532).

In the first case, the log-transformed values of protein binding were imported and analyzed
through linear model fitting and empirical Bayes approach provided by Limma R package [74].
Three different contrast matrices were generated: PDB versus LNCaP, MDB versus LNCaP, MDB
versus PDB. Proteins showing a p-value ≤ 0.05 and a |log2FC| ≥ 1 were considered differentially
interacting (DIhKPs).

Microarray data from GEO datasets were imported through GEOquery R package [75],
“GEOquery: a bridge between the Gene Expression Omnibus (GEO) and BioConductor”, and
comparison analysis of genes was performed using Limma.

For each dataset, pairwise comparisons between sample groups, as indicated in Table S5, were
performed. Genes having a |log2FC| ≥ 1 and the corresponding p-value ≤ 0.05 were considered
statistically significant.

Enrichment analysis was performed on the 51 DIhKPs to identify the over-represented GO
annotations regarding Biological Processes and Molecular Function, as well as the transcription factor
binding sites through the category UCSC-TFBS provided by the functional annotation tool DAVID
v 6.8 [76].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/7/
1920/s1.
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Abbreviations

ADT Androgen deprivation therapy
AR Androgen receptor
ARG Androgen-responsive gene
BIC Bicalutamide
Co-IP Co-immunoprecipitate
CRPC Castration-resistant prostate cancer
DAVID Database for Annotation Visualization and Integrated Discovery
DEP Differentially expressed protein
DIhKP Differentially interacting hnRNP K protein
DHT 5-α-dihydrotestosterone
GO Gene ontology
hK-TF Transcription factor potentially regulating the expression of differentially interacting hnRNP K protein
LTQ Linear trap quadrupole
MS Mass spectrometry
PTM Post-translation modifications
TF Transcription factor
TFBS Transcription factor binding sites
PAGE Polyacrylamide gel electrophoresis
PCa Prostate cancer
WB Western blotting
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Abstract: COBRA1 (co-factor of BRCA1) is one of the four subunits of the negative elongation
factor originally identified as a BRCA1-interacting protein. Here, we provide first-time evidence
for the oncogenic role of COBRA1 in prostate pathogenesis. COBRA1 is aberrantly expressed
in prostate tumors. It positively influences androgen receptor (AR) target gene expression
and promoter activity. Depletion of COBRA1 leads to decreased cell viability, proliferation,
and anchorage-independent growth in prostate cancer cell lines. Conversely, overexpression of
COBRA1 significantly increases cell viability, proliferation, and anchorage-independent growth over
the higher basal levels. Remarkably, AR-positive androgen dependent (LNCaP) cells overexpressing
COBRA1 survive under androgen-deprivation conditions. Remarkably, treatment of prostate cancer
cells with well-studied antitumorigenic agent, 2-methoxyestradiol (2-ME2), caused significant DNA
methylation changes in 3255 genes including COBRA1. Furthermore, treatment of prostate cancer
cells with 2-ME2 downregulates COBRA1 and inhibition of prostate tumors in TRAMP (transgenic
adenocarcinomas of mouse prostate) animals with 2-ME2 was also associated with decreased COBRA1
levels. These observations implicate a novel role for COBRA1 in progression to CRPC and suggest
that COBRA1 downregulation has therapeutic potential.

Keywords: COBRA1; NELFB; androgen receptor; CRPC

1. Introduction

Prostate cancer (PCA) continues to be the second leading cause of cancer related deaths in men,
with the overwhelming majority of deaths due to castration resistant prostate cancer (CRPC) [1].
Given that early stage PCA is dependent on androgen receptor (AR) signaling, androgen-deprivation
therapy (ADT) is the standard therapeutic approach for clinical management of PCA. While ADT
is effective in regressing tumor growth, the response is transient (12–18 months) leading to cancer
relapse. Relapse of cancer following ADT (known as CRPC) occurs because the recurring tumors grow
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either in the absence of or low concentrations of androgens [2,3]. CRPC is fatal as no effective durable
systemic therapy currently exists. Despite castrate levels of androgens, AR signaling is still active
under these conditions and human prostate tumors express AR. Reactivation of AR signaling occurs
through numerous mechanisms, such as AR amplification, mutation, splice variants, coregulators,
inflammatory cytokines, and receptor tyrosine kinases, contribute to the development of CRPC [4].
These data suggest that development and progression of CRPC is complex and involves compensatory
signaling networks. Thus, understanding the molecular factors that contribute to progression to CRPC
is critical for successful clinical management of PCA. Towards achieving this goal, we identified an
unexpected role for activation of cofactor of BRCA1 (COBRA1), a protein traditionally known to be
involved in transcription pausing as yet another mechanism potentially contributing to progression to
aggressive prostate cancer.

COBRA1 (aka NELF-B) is one of the four subunits of the negative elongation regulatory (NELF)
complex originally identified as a BRCA1-interacting protein. COBRA1 prevents transcriptional
elongation by stalling RNA polymerase II (RNAPII) at the proximal promoter region [5,6]. Given its
ability to repress transcriptional activity of multiple oncogenes such as estrogen receptor alpha (ERα),
earlier studies suggested that COBRA1 may play a tumor-suppressor role [7,8]. Emerging evidence
suggests paradoxical oncogenic and tumor suppressive roles for COBRA1. For example, human
gastrointestinal adenocarcinomas show increased COBRA1 expression and protein levels compared
to normal upper gastrointestinal tract implicating a potential oncogenic role for COBRA1 [9]. Recent
studies also indicate a developmental role since mouse embryonic fibroblasts from COBRA1-KO
animals show reduced proliferation and elevated apoptosis [10,11]. Interestingly, COBRA1 functions
as an AR co-activator by virtue of its ability to interact with AR ligand-binding domain (LBD) [12].
Clinically, patients carrying BRCA mutations are at significantly elevated risk for developing metastatic
disease and death from PCA [13]. Furthermore, recent studies showed that nearly 20% of prostate
cancer patients who carry the BRCA1 biallelic mutation are at risk for developing castrate resistant
prostate cancer. More importantly, these patients carrying biallelic inactivation of BRCA2 are responsive
to PARP-1 inhibitors further emphasizing the clinical relevance [14]. Recent mouse genetic studies
strongly suggest a mutually antagonistic role of COBRA1 and BRCA1 in both mammary gland
development and mammary tumorigenesis [15,16]. However, the role of COBRA1 in prostate cancer
is largely unknown. Based on these evidence, we tested whether COBRA1 plays a role in prostate
pathogenesis either directly or through its regulatory effects on gene expression. Here, we provide
first time evidence for an oncogenic role for COBRA1 in human prostate cancer and its potential as a
therapeutic target.

2. Results and Discussion

Basal level and expression of COBRA1 were analyzed in a panel of human prostate cancer cell
lines, human prostate tumor array comprising of low (<7) and high (≥7) Gleason score (GS) tumors
and a commercial cDNA prostate tissue array. We observed (i) elevated mRNA expression of COBRA1
with increasing tumor aggressiveness (Figure 1a); (ii) significantly increased COBRA1 protein levels
in high GS tumors compared with low GS tumors (Figure 1b); and (iii) elevated levels of COBRA1
in an advanced mesenchymal phenotype cell line compared with its isogenic epithelial counterpart
(Figure 1c). In silico analysis of Oncomine data showed significantly elevated mRNA expression in
prostate tumors compared to normal prostate gland (Figure 1d). These data taken together suggest a
potential role for COBRA1 in prostate cancer progression.
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Figure 1. Expression of COBRA1 in human prostate tumors: (a) Expression of COBRA1 as assessed by
qRT-PCR using the Tissue Scan Prostate Cancer Tissue qPCR Panel III (Origene, Rockville, MD, USA)
comprising of low (GS < 7; n = 11) and high (GS ≥ 7; n = 37) GS tumors. Data was analyzed using
unpaired two-tailed t-test with Welch’s correction (p = 0.0003); (b) Immunohistochemical evaluation
of COBRA1 in human prostate tumor microarray comprising low (GS < 7; n = 11) and high (GS ≥ 7;
n = 13) GS tumors. Cumulative analysis of this data is presented as box plot. Statistical analysis of
the data was performed using unpaired two-tailed t-test with Welch’s correction; (c) COBRA1 mRNA
expression was measured by qRT-PCR in ARCaP (E) and ARCaP (M) cells. Error bars indicate ±S.E.M.
(n = 3). * p < 0.05; (d) Box plots of COBRA1 expression in normal prostate gland (NPG) and prostate
carcinoma (PC) from Oncomine database (http://www.oncomine.org, accessed on 19 May 2015). Data
sets are log transformed and illustrated as median centered box plots between the differences of mRNA
expression within cohorts. Statistical significance was determined by a two-tailed Mann–Whitney test.
IHC pictures shown are at 100 and 500 microns (low magnification images) and 100 and 20 microns
(high magnification images) for low and high GS tumors respectively.

It was previously shown that COBRA1 interacts with AR LBD and can function as a coactivator
of AR [12]. This evidence led to the hypothesis that COBRA1 facilitates androgen independency.
To investigate this proposition, AR expressing androgen responsive LNCaP and castrate resistant
C4-2B cells with COBRA1 knockdown and overexpression were grown under androgen-deprived
conditions. Vector transfected (NTC) and COBRA1 silenced LNCaP cells (shCOBRA1) failed to thrive
under these conditions; while COBRA1 overexpressing (pCOBRA1) cells formed large colonies and
thrived under androgen-deprived conditions (Figure 2a, left panel). Surprisingly, overexpression or
knockdown of COBRA1 had no effect on growth of C4-2B cells under these experimental conditions
(Figure 2a, right panel). Stable knockdown of COBRA1 in LNCaP and C4-2B was accompanied
by a small but significant reduction in proliferation under hormone-replete conditions (Figure 2b)
and COBRA1 overexpression enhanced proliferation in LNCaP but not in C4-2B cells (Figure 2b).
These results taken together suggest that COBRA1 may be involved in cellular adaptation under
castrated conditions but may not be an important player after cells have adapted to grow in the
absence of androgens. To investigate if COBRA1 activates AR signaling, we analyzed AR reporter
activity and mRNA expression changes in AR and its bonafide target genes, PSA and TMPRSS2.
COBRA1 silenced LNCaP and C4-2B cells had significantly reduced AR-reporter activity in both
LNCaP and C4-2B cells (Figure 2c). While silencing COBRA1 significantly reduced AR message levels
in LNCaP and C4-2B cells; the AR target genes affected differed between the 2 cells lines. In LNCaP
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cells TMPRSS2 was significantly reduced while in C4-2B cells PSA (prostate-specific antigen) was
significantly reduced (Figure 2d) suggesting differential participation of COBRA1 in AR-mediated
transcriptional regulation between androgen-responsive and castrate resistant cells. However, whether
subtle differences in the amount of COBRA1 knockdown contributes to the observed differences
cannot be ruled out. We interpret these observations to suggest that COBRA1 expression facilitates
progression to castrate resistant disease by affecting AR signaling. Our results do not rule out the role
for other nuclear receptors in mediating these effects. Further, COBRA1 can physically interact with
other transcription factors including Sp1 or Sp3 as there is precedence for interaction of COBRA1 with
c-Fos and AP-1 [17]. Our study sets the stage for additional work to understand the mechanism(s) of
COBRA1 involvement in prostate cancer progression.

Figure 2. COBRA1 facilitates progression to castrate resistance: (a) Androgen responsive LNCaP and
its castrate resistant sub line C4-2B stably silenced or ectopically expressing COBRA1 with respective
controls were grown in charcoal stripped media for 10 days. Cells were observed microscopically for
any morphological changes. A representative image at 10× magnification from three independent
experiments is shown; (b) Proliferative ability of androgen responsive LNCaP and its castrate resistant
sub line C4-2B stably silenced or ectopically expressing COBRA1. Data presented is an average of three
independent experiments conducted in triplicate. Error bars indicate ±S.E.M. (n = 3). * p < 0.05; (c)
ARE reporter activity in androgen responsive LNCaP and its castrate resistant sub line C4-2B stably
silenced for COBRA1. Data presented is an average of three independent experiments conducted in
triplicate. Error bars represent ±S.E.M. (n = 3). * p < 0.05; (d) mRNA expression changes of AR, PSA,
and TMPRSS2 in androgen responsive LNCaP and its castrate resistant sub line C4-2B stably silenced
for COBRA1. Data presented is an average of three independent experiments conducted in triplicate.
Error bars indicate ± S.E.M. (n = 3). * p < 0.05.
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There was no significant difference in COBRA1 message among nontransformed and various
prostate cancer cell lines although protein level was higher in cancer cells compared with
nontransformed cells (Figure 3a,b). Based on protein levels we chose to examine the biological effects of
COBRA1 modulation using BPH1 (overexpression), LNCaP, and DU145 (silencing) cells. We observed
consistent overexpression (~2 fold) in BPH1-C (BPH1-COBRA1) cells and ~0.5 fold knockdown of
COBRA1 in LNCaP and DU145 cells (Figure S1a). Overexpression of COBRA1 resulted in enhanced
anchorage independent growth in BPH1 cells, while silencing COBRA1 resulted in decreased anchorage
independent growth in DU145 (highest basal COBRA1 level) and had no significant change in LNCaP
cells (Figure 3ci–ciii). It is noteworthy to mention that although BPH1 cells exhibited significant
increase in anchorage-independent growth, these cells grew slower than the cancer cells, perhaps an
indication of their nontumorigenic nature. Similar effects were observed on cell viability with COBRA1
modulation (Figure S1b).

Figure 3. Involvement of COBRA1 in epithelial plasticity: (a,b) Total RNA and whole cell lysates
prepared from logarithmically growing RWPE-1, BPH1, LNCaP, C4-2B, PC-3, and DU145 was used
in measuring mRNA expression and protein levels of COBRA1 respectively. In immunoblot analysis
β-actin was used as loading control; (c) Anchorage-independent growth assay in (ci) nontumorigenic
BPH1 cells ectopically expressing COBRA1 (pCOBRA1), vector control (pcDNA), or negative control
without cells (NC); (cii) LNCaP cells and (ciii) DU145 cells silenced for COBRA1 (shCOBRA1) or a
scrambled shRNA (NTC). Data presented is an average of three independent experiments conducted
in triplicate. Statistical analysis of the data was calculated using student’s t-test. Error bars indicate
±S.D. (n = 3). * p < 0.05; (d) Logarithmically growing androgen independent DU145 stably silenced
COBRA1 cells with respective controls were observed microscopically for morphological changes.
Representative image is shown; (e) Immunoblot analysis of E-cadherin, Vimentin and β-catenin in
DU145 cells silenced for COBRA1. A representative immunoblot from three independent experiments
is shown; (f) Migratory ability of DU145 cells silenced for COBRA1. Data shown is a representative of
three independent experiments. Error bars indicate ± S.D. (n = 3).
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Examination of the morphology of DU145-shCOBRA1 cells showed distinct changes suggestive
of epithelial phenotype compared with the non-targeted shRNA transfected cells (NTC) cells that
appeared to have a mix of mesenchymal and epithelial phenotype (Figure 3d). This observation
prompted us to examine the proteins that are well established markers of epithelial–mesenchymal
transition (EMT). We found increased levels of E-cadherin and β-catenin with no changes in vimentin
(Figure 3e). These observations are consistent with the data presented in Figure 1c showing that
ARCaP-M (mesenchymal cells) have significantly higher expression of COBRA1 than ARCaP-E
(epithelial) cells. These data lead us to believe that high levels of COBRA1 in DU145 cells may
be associated with cell plasticity due to the lack of E-cadherin/β-catenin complex that play important
roles in epithelial barrier. Since gain of cell migration and loss of cell adhesion is a characteristic
of mesenchymal cells, we used real-time cell imaging migration assay to test whether COBRA1
silencing would affect the migratory capability. We found significantly decreased migration of
shCOBRA1-DU145 cells as a function of time compared with the NTC cells (Figure 3f).

The data presented thus far shows that COBRA1 is overexpressed in prostate tumors and
contributes to the adaptation and survival of prostate cancer cells under castrate conditions.
To examine whether COBRA1 could serve as a therapeutic target, we analyzed protein changes
in the prostate and tumors samples obtained from a retrospective 2-ME2 intervention study conducted
in transgenic adenocarcinoma of the mouse prostate (TRAMP) model. We previously demonstrated
that 2-ME2 (i) intervention regressed prostate tumor growth in this model and (ii) down regulates
c-FLIP [18–20]. Analyses of COBRA1 protein levels showed significant decrease in the prostate
from 2-ME2 intervention group compared to the vehicle control (Figure 4a). Consistent with these
in vivo observations, treatment with 2-ME2 decreased COBRA1 protein levels in DU145 cells in a
dose-dependent manner (Figure 4b). 5 μM 2-ME2 treatment decreased migration of DU145 cells
significantly as a function of time (Figure 4c). These results suggest that 2-ME2 could suppress
migratory ability of prostate cancer cells in part via inhibition of COBRA1. Furthermore, treating
castrate resistant C4-2B cells with 2-ME2 (3 μM) caused significant (p < 0.05) DNA methylation changes
in 3,255 genes (n = 91 hypermethylated and n = 3164 hypomethylated) including COBRA1 according
to results obtained with an Infinium HumanMethylation450 BeadChip Kit. Functional annotation
charts using the Database for Annotation and Visualization and Integrated Discovery (DAVID) on
the 3000 most hypomethylated (negative fold change) genes revealed pathways associated with
transcription and transcriptional regulation (Figure 4d). For the 1 μM treatment, only the genes
exhibiting hypermethylation were run in DAVID together whereas for the 3 μM treatment, only the
genes exhibiting hypomethylation were run in DAVID together. Bar charts indicating the level of
significance of the association of the DAVID ontology terms with each treatment groups’ list of
differentially methylated genes (Figure 4d). Of note, hypermethylated genes produced the chart for
cells treated with 1 μM 2-ME2 because almost all of the methylation changes observed were positive
fold changes. Conversely, treatment with 3 μM 2-ME2 produced hypomethylated genes because most of
the methylation changes observed in this treatment group were negative fold changes. Interestingly, we
identified COBRA1 as one of the hypomethylated genes in these pathways. Although comprehensive
investigations are necessary to conclude whether 2-ME2-mediated decreased expression in COBRA1
is indeed due to changes in its methylation status, nonetheless, these results suggest that 2-ME2

suppresses prostate tumorigenesis possibly by altering the methylation status of COBRA1. This could
explain many of the previous observations regarding changes in gene expression in response to
2-ME2 observed by various groups. While this study does not demonstrate the involvement of
2-ME2 in transcriptional pausing, it would be interesting to test the hypothesis that 2-ME2 inhibits
COBRA1-mediated RNA Pol II transcriptional activity to prevent prostate pathogenesis. While this
manuscript was under preparation, an oncogenic role for the negative elongation factor E (NELFE)
was identified in hepatocellular carcinoma [21].
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Figure 4. Pharmacological inhibition of COBRA1 reduces migratory ability of DU145 cells and prostate
tumor progression: (a) Western blot analysis of COBRA1 in the prostate from TRAMP treated with or
without 2-ME2; (b) Western blot analysis of COBRA1 in the DU145 cells treated with or without 2-ME2

(1, 5 and 10 μM) for 24 h; (c) Migratory ability of DU145 cells treated with or without 2-ME2 (5 μM).
Data shown is a representative of three independent experiments. Error bars indicate ± S.D. (n = 3);
(d) DNA methylation changes to COBRA1-related transcription-regulation pathways are affected by
2-ME2 in a concentration dependent manner. Statistically significant gene ontology term associations
are indicated by bars ≥1.3.

Although localized prostate cancer can be effectively treated, options for treatment of metastatic
castrate resistant disease (CRPC) are mostly palliative with no cure and is therefore a major clinical
challenge. Although the treatment landscape for management of CRPC has changed significantly over
the past decade, still the pathways that activate AR signaling in the absence or low levels of androgens
is poorly defined. These observations underscore the need to understand the cellular, biochemical,
and molecular alterations associated with pathological progression to castrate resistance. Along these
lines, data presented in this manuscript that show COBRA1 as a potential factor contributing to
progression to castrate resistance are significant. To the best of our knowledge these data for the first
time implicate oncogenic role of COBRA1 in prostate cancer progression through its ability to allow
adaptation to castrate-resistant growth conditions and the loss of epithelial barrier integrity. We also
provide evidence that COBRA1 may be a novel therapeutic target in prostate cancer management since
treatment with anti-estrogenic compound(s) inhibits COBRA1-related effects observed in prostate
cancer. Furthermore, emerging evidence links germline and somatic mutations in DNA repair genes
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including BRCA1 with castrate resistance [22]. Given that COBRA1 is a BRCA1 interacting protein,
we speculate that therapeutic targeting of COBRA1 could provide an additional option for patients
with DNA repair aberrations.

3. Materials and Methods

3.1. Cell Culture and Reagents

AR-positive androgen dependent (LNCaP), AR-negative androgen independent (PC-3 and DU145)
human prostate cancer cells were purchased from American Type Culture Collection (Manassas,
VA, USA), and AR-positive androgen independent (C4-2B) were obtained from Dr. Thambi Dorai
(Department of Biochemistry and Molecular Biology, New York Medical College, Valhalla, NY,
USA), and benign prostate cells (BPH1) were obtained from Dr. M.S. Lucia (Department of
Pathology, University of Colorado Denver, Denver, CO, USA). BPH1, LNCaP, C4-2B, and DU145
cells were maintained in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin in a humidified incubator supplied with 5% CO2 and at 37 ◦C. PC-3 cells were
grown in F12-K media containing 10% FBS plus antibiotics. Logarithmically growing LNCaP, PC-3,
C4-2B (3 μM), and DU145 (5 μM) cells were treated with 2-methoxyestradiol (2-ME2) (Sigma, St. Louis,
MO, USA).

3.2. COBRA1 Stable Cell Generation

COBRA1 stable knockdown cells were generated with shRNA targeting COBRA1 using
pSUPER-retro-neo retroviral shRNA expression plasmid (Oligoengine, Seattle, WA, USA). In parallel,
control cells were generated using a scrambled shRNA. The optimal concentration of G418 (neomycin)
for selection and maintenance of COBRA1 stable cells was established by performing kill curve using
range of G418 concentrations (0.1–2.0 mg/mL). Cells were seeded at a density of 1 × 105 cells/mL
in complete media in T75 flask. Following their attachment, cells were transfected with 10 μg of
total plasmid DNA per flask using Lipofectamine 2000 reagent (15 μL; Invitrogen, Grand Island, NY,
USA). G418 selection was used to select transfected cells 48–72 h post-transfection (BPH1, 1000 μg/mL;
LNCaP, C4-2B, DU145, 500 μg/mL). G418 was replaced every 2–3 days by adding fresh media
containing appropriate dose of G418, and cells were examined visually for toxicity daily. Cells were
maintained in the media containing G418 and collected as a polyclonal line. The polyclonal cells
were plated sparsely at a very low density (~10 cells/well) in 6-well plate and allowed to form
individual colonies. The individual colonies were trypsinized and transferred to 10 cm dish for
monoclonal expansion. The efficiency of COBRA1 overexpression or knockdown was verified using
western blotting and qRT-PCR. However, we noted that the knockdown efficiency decreases with time.
For ectopic expression, cells were transfected with pcDNA3.1-based expression vectors for COBRA1 or
mock transfected with the empty vector.

3.3. Western Blot and Quantitative Real Time PCR

Whole-cell extracts were prepared using 2× SDS buffer supplemented with fresh protease and
phosphatase inhibitors. Equal volumes of protein were fractionated by SDS-PAGE and transferred to
nitrocellulose membranes. The primary antibodies used include anti-COBRA1, 1:1000, (Dr. Rong Li,
Department of Molecular Medicine, University of Texas Health San Antonio, San Antonio, TX, USA),
β-actin, 1:2000, (Sigma, St. Louis, MO, USA), E-cadherin, 1:1000, (Cell signaling, Danvers, MA, USA),
Vimentin, 1:1000, (Cell signaling), β-catenin, 1:2000, (Cell signaling). Bound antibody was visualized
using ECL kit (Thermo Fisher Scientific, Waltham, MA, USA). All the blots were stripped and reprobed
with β-actin to ensure equal loading of protein. Images were captured and analyzed using Gene
snap software (Syngene, Frederick, MD, USA), and quantification was carried out using Gene tools
software (Syngene).
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Total cellular RNA was isolated using Trizol reagent (Invitrogen). RNA was reverse transcribed
using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). Target genes were amplified and
expression was measured using 7300 Applied Biosystems with SYBR Green dye. The qRT-PCR was
conducted with the primers as follows:

β-actin, forward 5’-GGCACCCAGCACAATGAAGATCAA-3’
reverse 5′-TAGAAGCATTTGCGGTGGACGATG-3′

COBRA1, forward 5′-GTTCCAGACAGAGAATGGTG-3′

reverse 5′-ATACCGACTGGTGGAACT-3′

AR, forward 5′-AGGAGGAAGGAGAGGCTTCC-3′

reverse 5′-GAGCAAGGCTGCAAAGGAGT-3′

TMPRSS2, forward 5′-TACTCTGGAAGTTCATGGGCAGCA-3′

reverse 5′-AAGTTTGGTCCGTAGAGGCGAACA-3′

PSA, forward 5′-AATCGATTCCTCAGGCCAGGTGAT-3′

reverse 5′-AGAACTCCTCTGGTTCAATGCTGC-3′

PCR reactions were conducted in triplicate, and relative mRNA expression was normalized
to β-actin. Fold change in experiments was determined relative to solvent control group. Specific
amplification of target genes was validated using a dissociation curve.

3.4. Luciferase Assay

For transfections, human prostate cancer cells were plated in triplicate at a density of 1 × 105 cells
per well in 24-well plates. Following their attachment, cells were transfected with ARE reporter
plasmids (0.5 μg) along with Renilla luciferase (10 ng) using Lipofectamine 2000 reagent (Invitrogen,).
Luciferase activity was determined after 36 h transfection using the Dual Luciferase Reporter Assay
system (Promega, Madison, WI, USA) essentially as described previously [20].

3.5. Cell Growth and Proliferation

Trypan blue, soft agar growth, and MTT assays were used to determine growth and survival.
For trypan blue assay, cells were plated at a density of 1 × 104 cells/well in 24-well plates for 2–3 days,
and then trypsinized, combined with the Trypan blue reagent (Sigma, St. Louis, MO, USA), and cell
numbers were counted. For soft agar assay, cells were seeded at a density of 10,000 cells/well in
96 well plate containing semisolid agar media. Transformation ability of these cells was measured using
CytoSelectTM 96-well Cell Transformation Assay (Cell Biolabs, San Diego, CA, USA) following 6–8 days
incubation. Fluorescence was read on SpectraMax M5 plate reader (Molecular Devices, San Jose, CA,
USA) using 485/520 nm. Briefly, cells growing in semisolid agar media were solubilized, lysed,
and incubated with CyQuant GR Dye (Cell Biolabs) for measuring fluorescence. For cell proliferation,
cells were seeded in triplicate at a density of 4 × 103 per well in 96-well plate. Cell proliferation was
detected following 72 h incubation essentially as described previously [20] by measuring absorbance
at 570/650 nm.

3.6. Migration Assay

The migration rate of androgen independent prostate cancer cells was assessed using the real-time
cell imaging system (IncuCyteTM live-cell ESSEN BioScience Inc., Ann Arbor, MI, USA). A scratch
was made using the 96-pin WoundMakerTM (ESSEN BioScience Inc.) in cells growing in 96 well
plate. Cell migration was monitored in real time over a period of 14 h, and images were automatically
acquired and analyzed using IncuCyteTM 96-well Cell Migration Software Application Module (ESSEN
BioScience Inc.). Data is represented as the Relative Wound Density (RWD), which is a representation
of the spatial cell density in the wound area relative to the spatial cell density outside of the wound
area at every time point (time-curve).
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3.7. DNA Methylation Array

Global DNA methylation levels in androgen independent prostate cancer cells C4-2B were
measured following treatment with 2-ME2 (1 μM and 3 μM) for 5 days. By using a MethylMiner
Methylated DNA enrichment kit (Invitrogen), methylated DNA was isolated from fragmented whole
genomic DNA via binding to the methyl-CpG binding domain of human MBD protein coupled to
paramagnetic Dynabeads M-280 Streptavidin through a biotin linker. Then, samples were subjected to
DNA methylation analysis on the Illumina HumanMethylation450 Beadchip Kit (BASIC core facility
at UTHSA). This analysis produced a list of genes with significant changes in DNA methylation
(hyper or hypomethylation; p < 0.05). For each gene list, up to 3000 genes were selected and run
in the Database for Annotation and Visualization and Integrated Discovery (DAVID) that produced
Functional Annotation Charts.

3.8. Animal Experiments

Western blot analysis of COBRA1 levels were examined in TRAMP (transgenic adenocarcinomas
of mouse prostate), prostate tumors and tissues were obtained from a repository available from
previous studies in our laboratory [18,19]. Tissues were procured from a study testing the potential
of 2-ME2 (50 mg/kg body weight through drinking water) by administrating to 22–25 week old of
TRAMP mice for additional 25 weeks [18,19]. Proteins were extracted using RIPA buffer from the
tumors and tissues in the control group (30, 38, and 42 weeks), and in the treatment group (38 and
42 weeks).

3.9. Immunohistochemistry

COBRA1 rabbit polyclonal antibody (Dr. Rong Li, Department of Molecular Medicine, University
of Texas Health San Antonio, San Antonio, TX, USA) was used. Sections from paraffin embedded
tissues were heat cleared and rehydrated. Antigen retrieval was performed with citrate buffer at pH
6.0 in a 121 ◦C pressure chamber. Endogenous peroxidase was quenched with a TBS buffer containing
3% hydrogen peroxide followed by a protein blocking buffer incubation. Each step was carried out
at room temperature. The sections were incubated for 1 h at room temperature with the antibody.
The negative control sections were incubated with a Universal Rabbit negative control Rabbit Ig
fraction (DAKO Corp., Carpinteria, CA, USA). The ancillary and visualization systems were: Rabbit
HRP polymer (BioCare Medical, Concord, CA, USA) and DAB Chromogen System (DAKO Corp.).
IHC slides were evaluated and graded by pathologist (R. R) in a blinded fashion. The total COBRA1
staining was scored as the product of the staining intensity (on a scale of 0–3) and the percentage of
cells stained (on a scale of 0–5), resulting in a scale of 0–8. Staining intensity was scored as follows:
0, none of the cells scored positively; 1, weak staining; 2, moderate staining intensity; and 3, strong
staining intensity. Percent staining was scored as follows: 1, 20%; 2, 30%; 3, 60%; 4, 80% and 5, 100%
cells stained. Low (100 μm) and high (50 μm) magnification images were taken using a Nikon Eclipse
Ci microscope equipped with camera (D5-F12).

3.10. Oncomine Data

COBRA1 expressed in normal prostate gland and prostate carcinoma were obtained from two
independent studies for each gene expression in the Oncomine database. Primary sources are from
different group’s microarray data mentioned in the graph (http://www.oncomine.org). Data sets
are log transformed and illustrated as median centered box plots between the differences of mRNA
transcription within cohorts. Statistical significance was determined by a two-tailed Mann–Whitney
test. Detailed information of the standardized normalization and statistical calculations are indicated
on the Oncomine website.
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3.11. Statistical Analysis

All numerical results are expressed as mean ± S.D. or S.E.M. derived from 3 independent
experiments, unless otherwise stated. Statistical analyses were conducted using Student’s t-test and
statistically significant differences were established as p < 0.05. The statistical significance of IHC data
was calculated using unpaired two-tailed t test with a Welch’s correction.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/7/
2104/s1.
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Abstract: Forkhead box A1 (FOXA1) belongs to the forkhead class transcription factor family, playing
pioneering function for hormone receptors in breast and prostate cancers, and mediating activation
of linage specific enhancers. Interplay between FOXA1 and breast cancer specific signaling pathways
has been reported previously, indicating a regulation network on FOXA1 in breast cancer cells.
Here in this study, we aimed to identify which are the proteins that could potentially control FOXA1
function in breast cancer cell lines expressing different molecular markers. We first established a
luciferase reporter system reflecting FOXA1 binding to DNA. Then, we applied high throughput
chemical screening of multiple protein targets and mass spectrometry in breast cancer cell lines
expressing different molecular markers: ER positive/HER2 negative (MCF-7), ER positive/HER2
positive (BT474), and ER negative/HER2 positive (MDA-MB-453). Regardless of estrogen receptor
status, HER2 (human epidermal growth factor receptor 2) enriched cell lines showed similar response
to kinase inhibitors, indicating the control of FOXA1 by cell signaling kinases. Among these kinases,
we identified additional receptor tyrosine kinases and cyclin-dependent kinases as regulators of
FOXA1. Furthermore, we performed proteomics experiments from FOXA1 inmunoprecipitated
protein complex to identify that FOXA1 interacts with several proteins. Among all the targets,
we identified cyclin-dependent kinase 1 (CDK1) as a positive factor to interact with FOXA1 in BT474
cell line. In silico analyses confirmed that cyclin-dependent kinases might be the kinases responsible
for FOXA1 phosphorylation at the Forkhead domain and the transactivation domain. These results
reveal that FOXA1 is potentially regulated by multiple kinases. The cell cycle control kinase CDK1
might control directly FOXA1 by phosphorylation and other kinases indirectly by means of regulating
other proteins.

Keywords: breast cancer; FOXA1; drug screening and proteomics

1. Introduction

Forkhead Box A1 (FOXA1), also known as hepatocyte nuclear factor 3 alpha, belongs to the
forkhead family of transcription factors and plays pivotal roles in the development of prostate and
mammary gland [1,2]. FOXA1 is a pioneer transcription factor with a DNA binding domain that
resembles the structure of linker histones [3,4]. Moreover, the C-terminal domain interacts with the
core histones to endorse chromatin opening [5]. Genome-wide studies have shown that FOXA1 is
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enriched at regions with enhancer histone marks H3K4me1 and H3K4me2 [6] and that mediates the
activation of lineage enhancers [7]. Recently, it has been reported that FOXA1 recruits histone methyl
transferase to mediate the methylation on H3K4me1 [8]. FOXA1 is also able to control the expression
of TET1 and interact with it to regulate local DNA methylation and the activity of corresponding
enhancer activity [9]. These properties confer the ability of FOXA1 to act as a pioneer factor for both
estrogen receptor α [10,11] and androgen receptor [12], controlling their binding, location, and function
in breast and prostate cancer respectively.

Breast cancer is the most common cancer type among women in developed countries.
Breast cancer is a heterogeneous disease with several subtypes showing differences in histopathology,
tumor biology, and prognosis. Despite of such complexity, around 70% of breast cancers cases are
estrogen receptor alpha (ER) positive. ER is a nuclear receptor that mediates the response to estrogen
and triggers a transcription program driving the proliferation of cancer cells [13,14]. Therefore, ER and
its associated metabolism have been the targets of endocrine therapies, which have significantly
improved the survival rate of ER positive breast cancer patients [15]. However, resistance to endocrine
therapies has been observed in a substantial fraction of ER positive patients. The resistance is often
associated with gain of receptor tyrosine kinase function [15] such as ERBB2/HER2. In addition,
ER somatic mutations can also result in hormone resistance by activating the receptor in the absence of
ligand binding in metastatic ER positive tumors [16,17]. Interestingly, almost all the ER binding
chromatin interactions are dependent on the pioneer factor FOXA1, a dependence that is even
preserved in hormone resistant tumors [10]. ER and FOXA1 are co-expressed in metastatic endocrine
resistant tumor and the redistribution of ER binding correlates with FOXA1 binding [18]. Moreover,
overexpression of FOXA1 also mediates endocrine resistance by varying the ER-regulated transcripts
and the IL-8 signaling in preclinical model [19]. These particular properties support the idea that
FOXA1 could be an attractive target of ER positive breast cancer especially in endocrine resistant
context. However, targeting directly a pioneer factor might provoke undesired side effects in healthy
tissues. On the other hand, targeting proteins with a role activating FOXA1 could be a plausible
alternative. Hence, in this study, we aimed to investigate which proteins can control FOXA1 in
different breast cancer cell lines. For this aim, we took a high throughput chemical screening approach
(with known protein targets) in order to search for proteins controlling FOXA1 in breast cancer
cells. As readout, we used a luciferase reporter system, which is able to reflect FOXA1 binding to
DNA. After two rounds of high throughput chemical screening, we identified several interesting
proteins that could be potential FOXA1 regulators. Finally, by means of performing proteomics
experiments we could identify that cyclin-dependent kinases 1 (CDK1) might directly regulate FOXA1
by phosphorylation.

2. Results

2.1. Generation of the FOXA1 Luciferase Reporter System

In order to perform the high throughput screening, we constructed a luciferase reporter
system reflecting the binding of FOXA1 to forkhead motifs. The promoter of the TFF1 gene,
which contains two forkhead motifs, was cloned upstream of the luciferase expression cassette of
pGL4.20 plasmid (Figure 1A). Previously, it was demonstrated that with a similar construct the
luciferase expression was controlled by the FOXA1 binding to the promoter of the chosen gene [20].
To validate the system, we transfected the reporter plasmid into MCF-7 (ER positive/HER2 negative),
BT474 (ER positive/HER2 positive), and MDA-MB-453 (ER negative/HER2 positive) breast cancer
cell lines. We choose MCF-7 and BT474 cell lines is because they are positive for the expression of
ER. The cell line MDA-MB-453 here serves as an ER negative control cell line. The luciferase assay
was performed 48 h after transfection. In MCF-7, the reporter showed a much higher activity than
the empty vector control, which means that the promoter can drive the expression of the downstream
luciferase reporter (Figure 1B). To further validate that the luciferase signal was FOXA1 dependent,
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the two-forkhead motifs in the promoter were mutated. Hence, the corresponding created mutants
were named BS1 (binding site 1 mutated), BS2 (binding site 2 mutated) and BS1/2 (both 1 and
2 mutated). In MCF-7, the mutation of BS1 almost abolished the reporter activity to the level of
the empty vector control, while the BS2 only reduced the signal around 20% (Figure 1B). The data
suggested that the BS1 site played the main role in mediating FOXA1 binding. The double mutant
BS1/2 also showed a significant reduction of luciferase signal in all cell lines tested (Figure 1B,C),
with a level similar to BS1 in MCF-7. Moreover, knockdown of FOXA1 with siRNA in MCF-7 also
abolished the activity of the WT reporter (Figure 1D), which confirmed the FOXA1 specificity of the
reporter system. Previously, it has been reported that both ER and FOXA1 bind to TTF1 promoter
and induce its expression [20]. Importantly, our experiments were performed in estrogen-depleted
conditions, which is a condition that impedes the binding of ER to the TFF1 promoter. In Figure S1
the binding of ER and FOXA1 at the promoter of TFF1-LUC construct is shown. We performed
chromatin immunoprecipitation (ChIP) of both transcription factors in MCF7 cells transfected with the
TFF1-LUC-WT and TFF1-LUC-mutant (BS1/2) in estrogen-depleted cells followed by real-time PCR.
The experiment reveals that FOXA1 interacts to the promoter of TFF1-LUC construct but ER interaction
is almost undetectable. Moreover, the data shown in Figure S1 demonstrate that FOXA1 binds to the
promoter of TFF1-LUC-WT vector and that the binding disappears in cells carrying mutations of the
FKH motif (BS1/2). Hence, our data reveals clearly that the luciferase signal is mainly mostly due to
FOXA1 binding.

Figure 1. Design of the luciferase reporter and validation. (A) Schematic design of the luciferase
reporter reflecting FOXA1 activity and the mutations of FOXA1 binding sites. The promoter of Tff1
gene was cloned into the upstream of the luciferase expression cassette of pGL4.20 vector, two FOXA1
motifs are mutated to the sequences in red. (B) The wild type reporter (WT), reporter with the mutation
in BS1 (BS1), BS2 (BS2), and double mutant (BS1/2) were transfected into MCF-7 cells for validation.
Luciferase assay was performed to measure the reporter activity (n = 3). (C) Wild type and double
mutant reporter plasmids were validated further with BT474 (left) and MDA-MB-453 (right) cell
lines (n = 3). (D) The pGL4.20-WT, BS1, BS2, and BS1/2 were transfected into MCF-7 together with
non-targeting siRNA (siNT) and siRNA targeting FOXA1 (siFOXA1). Luciferase assay was performed
48 h after transfection (n = 3).
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2.2. Multiple Targets Were Identified as Potential FOXA1 Regulators

To test the hypothesis that FOXA1 could be regulated by multiple kinases/proteins, we performed
a high throughput chemical screening with the reporter system constructed above. The screening
pipeline is illustrated in Figure S2. Briefly, the luciferase reporter was transfected into all MCF-7, BT474,
and MDA-MB-453 breast cancer cell lines overnight. Then, cells were re-plated into 384 well plates
and maintained in DMEM media free of hormones overnight. Cells were treated with chemicals from
a drug library (Enzo Life Sciences; http://www.enzolifesciences.com/) at 10μM concentration. A total
of 550 drugs (Table S1) were used in the screening and the luciferase assay was performed 24 h after
the start of chemical treatment.

The data from the chemical screening was analyzed, and drugs with a significant impact were
selected based on the fold change of the luciferase signal (T test comparing control treated vs. treated
with drug; p-value < 0.05 was used as cut-off). We considered uniquely drugs that resulted in an
increase of at least 50% or in a reduction of at least 40% of the luciferase signal. Based on the
idea that luciferase signal correlates with FOXA1 binding to the TTF1 promoter, the compounds
that provide a gain of luciferase signal might be targeting proteins that inhibit FOXA1 binding
to the chromatin. By contrast, those compounds that provide a loss of luciferase signal might be
targeting proteins that stimulate FOXA1 binding to the chromatin. The numbers of total drugs with
a significant impact on luciferase signal from each cell line are summarized in Figure 2A. In MCF-7
cells (HER2 negative), more chemicals that increased luciferase signal were identified compared to
inhibitory chemicals (55 and 35, respectively). BT474 cells (HER2 positive) showed a different behavior
with fewer chemicals increasing the luciferase signal compared to inhibitory chemicals (14 and 136,
respectively). Moreover, the analysis of the other HER2 positive cell line (MDA-MB-453) revealed
similar results as the ones obtained with BT474 cells (19 and 144 chemicals that increased or decreased
luciferase signal, respectively). Next, we evaluated which were the proteins targeted by the chemicals
identified in our screening and which group of proteins they were enriched for each of the cell lines
investigated. Our results revealed that the highest fraction of the compounds were kinase inhibitors
(Figure 2B). Interestingly, the fraction of compounds was greater in HER2 positive cells (52% in BT474
and 64% in MDA-MB-453) compared to HER2 negative (41% in MCF-7). This finding correlates with
the activity of signaling pathways (kinases) in the corresponding cell lines. Due to the high HER2
level in BT474 and MDA-MB-453, cellular signaling pathways in these two cell lines are highly active.
By contrast, MCF-7 cell growth is mainly dependent on ER induced transcription, and signaling
pathways are not as active as in HER2 positive cell lines. Hence, our data suggests that additional
active kinases in signaling pathways may contribute to FOXA1 activity in cell lines with high HER2.
Interestingly when we analyzed the overlap between the different cell lines we observed that BT474
and MDA-MB-453 shared most of their inhibitory chemicals (Figure 2C). Altogether, these results
indicate a high similarity of kinases that potentially regulate FOXA1 in these two HER2 positive cell
lines regardless of ER status.

2.3. Second Screening Narrowed down the Number of Compound Target Candidates

In order to increase the specificity of the screening and narrow down the number of positive
drugs (and their respective targets) for functional validation, a second round of chemical screening
was performed using fewer chemicals and lower concentrations. We were more interested in targets
that activate FOXA1 and thus only inhibitory drugs from the first screening were selected. In addition,
considering that most of the inhibitory chemicals were kinase inhibitors, we performed an in silico
phosphorylation prediction using Group-based Prediction System 3.0 (GPS 3.0) [21], in order to
identify potential phosphorylation sites in FOXA1. The result of the analysis showed that multiple
sites in FOXA1 are potential phosphorylation sites for different kinases. By comparing the in silico
phosphorylation analysis and the targets of positive chemicals from the screening (Figure 3A), a list
of 45 chemicals were selected for the second round of screening at 5 and 1 μM concentrations using
MCF-7, BT474, and MDA-MB-453 cell lines.
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Figure 2. Multiple chemicals were identified positive in the chemical screening. (A) Three plots
indicating the number of significant compounds (T test; two tails; p < 0.05) that affect the luciferase
expression in each of the breast cancer cell lines investigated (MCF-7, BT474, and MDA-MB-453).
Each plot illustrates the % of luciferase expression of cells treated with compounds and normalized
to control treated cells (treatment/control). We have represented the compounds with a significant
increase (more than 150%) or decrease (less than 40%) luciferase expression compared to control.
(B) Fraction (expressed in %) of significant compounds targeting different group of proteins:
phosphatases, nuclear receptors, kinases, epigenetics and other groups. The plot represents the
% of group of compounds with a significant p value for each cell line investigated. (C) Venn-diagram
showing the overlap of positive chemicals between MCF-7, BT474, and MDA-MB-453 cells. Inhibitory
(upper) and activating (lower) are showed independently. The number of positive chemicals in MCF-7,
BT474, and MDA-MB-453 were showed in different columns with activating chemicals in red and
inhibitory chemicals in blue.
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Figure 3. Validation of chemicals by the second screening. (A) Diagram showing potential FOXA1
phosphorylation sites and corresponding kinases. The prediction of FOXA1 phosphorylation sites
was performed with GPS 3.0, and corresponding kinases that overlapped with positive targets in the
first chemical screening were identified. Both overlapping kinases and their potential sites are labeled.
(B) Heatmap showing the result of compounds with a significant change in luciferase expression.
45 chemicals were used for the second chemical screening for three cell lines and two concentrations
(5 and 1 microM). The heatmap illustrates the log2 fold change in luciferase expression (drug treatment
vs. control) of cells treated with the 21 compounds with a significant p value. (C) Dose responses
of compounds with a significant inhibitory effect in the expression of luciferase. The plots represent
the relative signal of the compounds targeting the receptor tyrosine kinases HER2/EGFR and the
cyclin-dependent kinases (CDK) vs. control treated cells. The average of three independent experiments
for different concentrations tested (0, 1, 5, and 10 micro Molar) is plotted.

42



Int. J. Mol. Sci. 2018, 19, 4123

The results with the lower concentration used (1 μM) revealed that 21 chemicals were still positive
as inhibitors of the reporter. Moreover, some of these compounds were cell type specific (Figure 3B,C,
Figures S3 and S4). The results of the screening have identified interesting targets, some of them that
have already been shown to be associated with hormone resistance. In this regard, we have identified
two inhibitors targeting CDK and PKC in all cell lines. A few chemicals were still shared by BT474 and
MDA-MB-453 (4 chemicals), while more than half of all the chemicals (14 of 21 chemicals) were mostly
targeting proteins in BT474 cells. These chemicals targeted CDK, receptor tyrosine kinases (EGFR,
VEGFR, PDGFR), PLK, JAK, and other intracellular kinases such as PKC, JNK. Finally, an Aurora
kinase inhibitor was mainly identified as a positive drug in MCF-7 cells.

2.4. FOXA1 Pulldown and Proteomics Identify CDK1 as a Potential Direct Regulator

Taken together, data above showed that several kinases might control positively FOXA1 function.
Moreover, our data suggests that more kinases impinge on FOXA1 function/activity in HER2 positive
cell lines. Next, we aimed to identify whether any of the kinases identified from our drug screening
might be directly regulating FOXA1. Hence, we used proteomic approaches to identify protein targets
of FOXA1 for breast cancer cells. For that, we performed mass spectrometry in MCF-7 and BT474 cells
from chromatin immunoprecipitation extracts by using a specific FOXA1 antibody. This resulted in
116 and 139 proteins identified to be interacting with FOXA1 in MCF-7 and BT474 cells, respectively
(Table S2). Importantly, this proteomic approach allowed us to identify that around 28% (32 proteins) of
the FOXA1 pulled down proteins in MCF-7 were also identified within the FOXA1 pull down in BT474,
which confirms the suitability of this method to identify FOXA1-interacting proteins (Figure 4A).
In addition, we have also identified other FOXA1 proteins likely to be specific for each cell type
investigated. Among these targets identified in BT474 in the chemical screening, we have found CDK1
as a FOXA1 protein partner in the proteomics experiment (Figure 4B).

Figure 4. Proteomics results from FOXA1 immunoprecipitation (IP). (A) Workflow for FOXA1 IP
proteomics. Two independent replicates were performed and uniquely proteins without peptides
identified at IgG control were considered positive. Moreover, we considered exclusively proteins
identified in both of the replicates. The figure includes a Venn diagram that compares the number of
FOXA1 interacting proteins shared between MCF-7 and BT474 cells and the ones identified exclusively
each cell line tested. (B) Peptide enrichment of CDK1 and HDAC7 in both cell lines is included. The rest
of peptide enrichment of the other identified proteins can be found at supplementary information.
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3. Discussion

This work has revealed that several drugs targeting kinases influence the binding of FOXA1
to our TTF1-LUC reporter cassette. Interestingly, the findings from the drug screening indicate that
additional kinases have a positive control in HER2 positive cells compared to MCF-7 cells. These results
suggest the hypothesis that the binding of FOXA1 to the chromatin in HER2 enriched cells is induced
by additional kinases compared to HER2 negative cell lines. The increased number of kinases that
positively regulate FOXA1 in HER2 positive cells might be associated with a gain of binding to
chromatin. Another possible interpretation of that finding might be understood as a mechanism by
which HER2 positive cells guarantee the FOXA1 binding to the chromatin by means of increasing
the number of kinases that positively regulate FOXA1. In this regard, it has been recently reported
that PI3K might influence the binding of FOXA1 to the chromatin by regulating the activity of the
methyltransferase enzyme MLL2 [22]. These enzymes can directly methylate histone H3 on position
4, which are in fact the epigenetic mark recognized by FOXA1 in order to interact with chromatin.
Hence, the inhibition of MLL2 by PI3K impacts negatively in the binding of FOXA1 to the chromatin.
These results might be in contradiction to our findings, which suggest that the binding of FOXA1 to the
DNA might be positively regulated by the same kinase. One possibility of such discrepancies might be
due to PI3K inhibiting the subset of FOXA1 chromatin binding regions enriched with DNA sequence
motifs for ER interaction. Such hypothesis is supported by the fact that the treatment of PI3K increases
the sensitivity of breast cancer cells to anti-estrogen drugs. Hence, the inhibition of PI3K might facilitate
indirectly the binding of ER by allowing the binding of FOXA1 and therefore the pioneer function of
FOXA1 to ER enriched regions as it has been already reported [23]. Moreover, these results are not in
disagreement with the fact that the binding of FOXA1 to additional chromatin regions might be also
induced by PI3K/mTOR kinase. In this regard, our drug screening data suggest that mTOR might
impact FOXA1 indirectly by other mechanisms that do not imply FOXA1 phosphorylation. In this
regard, in our drug screening we have identified that mTOR inhibitors have a negative impact in the
binding of FOXA1 to chromatin. Interestingly, it has been reported that the pharmacologic inhibition
of GSK3 antagonizes the suppressive effects on the growth of mTOR inhibitors [24,25], which suggests
that the kinase GSK3 might be operating downstream of mTOR. Given these evidences, together
with the results of this study showing that Ser 331 of FOXA1 contains a consensus site for GSK3
phosphorylation, we might hypothesize that mTOR inhibition affects FOXA1 binding to DNA through
the regulation of GSK3. Whether this phosphorylation confers an increase of activity of FOXA1 needs
to be elucidated yet.

In this study, we have observed that CDK1 is a protein that interacts with FOXA1 in HER2
positive cells. The interplay between FOXA1 and CDK1 has not being investigated previously. In this
regard, it has been reported that CDK1 can regulate gene transcription at S phase of the cell cycle [26].
In particular, CDK1 phosphorylates key transcription factors in S phase and regulates their activity
and protein stability [26]. Moreover, a previous study [27] has reported that FOXA1 binds to chromatin
in mitosis. This study has also reported that the FOXA1 mitotic binding helps cells to prepare for the
transcriptional reactivation of interphase genes after mitotic exit. Importantly, CDK1 activity increases
during mitosis, leading to the phosphorylation of proteins whose function is required during this
phase of the cell cycle. At the metaphase to anaphase transition, degradation of cyclin B results in a
drop in CDK1 activity and mitotic exit. Considering that FOXA1 interacts with CDK1 in BT474 cells
but not in MCF-7 cells, one might hypothesize that FOXA1 might be regulated by CDK1 to prepare
cells for the transcriptional reactivation of genes just after mitosis. Our in silico analyses for putative
sites of phosphorylation have identified several CDK consensus motifs in FOXA1. Moreover, we have
observed that the treatment with several general CDK inhibitors have a negative impact on FOXA1
binding to chromatin. Interestingly, this effect was stronger in BT474 compared to the other cell lines
investigated. Altogether it is reasonable to postulate that FOXA1 is a potential substrate of CDK1,
and the mitotic chromatin binding of FOXA1 could be regulated by CDK1 phosphorylation. If the
hypothesis is correct, inhibitors repressing CDK activity should influence the affinity between FOXA1
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and its target binding motifs, as observed for the TFF1 reporter. Future experiments might confirm
whether FOXA1 is a substrate of CDK1 and should also resolve how such phosphorylation impacts
its function.

4. Materials and Methods

4.1. Cell Culture

MCF-7, BT-474, and MDA-MB-453 cell lines were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). MCF-7 and MDA-MB-453 cell lines were cultured in in
DMEM (4.5 g/L glucose) supplemented with 10% FBS BT474 was cultured in DMEM (4.5 g/L glucose)
supplemented with 10% FBS, and 0.01 mg/mL insulin.

4.2. Construction of the Luciferase Reporter System

pGL4.20 plasmid was purchased from Promega (E6751). The sequence of wild type TFF1 promoter
was obtained from UCSC genome browser (http://genome.ucsc.edu/) with the genomic coordinate
chr21:43,786,510-43,787,509 of the GRCh37/hg19 assembly. The promoter of TFF1 gene was cloned into
the pGL4.20 with Mul I and Bgl II restriction sites. FOXA1 binding sites mutagenesis was performed
with QuikChange II Site-Directed Mutagenesis Kit (200524, Agilent, Santa Clara, CA, USA) following
the manufacture’s protocol.

4.3. Transfection and Luciferase Assay

MCF-7, BT474, and MDA-MB-453 cells were plated into 96 well plate in full culture
media. 24 h after transfection, pGL4.20-TFF1-Pro-WT (with wild type FOXA1 binding sites) and
pGL4.20-TFF1-Pro-BS1, BS2, and BS1/2 (containing corresponding mutation in FOXA1 binding sites)
were transfected into all cell lines with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following
the manufacture’s protocol. pRL-TK Renilla luciferase control reporter plasmid was co-transfected
as the control for transfection efficiency. siRNA targeting FOXA1 (ON-TARGET J-010319-05-0005,
Thermo Fisher Scientific, Waltham, MA, USA) or siControl Non-targeting (siNT) (SI03650318, Promega,
Madison, WI, USA) were co-transfected with the pGL4.20-TFF1 reporter system with Lipofectamine
2000 (Invitrogen). Luciferase assay was directly carried out in the plate 48 h after transfection with the
Dual-Glo Luciferase Reporter Assay System (E2920, Promega) following the manufacture’s protocol.

4.4. Chromatin Immunoprecipitation

Chromatin immunoprecipitation was performed as described previously [28]. In brief, first MCF-7
cells transfected with pGL4.20-TFF1 luciferase reporter were crosslinked with 1% formaldehyde for
10 min followed by quenching with 125 mM glycine. Then chromatin was sheared with sonication
and incubated together with antibodies against FOXA1 (ab23738, Abcam, Cambridge, UK) or estrogen
receptor alpha (sc-543, Santa Cruz Biotechnology, Dallas, TX, USA) respectively at 4 ◦C overnight.
Immunoprecipitated DNA was purified with phenol-chloroform extraction followed by ethanol
precipitation. FOXA1 and ER binding to the TFF1 luciferase reporter was detected by qPCR with a
primer pair ranging across the restriction site used for cloning. The sequences of the qPCR primers are:
CACCATGGAGAACAAGGTGA (forward) and AACAGTACCGGATTGCCAAG (reverse).

4.5. High Throughput Chemical Screening and Analysis

MCF-7, BT474, and MDA-MB-453 cells were plated into 10cm culture dish in complete media at
70% confluence. 24 h after plating, 15μg of pGL4.20-TFF1-Pro-WT was transfected with Lipofectamine
2000 following the manufacture’s protocol. 5 h after transfection, cells were washed with PBS and
media was changed to clear DMEM medium supplemented with 5% stripped serum. After 2 h,
transfected cells were plated into 384-well plate (781098, Greiner, Kremsmünster, Austria) in clear
DMEM medium supplemented with 5% stripped serum. 24 h after transfection, cells were treated
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with selected chemical library at a final concentration of 10 μM (5 and 1 μM for the second screening).
Three technical replicates were performed for each chemical. 24 h after the chemical treatment,
luciferase assay was performed with Steady-Glo luciferase assay system (E2510, Promega) directly in
384-well plate following the manufacture’s protocol.

Positive chemicals were selected with Student’s t-test (p-value < 0.05, and with increase >50% or
reduction >40% vs. vehicle). Heat map of the second screening was generated with Java TreeView
Cluster 3.0 (https://sourceforge.net/projects/jtreeview/).

4.6. FOXA1 Phosphorylation Sites Prediction

Group-based Prediction System 3.0 (GPS 3.0) (http://gps.biocuckoo.org/) was used to predict
potential phosphorylation sites in FOXA1 protein. Medium threshold was chosen for the analysis.

4.7. Immunoprecipitation

FOXA1 immunoprecipitation was performed with Pierce Crosslink IP kit (26147, Thermo Fisher
Scientific) following the manufacture’s protocol. A total of 6 dishes (10 cm) of MCF-7 or BT474 cells
cultured in full media were lyzed with Lysis/wash buffer. Cell lysate was loaded to columns containing
protein A/G beads that cross-linked to anti-FOXA1 antibody (Abcam, ab23738). The incubation was
kept at 4 ◦C for O/N followed by elusion with the Elusion buffer.

4.8. Protein Digestion

Total 50 μL of an IP protein extract with 200 μL of UA (Urea buffer) in the filter unit and centrifuge
at 14,000× g for 15 min. Add 200 μL of UA to the filter unit and centrifuge at 14,000× g for 15 min.
The flow-through was discarded. Next 100 μL IAA solution was added and mixed at 600 rpm in
a thermo-mixer for 1 min and incubated without mixing for 20 min. Furthermore, the filter units
were centrifuge at 14,000× g for 10 min. The filter unit was washed with adding 100 μL of UA and
centrifuging at 14,000× g for 15 min. This step was repeated twice. Next the filter unit was equilibrated
with 100 μL of ABC (ammonium bicarbonate) and centrifuge at 14,000× g for 10 min. This step as
repeated twice. Finally, protein was digested by adding 40 μL ABC with trypsin (enzyme to protein
ratio 1:50) and mix at 600 rpm in thermo-mixer for 1 min and Incubated the units at 37 ◦C for 18 h.
Afterwards, the filter units was transfer to new collection tubes and centrifuged at 14,000× g for 10 min.
One more time, 40 μL ABC was added and centrifuged at 14,000× g for 10 min to recover all digested
peptides. Last filtrate was acidified with CF3COOH.

4.9. Desalting Digested Peptides

We used Oasis HLB cartridges (10 mg) from Waters (product no. 186000383, Oslo, Norway).
Briefly, the following steps were followed: (1) condition the HLB cartridges with 1 mL 100% ACN
(Acetonitrile); (2) equilibrate with 1.5 mL 2% ACN and 0.1% TFA buffer (wash solution); (3) load
sample; (4) wash with 1 mL of wash solution; and (5) elute with 1 mL glycolic acid buffer (1 M glycolic
acid, 5% TFA, 80% acetonitrile).

4.10. Data Processing and Analysis

Peptides were analyzed with Q-Exactive mass-spectrometry. Raw mass spectrometric data were
analyzed in the MaxQuant tool and employed Andromeda for database search. The mass spectra
were matched against the human Uniprot FASTA database. Enzyme specificity was set to trypsin,
and the search included cysteine carbamidomethylation as a fixed modification and N-acetylation of
protein, oxidation of methionine, and/ or phosphorylation of Ser, Thr, Tyr residue (STY) as variable
modifications. Up to two missed cleavages were allowed for protease digestion, and peptides had to
be fully tryptic.
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Abstract: Estrogen receptor (ER)-positive progesterone receptor (PR)-negative breast cancers are
infrequent but clinically challenging. Despite the volume of genomic data available on these tumors,
their biology remains poorly understood. Here, we aimed to identify clinically relevant subclasses of
ER+/PR− breast cancers based on their mutational landscape. The Cancer Genomics Data Server
was interrogated for mutational and clinical data of all ER+ breast cancers with information on PR
status from The Cancer Genome Atlas (TCGA), Memorial Sloan Kettering (MSK), and Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC) projects. Clustering analysis was
performed using gplots, ggplot2, and ComplexHeatmap packages. Comparisons between groups
were performed using the Student’s t-test and the test of Equal or Given Proportions. Survival curves
were built according to the Kaplan–Meier method; differences in survival were assessed with the
log-rank test. A total of 3570 ER+ breast cancers (PR− n = 959, 27%; PR+ n = 2611, 73%) were analyzed.
Mutations in well-known cancer genes such as TP53, GATA3, CDH1, HER2, CDH1, and BRAF were
private to or enriched for in PR− tumors. Mutual exclusivity analysis revealed the presence of four
molecular clusters with significantly different prognosis on the basis of PIK3CA and TP53 status.
ER+/PR− breast cancers are genetically heterogeneous and encompass a variety of distinct entities
in terms of prognostic and predictive information.

Keywords: breast cancer; progesterone receptor negative; mutational profiling; PI3K pathway; TP53

1. Introduction

Estrogen receptor (ER)-positive progesterone receptor (PR)-negative (ER+/PR−) breast cancers
are a subset of Luminal B tumors characterized by the strong and diffuse nuclear expression of
ER-alpha but not of PR [1]. They account for 5% of all invasive breast cancers and show a relatively
aggressive clinical course compared to ER+/PR+ neoplasms [1–5]. ER+/PR− invasive breast cancers
are described as larger in size than PR+ carcinomas and are generally of no special histological type
(i.e., ductal) [1,6]. Even though they preferentially affect postmenopausal women, these diagnoses
are not exceptional in younger patients [1,2,7]. As confirmed by several prospectively randomized
controlled neoadjuvant trials, ER+/PR− breast cancers are associated with a higher response but also
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worse long-term outcome after neoadjuvant therapy [5]. There are several lines of evidence to suggest
that the worse prognosis of ER+/PR− tumors may be related to the phenomena of hormone therapy
resistance [1–5]. However, a large adjuvant trial on the use of aromatase inhibitors in postmenopausal
women with early breast cancer revealed that the PR status has no effect on the relative efficacy of this
therapy [8]. For this reason, some authors have questioned the clinical utility of PR testing [9]. To date,
hormonal therapy remains recommended in ER+ tumors regardless of PR status [10]. All these diverse
correlations highlight the clinical challenges provided by ER+/PR− breast cancers.

A proportion of ER+/PR− neoplasms shows a remarkable degree of genomic instability, reaching
almost twice the DNA copy number variations and tumor mutational load than those of both ER+/PR+
and ER− breast cancers [1,8]. Furthermore, many growth factors were observed to be overexpressed
in these tumors, such as HER family, PI3K, Akt, and src [1,2,11–13]. These pathways, which can also
be altered in ER+/PR+ tumors, are known to be involved in ER phosphorylation, which may lead to
ligand-independent activation [14]. There is also evidence that the upregulation of Akt and HER1/2 is
implicated in tamoxifen resistance [1,2,11,12,15–18]. Recently, PR has been proposed as a surrogate
biomarker of altered growth factor signaling [5]. Due to these insights, and the substantial lack of
distinct biological properties identified to date in ER+/PR− breast cancers, it is becoming increasingly
clear that these tumors are clinically and biologically heterogeneous [19–25].

During the past few years, the Cancer Genome Atlas (TCGA) project has exposed the complexity
of the genome-wide genetic alterations in breast cancer [26]. On the other hand, the proper clinical
management of Luminal (i.e., ER+) breast cancers, particularly in intermediate-risk patients, remains a
matter of controversy. However, there is a limited understanding of how the mutational landscape
of these tumors, according to the PR status, can be exploited in the clinic to allow for more tailored
management schemes. In this study, we sought: (i) to characterize the mutational signatures of
ER+/PR− breast cancers; (ii) to compare the molecular landscapes of PR− and PR+ Luminal tumors;
and (iii) to define the prognostic value of the type and pattern of somatic genetic alterations in
these patients.

2. Results

A total of 3589 ER+ breast cancers from the publicly available datasets TCGA, Memorial Sloan
Kettering (MSK), and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC)
were identified. Among them, 3570 (99.5%) cases (2815 invasive ductal carcinomas and 755 invasive
carcinomas of any special type) had information on PR status (PR− n = 959, 27%; PR+ n = 2611, 73%)
and were included in the current study. The median age at diagnosis of PR− tumors was 59 years old
(range 24–92); for PR+ tumors, it was 57 years old (range 23–91). Taken together, 53,585 mutations
targeting 13,402 genes were identified, including 57,448 (99%), 6642 (90%), and 8905 (89%) mutations
that were private to only one sample in the TCGA, MSK, and METABRIC cohorts, respectively.
The number of samples, mutated genes, and mutations of the tumors included in the analysis are
summarized in Table 1 and Table S1.

Table 1. Number ER+ breast cancer samples, according to the PR status from the TCGA, MSK, and
METABRIC projects. PR, progesterone receptor.

TCGA (%) MSK (%) METABRIC (%)

PR− (n = 959) 110 (12) 396 (41) 453 (47)
PR+ (n = 2611) 608 (23) 1031 (40) 972 (37)
Total (n = 3570) 718 (20) 1427 (40) 1425 (40)

2.1. The Molecular Landscape of ER+/PR− Breast Cancers

The average number of mutations displayed by ER+/PR− breast cancers was 16 per sample,
whereas in PR+ tumors was 14. The two groups shared 5668 mutated genes, while approximately 1319
(19%) genes were found to be privately altered in ER+/PR− breast cancers. Overall, the mutations
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in PR− tumors were missense in 12,583 (78%), nonsense in 1250 (8%), frameshift deletions in 896
(5%), frameshift insertions in 616 (4%), splicing in 516 (3%), and in-frame indels in 261 (2%) cases.
Of note, fusion genes were detected in 69 ER+/PR− tumors. The mutational landscape and selected
clinicopathologic features in ER+/PR− and ER+/PR+ breast cancers are depicted in Figure 1 and
Figure S1, respectively.

Figure 1. Oncoprint visualization of highly recurrent somatic molecular alterations in ER+/PR− breast
cancers (959 samples). Each row represents a gene, as reported on the right, and was sorted by gene
alterations frequency (bar plot on the right); types of alterations are color-coded on the basis of the
legend on the bottom. Each column represents a sample and was sorted to appreciate the mutual
exclusivity across genes. The bar plot on the top represents the number of samples showing alterations
in the displayed genes. Cluster analysis, human epidermal growth factor receptor (HER)2 status,
histological type, tumor stage, menopause status, and age at diagnosis are reported as rows at the
bottom of the figure. Clustering was performed according to the mutual exclusivity and patterns
of mutations.

The most frequently mutated gene in PR− tumors was phosphatidylinositol-4,5-bisphosphate
3-kinase, catalytic subunit alpha (PIK3CA), with lower prevalence than in PR+ tumors (n = 354, 37% vs.
n = 1220, 47%; p < 0.01). In particular, the vast majority of PIK3CA mutations were missense and affected
four hotspot regions of the gene, namely N345K, E542K, E545K, and H1047R (Figure 2). Notably, the
H1047R and E545K mutations in PIK3CA were less frequent in PR− tumors (Table 2). The prevalence of
samples showing mutations in TP53, which was the second most frequently mutated gene in both PR−
and PR+ Luminal tumors, was higher in PR− breast cancers (n = 312, 33% vs. n = 496, 19%; p < 0.01).
Furthermore, the nonsense mutation R342X and the missense mutations P728S, I195T, and H179R in
TP53 were enriched in PR− tumors (p < 0.05), as shown in Table 2. Taken together, PIK3CA and TP53
status allowed for the definition of four molecular clusters (Figure 1). Specifically, Cluster 1 included
all PIK3CA-mutant/TP53-mutant samples (n = 108, 11%), Cluster 2 all PIK3CA-mutant/TP53 wild-type
samples (n = 246, 26%), Cluster 3 PIK3CA wild-type/TP53-mutant tumors (n = 204, 21%), and Cluster
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4 encompassed all PIK3CA/TP53 wild-type cases (n = 401, 42%). Among the other recurrent gene
alterations, the hotspot mutation E17K in RAC-alpha serine/threonine-protein kinase (AKT1), which
was present in 3% and 5% of PR− and PR+ cases, respectively, was mutually exclusive with mutations
targeting PIK3CA, regardless of PR status (Figure S2). On the other hand, even if PIK3CA and AKT1
were observed to be recurrently mutated in both groups, the hotspot regions differed significantly on
the basis of PR activation (p < 0.05). Of note, GATA3 showed a high number of frame-shift indels and
nonsense mutations (Figure 2), consistent with its crucial role in the ER signaling pathway. One of
the most recurrently mutated genes was E-cadherin (CDH1), with the hotspot truncating mutation in
position 23 associated to the lobular histology (Figure 2). The prevalence of human epidermal growth
factor receptor (HER)2-mutant cases was higher in PR− breast cancers, albeit nonsignificant (n = 151,
16% vs. n = 389, 15%; p = 0.530). According to the Student’s t-test, the mutational profile of PR−
Luminal breast cancers was significantly different to that of PR+ tumors (p < 10−5), with 16 mutations
being restricted to the ER+/PR− group, including mutations in ARID1A, ATR, BCL6, BRAF, CARD11,
CDH1, AXIN2, GATA3, MUC16, CCDC82, RUNX1, and TBX3 (Table 2). No significant correlations
were observed between PR activation status and other clinicopathologic characteristics. The tumor
mutational burden (median of five mutations per sample for both PR+/−; mean 15.2 per sample for
PR+; mean 15.9 per sample for PR−; range 1–3474 in PR+; and range 1–2900 in PR−) of the cases
included in this study is shown in Figure S3.

Figure 2. Type of mutations and affected protein domains of the 10 most frequently altered genes in
ER+/PR− breast cancers. Mutation types are color-coded on the basis of the legend at the bottom.
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Table 2. The 37 recurrent mutations showing significant differences between ER+/PR− and ER+/PR+
breast cancers according to the test of Equal or Given Proportions.

Mutation PR+ (%) PR− (%) p Value

ARID1A_Q766SfsX67 0 2 (0.20) 0.019
ATR_A14S 0 2 (0.20) 0.019

BCL6_K474EfsX26 0 2 (0.20) 0.019
BRAF_V600E 0 2 (0.20) 0.019

CARD11_D200E 0 2 (0.20) 0.019
CDH1_R598X 0 2 (0.20) 0.019
CDH1_E138X 0 2 (0.20) 0.019

CDH1_E497RfsX25 0 2 (0.20) 0.019
AXIN2_S493L 0 3 (0.31) 0.004
GATA3_R364T 0 3 (0.31) 0.005

CDH1_V202CfsX7 0 3 (0.31) 0.006
MUC16_T7149A 0 3 (0.31) 0.007

CCDC82_E175del 0 3 (0.31) 0.008
RUNX1_D123GfsX15 0 4 (0.41) <0.001

TBX3_W113X 0 4 (0.41) <0.001
CDH1_T115NfsX53 1 (0.04) 3 (0.31) 0.029

FOXA1_D226N 1 (0.04) 3 (0.31) 0.029
FOXA1_I176M 1 (0.04) 3 (0.31) 0.029

GATA3_X444LfsX63 1 (0.04) 3 (0.31) 0.029
TERT_Promoter 1 (0.04) 3 (0.31) 0.029

TP53_P278S 1 (0.04) 3 (0.31) 0.029
SMAD4_Q245X 1 (0.04) 3 (0.31) 0.029

TP53_I195T 1 (0.04) 5 (0.52) 0.002
ERBB2_E770_A771insGIRD 1 (0.04) 8 (0.83) 0.003

ERBB2_S310F 2 (0.08) 4 (0.41) 0.027
MAP3K1_R364W 2 (0.08) 4 (0.41) 0.027

TP53_H179R 2 (0.08) 4 (0.41) 0.027
TP53_R342X 5 (0.19) 7 (0.72) 0.013

GATA3_D335GfsX17 16 (0.61) 13 (1.35) 0.028
TP53_R175H 21 (0.80) 18 (1.87) 0.006
ESR1_Y537S 29 (1.11) 3 (0.31) 0.024
ESR1_D538G 47 (1.80) 7 (0.72) 0.020
SF3B1_K700E 60 (2.29) 10 (1.04) 0.016

GATA3_X308_splice 70 (2.68) 9 (0.94) 0.002
AKT1_E17K 106 (4.05) 25 (2.60) 0.04

PIK3CA_E545K 251 (9.61) 68 (7.09) 0.019
PIK3CA_H1047R 482 (18.46) 134 (13.97) 0.002

2.2. The Prognostic Role of PIK3CA and TP53 in ER+/PR− Breast Cancers

Overall, the highest mortality was observed before 50 months from the diagnosis, regardless of
PR status, with a median survival of 76.9 months in PR− and 61 months in PR+ tumors. The most
recurrently mutated genes in ER+/PR− and ER+/PR+ breast cancers were used to define the survival
probability curves shown in Figures S4 and S5, respectively. Even though the log-rank p-values
were significant for TP53 and GATA3 mutations in both groups, survival analyses including tumors
harboring alterations only in each of the most frequently mutated genes, but not in the others, revealed
that in ER+/PR− breast cancers only TP53 mutations are related to a different prognosis (Figure 3).
The hotspot regions of TP53 that were significantly different in PR− tumors were not related to a
different outcome (Figure S6), similar to PIK3CA (Figure S7).
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Figure 3. Overall survival of ER+/PR− (A) and ER+/PR+ (B) breast cancer patients based on TP53,
PIK3CA, and GATA3 gene alterations. For each analysis, all samples harboring mutations in one of the
other two genes were excluded. Survival curves are built according to the Kaplan–Meier method.

Subsequently, survival curves were built according to the four molecular clusters identified on the
basis of PIK3CA and TP53 status. These analyses revealed the prognostic value of the combination and
mutual exclusivity of PIK3CA and TP53 mutations (Figure 4). Specifically, Cluster 4 showed in both
PR− and PR+ cases a good prognosis. Interestingly, the prognosis of Cluster 4 overlapped to that of
Cluster 3 in PR+ but not in PR− tumors. Hence, PR− breast cancers showed a different scenario, where
the long-term outcome of the patients was worse in the presence of PIK3CA and/or TP53 mutations
(i.e., Clusters 1, 2 and 3).

Figure 4. Overall survival of PIK3CA/TP53-mutant (Cluster 1), PIK3CAmutant/TP53 wild-type
(Cluster 2), PIK3CA wild-type/TP53-mutant (Cluster 3), and PIK3CA/TP53 wild-type (Cluster 4) ER+
breast cancers, based on PR activation. Survival curves are built according to the Kaplan–Meier method.
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3. Discussion

The precise risk stratification in Luminal breast cancer by means of immunohistochemistry
and/or prognostic genomic tests is a major limitation in defining the most appropriate management
scheme [27]. Patients with ER+ breast cancers are assumed to have a good prognosis, but the lack of PR
expression may contribute to their poor outcomes. This may be a result of the de-differentiation
of hormone-positive neoplasms and subsequent development of resistance phenomena to both
anti-estrogen therapy and chemotherapy. Studies aiming to explore the genetic alterations in ER+/PR−
breast cancers have been performed. However, the unique biology and challenging clinical course of
these tumors, particularly in long-term survivors, suggest that they warrant further characterization. In
this study, we analyzed a large cohort of PR− Luminal breast cancers with publicly available genomic
data and compared their molecular landscape and prognosis to those of PR+ tumors. Altogether, we
observed that several alterations in clinically actionable cancer genes are private to or enriched for in
PR− breast cancers, such as TP53 R342X, P728S, I195T, and H179R, GATA3, CDH1, HER2, CDH1, and
BRAF V600E. Furthermore, we identified four molecular clusters on the basis of PIK3CA and TP53
status with significantly different risk of death in PR− tumors.

Decreased expression and/or downregulation of PR in breast cancer leads to a subset of tumors
that is phenotypically ER+/PR−. Even though several hypotheses to explain this phenomenon have
been put forward, we are still far from fully understanding its biology. In a proportion of Luminal
tumors, ER, although expressed, is biologically nonfunctional and therefore it is unable to stimulate
PR production, particularly in postmenopausal women [1]. Another mechanism for PR loss is the
epigenetic inactivation of its promoter through hypermethylation [12]. Even though a genetic loss
of a PR gene locus has previously been observed [12], in our analysis, all ER+/PR− tumors are PR
wild-type, suggesting that PR downregulation may be determined by growth factor pathways, as
previously observed [2,11]. In particular, the HER2 activity may lead to the cytoplasmic sequestration
of ER, which alters a set of genes that are normally regulated by ER, including PR−related genes, such
as PIK3CA [11,28,29].

Taken together, we observed that the most frequently mutated genes in ER+/PR− breast cancers
are PIK3CA, TP53, GATA3, CHD1, KMT2C, MUC16, MAP3K1, ARID1A, AHNAK2, and SYNE2.
Interestingly, PIK3CA and TP53 show a mutational prevalence (37% and 33%, respectively) that
differs significantly to that of ER+/PR+ tumors (with PIK3CA mutated in 47% of cases and TP53 in
19%). Those aspects have already been described in the literature [30,31]. On the other hand, the
identification of a mutational profile specific to ER+/PR− cases, with 16 mutations being restricted
to this group, is a novel finding. In our study, we confirm the presence of highly recurrent molecular
alterations of the PIK3CA gene in position 1047, which likely constitute the driving genetic event in the
pathogenesis of a subset of ER+/PR− breast cancers. These data provide further credence to the notion
that inhibitors of this pathway (e.g., XL147) could reverse PR downregulation and overcome resistance
to anti-HER2 drugs [32]. In addition, the identification of the BRAF V600E as a private mutation of PR−
cases have possible therapeutic implications [33,34]. Recently, mutations in HER2 have been detected
in breast cancer patient samples which lack HER2 gene amplification. Thirteen HER2 mutations were
characterized from twenty-five patient samples which had HER2 mutations but lacked HER2 gene
amplification. Among them, seven mutations were activating and resulted from point mutations and
in-frame deletions. Some mutations (L755S) resulted in lapatinib resistance; however, this was not an
activating mutation. All of the cells containing the HER2 mutations were sensitive to the irreversible
HER2 kinase inhibitor, neratinib [35]. Our analysis corroborates the concept that mutations in GATA3
are associated with a better outcome in ER+ breast cancer patients [36]. After eliminating all cases with
concurrent mutations in the other top recurrently mutated genes, however, we were able to confirm
this notion only in PR+ tumors. These data suggest that GATA3 mutations are not an independent
good prognostic factor in ER+/PR− tumors. Given that GATA3 is frequently altered in Luminal A
breast cancers, our findings provide an additional molecular layer to the worse prognosis showed by
ER+/PR− breast cancers [19,37]. Furthermore, we confirmed that TP53 mutations are associated with
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PR negativity and with a shorter overall survival time in breast cancers [38]. Interestingly, this behavior
is unrelated to the specific regions of TP53 that are recurrently altered in this subset of patients, akin to
patients with PIK3CA-mutant tumors.

The patterns of mutations in TP53 with PIK3CA allowed us to identify four molecular
clusters in both PR− and PR+ Luminal breast cancers, namely PIK3CA/TP53-mutant (Cluster
1), PIK3CA-mutant/TP53 wild-type (Cluster 2), PIK3CA wild-type/TP53-mutant (Cluster 3), and
PIK3CA/TP53 wild-type (Cluster 4). Notably, the prognostic distribution of these clusters differed
substantially between ER+/PR− and ER+/PR+ breast cancers. Indeed, while in PR+ Luminal tumors
Clusters 2 and 4 were related to better survival, with overlapping curves, in PR− Luminal tumors
Cluster 2 followed into in an intermediate risk category for the first 16 years of follow-up, becoming
worse after that time. All these diverse correlations highlight the importance of PIK3CA and TP53
analysis in PR− Luminal breast cancer prognostication.

4. Materials and Methods

4.1. Case Selection and Definitions

We used the CGDS R package to interrogate the Cancer Genomics Data Server [39,40]
and download mutational and clinical data related to three breast cancer projects hosted at the
Memorial-Sloan-Kettering Cancer Center: the METABRIC project [41], containing 2509 breast cancers
samples; the MSK project [42] containing 1918 samples; and the TCGA project, containing 1105 samples.
Each sample has both somatic mutational profiles for selected genes, and clinical information. In
particular, the TCGA project contains mutational profiles for 20,461 genes, the METABTIC project
contains mutational profiles for 173 genes and the MSK project for 474 genes. Moreover, we used
gplots and ggplot2 packages [43,44] to perform the clustering analysis and visualize the data. We
collected all somatic mutations related to the projects and integrated them to the clinical information
and the treatment outcomes. Moreover, we selected all the estrogen receptor positive (ER+) samples
reducing our dataset to 3589 samples, and a total of 53,585 somatic mutations in 13,402 genes.

4.2. Statistical Analysis

Comparisons between groups were generally performed using the Student’s t-test and test of
Equal or Given Proportions. Event-free survival was expressed as the number of months from diagnosis
to the occurrence of distant or local relapse or death (disease-related death). Cumulative survival
probabilities were calculated using the Kaplan–Meier method. Differences between survival rates
were tested with the log-rank test (SPSS version 20.0; IBM). Survival data were censored at five years.
A p < 0.05 was considered statistically significant. Survival analysis and figures were developed using
the R survival and survminer packages [45], and the Kaplan–Meier non-parametric statistic [46].

5. Conclusions

We demonstrated that ER+/PR− breast cancers are biologically characterized by relevant
molecular characteristics in terms of prognostic and predictive information, which could be integrated
into the clinical setting to realize the potentials of precision medicine in these clinically, and
pathologically, challenging neoplasms.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/3/
510/s1. Figure S1: Oncoprint visualization of highly recurrent somatic molecular alterations in ER+/PR+ breast
cancers (2611 samples). Each row represents a gene, as reported on the right and was sorted by gene alterations
frequency (bar plot on the right); types of alterations are color-coded on the basis of the legend on the bottom.
Each column represents a sample and was sorted to appreciate the mutual exclusivity across genes. The bar plot
on the top represents the number of samples showing alterations in the displayed genes. Cluster analysis, HER2
status, histological type, tumor stage, and menopause status are reported as rows at the bottom of the figure; age
at diagnosis is depicted in the top at the bottom. Clustering was performed according to the mutual exclusivity
and patterns of mutations. Figure S2: Recurrent somatic alterations in 959 ER+/PR− (A) and in 2611 ER+/PR+
(B) breast cancers (2611 samples). Each row represents an alteration, as reported on the right, each column a
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sample. Alterations were sorted by frequency, while the samples were sorted to appreciate the mutual exclusivity
across alterations. Figures report the 50 most frequent gene alterations. Figure S3: Total number of mutations
per samples in ER+/PR− (A) and ER+/PR+ (B) breast cancer patients. Each bar represents a sample; types of
alterations are color-coded on the basis of the legend on the left. Figure S4: Overall survival of ER+/PR− breast
cancer patients based on the most frequently altered genes. Survival curves (red, mutant; gray, wild-type) are
built according to the Kaplan–Meier method. For each analysis, all samples harboring mutations in one of the
other nine genes were excluded. Figure S5: Overall survival of ER+/PR+ breast cancer patients based on the
most frequently altered genes. For each analysis, all samples harboring mutations in one of the other nine genes
were excluded. Survival curves (red, mutant; gray, wild-type) are built according to the Kaplan–Meier method.
Figure S6: Overall survival of ER+/PR− breast cancer patients based on the most frequently altered regions in the
PIK3CA gene. Survival curves are built according to the Kaplan–Meier method. Figure S7: Overall survival of
ER+/PR− breast cancer patients based on the most frequently altered regions in the TP53 gene. Survival curves
are built according to the Kaplan–Meier method. Table S1: Mutations of the tumors included in the analysis.
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Abstract: The G-protein coupled estrogen receptor (GPER), an alternate estrogen receptor (ER)
with a structure distinct from the two canonical ERs, being ERα, and ERβ, is expressed in 50%
to 60% of breast cancer tissues and has been presumed to be associated with the development of
tamoxifen resistance in ERα positive breast cancer. On the other hand, triple-negative breast cancer
(TNBC) constitutes 15% to 20% of breast cancers and frequently displays a more aggressive behavior.
GPER is prevalent and involved in TNBC and can be a therapeutic target. However, contradictory
results exist regarding the function of GPER in breast cancer, proliferative or pro-apoptotic. A better
understanding of the GPER, its role in breast cancer, and the interactions with the ER and epidermal
growth factor receptor will be beneficial for the disease management and prevention in the future.

Keywords: breast cancer; epidermal growth factor receptor; estrogen; estrogen receptor; G-protein
coupled estrogen receptor

1. Introduction

Breast cancer is the most common cancer among women worldwide [1,2]. There were over two
million new cases in 2018. In 2015, 14,801 new cases were diagnosed in Taiwan [3]. It ranked fourth
in mortality in Taiwan and led to the death of 18.2 persons per 100,000 of the population. Estrogen,
predominantly 17β-estradiol (E2) and its receptor has long been known to enhance the development
and progression of breast cancer. Drugs targeting the estrogen signaling pathway through the selective
estrogen receptor modulator (SERM) (e.g., tamoxifen, raloxifene), the estrogen receptor (ER) antagonists
(e.g., fulvestrant) and, the aromatase inhibitors, including the reversible nonsteroidal agents (e.g.,
letrozole, anastrozole), or the irreversible steroidal inactivator (e.g., exemestane), has been used for
decades to treat ER positive breast cancer (Figure 1) [4]. Tamoxifen is the first SERM approved for
the treatment of breast cancer and effectively demonstrated in the reduction of the recurrence and
prevention of contralateral breast cancer. However, primary or acquired resistance frequently arises
and becomes the major obstacle in hormone therapy, which indicates a more complex receptor and
signaling pathways involved in the cancer progression. The G-protein coupled estrogen receptor (GPER),
originally known as GPR30, a seven transmembrane domain protein, is an alternate estrogen receptor
with a structure distinct from the two canonical estrogen receptors, ERα and ERβ mainly mediate a rapid
non-genomic response [5–10]. This is expressed in about 50% to 60% of breast cancer tissues and has been
reported as a modulator of neoplastic transformation (Figure 2) [11–25]. Paradoxically, the modulators or
antagonists of the classical estrogen receptors such as tamoxifen, raloxifene, and fulvestrant, were found
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to be the GPER agonists [24]. The expression of GPER has been presumed to be associated with the
development of tamoxifen resistance [26–32]. In breast cancer patients treated with tamoxifen, there is
an increased risk of developing endometrial cancer and often has a poor clinical outcome. GPER was
also supposed to mediate the contrary tissue-specific effect [33,34].

Figure 1. Structures of the representative GPER agonists and antagonists. 17β-estradiol is one of the
major physiological forms of estrogen. Tamoxifen is both a selective estrogen receptor modulator and
an agonist for the GPER. Bisphenol A is a xenoestrogen. Fulvestrant is a selective estrogen receptor
downregulator (ER antagonist) and an agonist for the GPER. G-1 is a selective GPER agonist, whereas
G15 is a selective GPER antagonist. Abbreviation: ER, estrogen receptor; GPER, G-protein coupled
estrogen receptor.

Figure 2. Representative case of archival, paraffin-embedded breast ductal carcinoma stained with
polyclonal GPER1 antibody (Sigma-Aldrich, 1:50 dilution) showed focal, weak membranous and
cytoplasmic expression. (A) original × 200; and (B) original × 400.

On the other hand, triple-negative breast cancer (TNBC), defined as a lack of ERα, progesterone
receptor (PR), or the overexpression of human epidermal growth factor receptor 2 (HER2/neu),
constitutes 15% to 20% of breast cancers. It is more prevalent in younger women and is frequently
present at a more advanced stage with a more aggressive behavior. Lacking a well-defined receptor and
signaling pathway, chemotherapy remains the treatment of choice but with a higher rate of recurrence.
GPER is prevalent in TNBC and presumed to be involved in the growth of TNBC. It can be considered
as a candidate of therapeutic target [35–40].

The endocrine disruptive chemicals, such as bisphenol (Figure 1) and thiodiphenol, at the
environmentally relevant doses may exert effects through the GPER and estrogen-like signaling
pathways, contribute to breast cancer progression, and drug resistance in both the ERα-positive and
-negative breast cancer cells [41–45].

The epidermal growth factor receptor (EGFR) activation is a common and important event in the
pathogenesis and progression of breast cancer. The EGFR transactivation by estrogen via the GPER has
been proposed as an alternate signaling pathway with a potential significance for breast cancer [46–54].
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However, contradictory results have existed regarding the response of GPER to
estrogens/antiestrogens and the effect of GPER agonist/antagonist on the proliferation, migration and
invasion of the breast cancer cells [55–65]. There were controversies on the subcellular localization
of GPER and its function, proliferative or pro-apoptotic. Therefore, the role of GPER in ERα positive
breast cancer and TNBC remains unclear.

In the following, updated evidence about the GPER in breast cancer were examined. Future
epidemiology and laboratory studies, which may be helpful to elucidate the role of the GPER,
were proposed.

2. G-Protein Coupled Estrogen Receptor Expression in Breast Cancer

The significance of GPER in human breast cancer was evaluated by comparing its relationship to
ER, PR, and the cancer progression variables through immunohistochemical analysis [15]. A significant
association between the GPER and ER was observed. GPER was positively correlated with the
HER2/neu expression, tumor size, and metastasis. The distinct patterns of the GPER and ER in
association with the cancer progression variable supported that the GPER and ER have independent
influences on the estrogen responsiveness of breast cancer. The association between GPER expression
and tamoxifen resistance was later confirmed [27]. The GPER was negatively correlated with
relapse-free survival in patients only treated with tamoxifen. Multivariate analysis revealed that the
GPER expression was an independent prognosticator for a poor outcome. In a study of postmenopausal
lymph node negative breast cancer patients, the absence of the plasma membrane GPER predicted
a 91% 20-year distant disease-free survival, as compared to 73% in the presence of GPER for the
tamoxifen-treated ER-positive and PR-positive subgroup [20]. The GPER overexpression and plasma
membrane localization are critical events in breast cancer progression. GPER was also prevalent in the
TNBC, and the GPER expression was associated with a younger age and a more aggressive disease [37].

As compared with the corresponding primary tumors in the same patients, GPER expression in
the recurrent tumors or metastases significantly increased under the tamoxifen treatment [27,28].

The tissue microarrays from the formalin-fixed, paraffin embedded samples of the primary
invasive breast carcinomas suggested that the predominantly cytoplasmic or nuclear GPER
expression were two distinct immunohistochemical patterns and may reflect different biological
features [19]. Cytoplasmic GPER expression was associated with non-ductal histology, lower stage,
more differentiation, and better overall survival, whereas the nuclear GPER expression was associated
with poor differentiation and TNBC. In the breast cancer cell lines, confocal microscopy revealed the
different GPER expression patterns. The T47D cells had a strong GPER expression, predominantly
localized in the cytoplasm. The MCF-7 cells showed a less strong GPER expression and a mainly
nuclear distribution. No distinct plasma membranous expression was observed.

Briefly, GPER was prevalent in the ERα positive breast cancer and TNBC. The GPER was
a prognosticator for a poor outcome. There was a higher GPER expression in the re-biopsy specimen of
tamoxifen resistant ERα positive breast cancer and chemotherapy refractory TNBC than the primary
tumor. It should be noted that the subcellular location of the GPER may have a different prognostic
implication in breast cancer.

3. G-Protein Coupled Estrogen Receptor Functions in Breast Cancer

The 17β-estradiol activated the extracellular regulated protein kinase 1/2 (ERK1/2), not only in
the ERα-positive and the ERβ-positive MCF-7 cells, but also in the ERα-negative and the ERβ-negative
SkBr3 cells [47]. Immunoblot analysis showed that this estrogen response was associated with the
presence of the GPER protein in these cells. The ERα-negative, ERβ-positive MDA-MB-231 cells
are GPER deficient and insensitive to ERK1/2 activation by E2. Transfection of the MDA-MB-231
cells with a GPER complementary DNA resulted in the overexpression of a GPER protein and
conversion to an estrogen-responsive phenotype. In addition, the GPER-dependent ERK1/2 activation
could be triggered by the ER antagonist, fulvestrant. The E2 signaling to the ERK1/2 occurred via
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a Gβγ-dependent, pertussis toxin-sensitive pathway. The β and γ subunits of the G protein activate the
steroid receptor coactivator (SRC) tyrosine kinase, which binds to the integrin ανβ1 through the SHC
adapter protein (Figure 3). The complex activates the matrix metalloproteinase, which then cleaves
the pro-heparin-binding EGF-like growth factor and releases the heparin-binding EGF-like growth
factor (HB-EGF) into the extracellular space. The free HB-EGF then transactivates the EGFR. The E2

signaling to the ERK1/2 could be blocked by down-modulating the HB-EGF from the cell surface
with the diphtheria toxin mutant, CRM-197, neutralizing the HB-EGF with antibodies, or inhibiting
the EGFR tyrosine kinase activity. ER-negative breast cancers that continue to express GPER may use
estrogen to drive the EGFR-dependent cellular responses [47,50,51]. The crosstalk between the GPER
and the EGFR was confirmed in the tamoxifen-resistant ERα positive cell, TNBC, and cancer-associated
fibroblast (CAF), respectively (Table 1) [26,28,38,66,67].

Table 1. G-protein coupled estrogen receptor (GPER) as a prognosticator in breast cancer cell lines
and tissues.

References Materials Methods
Subcellular

Localizations
Effects on Tumor

Tamoxifen-resistant ERα positive cells

Ignatov 2010 [26] MCF-7, TAM-R MCF-7 Western blot membrane/endoplasmic
reticulum promoting

Ignatov 2011 [27] TAM-R cancer tissue immunohistochemistry nucleus/cytoplasm promoting

Mo 2013 [28]
MCF-7, TAM-R MCF-7 immunohistochemistry

membrane/cytoplasm promotingTAM-R cancer tissue immunofluorescence
TAM-R mouse xenograft RT-PCR, Western blot

Chen 2014 [29] MCF-7, SkBr3 cells qRT-PCR, Western blot non-specified promoting

Catalano 2014 [30] MCF-7, TAM-R MCF-7, SkBr3, CAF RT-PCR, Western blot for
aromatase activity non-specified promoting

Triple-negative breast cancer cells

Lappano 2010 [35] MCF-7, SkBr3 RT-PCR, Western blot non-specified promoting

Girgert 2012 [36] MDA-MB-435, HCC1806 RT-PCR, Western blot non-specified promoting

Steiman 2013 [37] TNBC cancer tissue immunohistochemistry non-specified promoting

Yu 2014 [38]
MDA-MB-468, MDA-MB-436 immunohistochemistry

nucleus/cytoplasm promoting
TNBC cancer tissue

immunofluorescence
RT-PCR, Western blot

Zhou 2016 [39] SkBr3, MDA-MB-231
Western blot nucleus/cytoplasm promoting

immunofluorescence

Albanito 2008 [40] SkBr3, BT20
RT-PCR, Western blot nucleus/cytoplasm promoting
immunofluorescence

Cancer-associated fibroblast

Luo 2014, 2016 [66,67]
CAFs isolated from surgical RT-PCR, Western blot nucleus/cytoplasm promoting

specimens immunofluorescence

Conflicting results

Broselid 2013 [55]
ER-(+) cancer tissue RT-PCR, Western blot

non-specified suppressiveMCF-7 ± GPER knockdown
immunofluorescenceT47D, HEK ± GPER

Poola 2008 [56] ER-(+)&(−) cancer tissue qRT-PCR non-specified suppressive

Kuo 2007 [57] ER-(+)&(−) cancer tissue qPCR non-specified suppressive

Filardo 2002 [58] MCF-7, SkBr3, MDA-MB-231 Western blot non-specified suppressive

Ariazi 2010 [59]
ER-(+)/(−) cancer microarray RT-PCR, Western blot non-specified suppressive

MCF-7, SkBr3 Ca2+ imaging

Weißenborn 2014 [60] MCF-7, SkBr3
RT-PCR, Western blot

non-specified suppressivemethylation PCR
bioinformatic

Weißenborn 2014 [61] MDA-MB-231, MDA-MB-468
RT-PCR, Western blot

non-specified suppressivemethylation PCR
bioinformatic

Chen 2016 [62]
MDA-MB-231 qRT-PCR, Western blot

nucleus/cytoplasm suppressiveTNBC cancer tissue
immunofluorescenceMDA-MB-231 mice xenograft

Liang 2017 [63]
MDA-MB-231 qRT-PCR, Western blot

nucleus/cytoplasm suppressiveTNBC tissue microarray
immunofluorescenceMDA-MB-231 mice xenograft

Okamoto 2016 [64] SkBr3 cells qRT-PCR, Western blot non-specified suppressive

ER, estrogen receptor; TAM-R, tamoxifen-resistant; TNBC, triple-negative breast cancer; CAF, cancer-associated
fibroblast; qRT-PCR, quantitative RT-PCR.
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Figure 3. Model of estrogen signaling pathways in cancer. 17β-estradiol (E2) activates ERα or ERβ
to induce the receptor dimerization, and subsequently acts as a transcription factor or interacts with
other transcription factors binding to the promoter region of the target genes. E2, tamoxifen (TAM) or
G1 activate the G-protein Coupled Estrogen Receptor (GPER) distributed in the nucleus, cytoplasm,
and plasma membrane. Activation of GPER located in the plasma membrane stimulates steroid receptor
coactivator (SRC) through a Gβγ-subunit protein pathway. The β and γ subunits of the G protein
activate the SRC tyrosine kinase, which binds to the integrin ανβ1 through the SHC adapter protein.
The complex activates the matrix metalloproteinase (MMP), which then cleaves the pro-heparin-binding
EGF-like growth factor (proHB-EGF) and releases the heparin-binding EGF-like growth factor (HB-EGF)
into the extracellular space. The free HB-EGF then transactivates the epidermal growth factor receptor
(EGFR). Phosphorylation of EGFR in turn activates the downstream pathways, which can induce
rapid non-genomic effects, or genomic effects regulating different genes transcription and leads to
cell survival and proliferation. On the other hand, through GPER, E2, tamoxifen or G1 is able to
stimulate the adenylyl cyclase activity through a Gα-subunit protein pathway, which then leads to the
protein kinase A (PKA)-mediated suppression of the EGFR-induced ERK activity. Thus, via the GPER,
E2, tamoxifen or G1 may balance the ERK activity by stimulating two distinct G-protein signaling
pathways that have opposing effects on the EGFR-to-MAPK axis. Long-term tamoxifen treatment
could sensitize the cancer cells through E2-stimulated upregulation of GPER and translocation from
the endoplasmic reticulum to the plasma membrane.
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3.1. Tamoxifen-Resistant ERα Positive Cells

The tamoxifen-resistant cells, TAM-R, exhibited an enhanced sensitivity to the E2 and the
GPER-specific agonist, G1 (Figure 1), when compared to the parental MCF-7 cells [26,28]. Tamoxifen
was able to stimulate the mitogen-activated protein kinase (MAPK) phosphorylation and cell growth
in the TAM-R cells, and the effects were abolished by the GPER antagonist, G15 (Figure 1), the GPER
anti-sense oligonucleotide, the selective SRC inhibitor PP2, and the EGFR inhibitor AG1478. The basal
EGFR expression was only slightly elevated in the TAM-R cells, and the basal GPER expression,
phosphorylation of the Ak strain transforming murine thymoma viral oncogene (AKT), and the MAPK
remained unchanged when compared to the parental cells. Continuous treatment of the MCF-7
cells with G1 mimics the long-term treatment with tamoxifen and drastically increases its agonistic
activity. Interestingly, the estrogen treatment significantly increased the GPER plasma membrane
translocation, which was stronger in the TAM-R cells. The GPER plasma membrane translocation
facilitated the crosstalk with the EGFR. The results have suggested the importance of the GPER and
EGFR transactivation in the development of tamoxifen resistance. Combined therapy with the G15
and tamoxifen promoted apoptosis in a TAM-R xenograft and inhibited the drug-resistant tumor
progression. The GPER activation led to the nuclear translocation of the forkhead box O3a, FOXO3a,
and the down-regulation of caspase 3 and caspase 7 via the phosphoinositide 3-kinase (PI3K)/AKT
pathway in the MCF-7 cells [52].

3.2. Triple-Negative Breast Cancer Cells

The GPER was strongly expressed in the TNBC cell lines, MDA-MB-468, and MDA-MB-436 [38].
Treatment with E2, tamoxifen, and the GPER-specific agonist, G1 led to the rapid activation of ERK1/2,
but not AKT. The estrogen/GPER/ERK signaling pathway was involved in the increased cell growth,
survival, migration, and invasion through upregulating the expression of cyclin A, cyclin D1, Bcl-2,
and c-fos that were associated with the cell cycle, anti-apoptosis, and proliferation, respectively.
Pretreatment with the GPER antagonist, G15, AG1478, the ERK1/2 inhibitor, U0126, or the transfection
with the siRNA against the GPER could abolish the effects. Immunohistochemical analysis of the
TNBC specimens showed a significantly stronger staining of the p-ERK1/2 in the GPER-positive
tissues than the GPER-negative tissues [38]. The positivity of the GPER and p-ERK1/2 displayed
a strong association with the large tumor size and advanced stage, indicating that the GPER/ERK
signaling might also contribute to the tumor progression in the TNBC patients, which correlated
with the in vitro experimental results. 17β-estradiol and 4-hydroxytamoxifen also increased the
proliferation of another two TNBC cell lines, MDA-MB-435 and HCC1806, which was completely
prevented by being transfected with siRNA against the GPER [36]. The increased activity of the SRC
kinase, EGFR transactivation, and c-fos expression, was also abolished after the knock-down of the
GPER expression.

3.3. Cancer-Associated Fibroblasts

The GPER was expressed in the stromal fibroblasts of the primary breast cancer tissues, and the
CAFs isolated [66,67]. Tamoxifen, in addition to E2 and the G1 activated GPER, resulted in the transient
increases in the cell index, intracellular calcium, ERK1/2 phosphorylation, and promoted the CAF
cell cycle progression, proliferation, and migration. These effects were blocked by the G15, AG1478,
and U0126. Importantly, tamoxifen, as well as G1, increased the E2 production in the breast CAFs
via the GPER/EGFR/ERK signaling pathway when the substrate of E2, testosterone, was added to
the medium. The GPER-mediated CAF-dependent estrogenic effects in the tumor-associated stroma
are more likely to contribute to breast cancer progression, especially in the tamoxifen resistance,
via a positive feedback loop involving the GPER/EGFR/ERK signaling pathway and E2 production.

17β-estradiol and G1 triggered the GPER/EGFR/ERK/c-fos signaling pathway that led to
an increased vascular endothelial growth factor (VEGF) via the upregulation of the hypoxia-inducible
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factor-1α (HIF1α) in the ER-negative breast cancer cells and the CAFs [53]. The conditioned
medium from the CAFs treated with E2 and G1 promoted the human endothelial tube formation
in a GPER-dependent manner. In the mice breast cancer xenograft model, GPER activation
enhanced the tumor growth and the expression of HIF1α, VEGF, and the endothelial marker, CD34.
Fatty acid synthase catalyzes the de novo biogenesis of the fatty acids and acts as a metabolic
oncogene. 17β-estradiol and G1 regulated the fatty acid synthase expression and activity through
the GPER/EGFR/ERK/c-fos/activator protein 1 (AP-1) signaling pathway in the SkBr3 cells and
CAFs [54].

In summary, E2, tamoxifen, and G1 upregulate estrogen production, increase GPER expression
and plasma membrane translocation, and stimulate the proliferation, migration, invasion of breast
cancer cell lines, and cancer-associated fibroblasts. Pretreatment with the GPER antagonist, G15 or
transfected with siRNA against GPER attenuates the effects. The tumor promoting effects of the GPER
operate through the EGFR transactivation and related signaling pathways.

3.4. Controversies about G-Protein Coupled Estrogen Receptor Function in Breast Cancer

Contrary to the majority of studies that have reported a tumor promoting effect of GPER activation
in breast cancer, several studies have demonstrated that GPER functions as a tumor suppressor and
induces apoptosis (Table 1) [55–65].

The GPER expression by immunohistochemistry had been reported as a prognosticator for
the increased distant disease-free survival in patients with ER-positive breast cancer treated
with tamoxifen [55]. A constitutive GPER-dependent pro-apoptotic signaling was proposed.
The GPER expression at mRNA levels was significantly down-regulated in both the ERα-positive
and ERα-negative breast cancer tissues in comparison with their matched normal tissues, and
significantly lower in tumor tissues from the patients who had lymph node metastasis than those
without [56]. The tumor samples from 118 Taiwanese patients with infiltrating ductal carcinoma
of the breast had a lower GPER expression at the mRNA level than that in non-tumor mammary
tissues [57]. The correlation of the GPER expression with clinical parameters and patient survival was
not significant.

Filardo et al., suggested that via the GPER, estrogens as well as antiestrogens, were capable
of stimulating the adenylyl cyclase activity and increasing the cAMP concentration, which in turn,
led to the PKA-mediated suppression of the EGFR induced ERK1/2 activity (Figure 3) [58]. Thus,
via the GPER, estrogen may balance ERK1/2 activity by stimulating two distinct G-protein signaling
pathways that have opposing effects on the EGFR-to-MAPK axis. The other study concurred with the
observation that the reduced cAMP generation attenuated the inhibition of EGFR signaling [28].

The GPER functions promoted the SkBr-3 but inhibited the MCF-7 cellular proliferation. An ER-
and [Ca2+]-dependent negative feedback was proposed for the difference [59]. 17β-estradiol is known
to downregulate the ERα expression in the MCF-7 cells as a negative feedback regulatory loop to
prevent overexpression. Likewise, the GPER may also be negatively regulated by E2 via the ER to
prevent an excessive GPER-dependent activity, such as being aberrantly high [Ca2+]. The maximum
increases in [Ca2+] were much larger in the SkBr-3 cells than in the MCF-7 cells. It is possible
that this was due to the lack of ERs in the SkBr-3 cells, which translated into a lack of negative
feedback regulation.

Proliferative results were observed with two non-specific GPER agonists, estrogen and tamoxifen,
but not with its specific agonist, G1. The G1-induced inhibitory effect was specific for the GPER
expressing cells [60,61]. Radiation induced different changes in the GPER expression among the breast
cancer cells; upregulated in the MDA-MB-231 and the MDA-MB-468 cells and down-regulated in the
MCF-7 cells. They proposed that it was linked to the form of the p53 protein expressed in each cell.
While the MDA-MB-231 and the MDA-MB-468 cells express a non-functional p53 gene, the MCF-7
cells have normal wild-type p53. A feedback mechanism exists between the expression of p53 and

66



Int. J. Mol. Sci. 2019, 20, 306

GPER. The GPER activation increases the p53 expression, which in turn down-regulates the expression
of the GPER [61].

The activation of the GPER suppresses the epithelial mesenchymal transition, migration,
and angiogenesis of the TNBC via the nuclear factor-kappa B (NF-κB) signals [62,63]. The GPER
also inhibits the tumor necrosis factor alpha-induced expression of interleukin 6 through the repression
of the NF-κB promoter activity in the SkBr3 cells [64].

Further studies are therefore necessary to define the role of the GPER, proliferative or
pro-apoptotic in breast cancer.

4. G-protein Coupled Estrogen Receptor Knockout Mice

In contrast with the pharmacological methods, the GPER knockout more clearly understands the
GPER function through targeted gene deletion or disruption [17]. Four GPER knockout mice have been
reported [68–71]. Among them, three have the whole GPER coding region deleted, and the fourth with
the C-terminal portion of the GPER remaining. Although the GPER was also distributed in normal
breast tissues, histopathological analysis did not reveal any abnormalities in the GPER-knockout
mice [68]. Mammary gland responses after estradiol with/without progesterone treatment were also
unimpaired in the GPER knockout mice. The GPER knockout mice did not show overt phenotypes
in viability or reproductive function, but some functions of estrogen have been absent in the GPER
knockout mice that support the GPER as a physiologically relevant estrogen receptor [17,68–72]. In the
only study of breast cancer, the GPER knockout in the polyoma middle T antigen-mouse mammary
tumor virus transgenic mice revealed smaller tumors and reduced metastasis [18].

5. Interactions between Cancer Cells and Cancer-Associated Fibroblasts through G-Protein
Coupled Estrogen Receptor

An increased aromatase expression and activity was found in the tamoxifen resistant breast
cancer cells [30]. Knocking-down the GPER expression reversed the enhanced aromatase levels.
In the ER-negative, GPER/aromatase-positive SkBr3 cells, tamoxifen acted as a GPER agonist.
The tamoxifen treatment increased the aromatase expression through an enhanced recruitment of the
c-fos/c-jun complex to the AP-1 responsive elements located within the promoter region. Tamoxifen
also induced aromatase expression via the GPER in the CAFs. The increased estrogen production in
the microenvironment may well lead to a more aggressive behavior of breast cancers.

On co-culturing the CAFs with the breast cancer cells, a significant GPER translocation from the
nucleus to the cytoplasm was observed in the CAFs, similar to that observed in the stromal fibroblast
in the breast cancer tissues, indicating that the cancer cells may affect the subcellular localization
of the GPER in the CAFs. CRM1, a nuclear export protein, and activated PI3K/AKT signaling
pathway are involved in the cytoplasmic GPER translocation in the CAFs, which in turn activates
a novel estrogen/GPER/cyclic AMP (cAMP)/protein kinase A (PKA)/cAMP response element binding
protein signaling pathway, and triggers aerobic glycolysis in the CAFs [73]. The glycolytic CAFs feed
pyruvate and lactate to cancer cells to undergo oxidative phosphorylation and contribute to drug
resistance. The stromal GPER-mediated drug resistance from the reprogramming of the tumor energy
metabolism, i.e. the “reverse Warburg effect”, provided the rationale for the CAFs as a promising
target for therapy [74,75]. The different subcellular location of the GPER in the breast CAFs may have
biological implications [76]. Targeting the cytoplasmic GPER in the CAFs may restore the response to
treatments in both the ER-positive and -negative breast cancers.

6. Future Perspectives in the Study of the G-Protein Coupled Estrogen Receptor in Breast Cancer

The inconsistent observations among these studies could be attributed to the usage of the
different subtypes of breast cancer samples and the different subcellular localization of the GPER [60],
the difference of the cell types and treatment conditions, and the specificities of the agonist [61].
The specificity of the GPER antibodies used in the immunohistochemistry and Western blot may
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affect the staining patterns of the GPER [77]. The epigenetic of GPER, tumor microenvironment,
and hormone levels also affected the results [65].

Systemic approaches via epidemiology and laboratory studies are necessary to confirm the role
of GPER in breast cancer in the future. ERα positive breast cancer and TNBC need to be studied
separately. What is the true prevalence of GPER in the ERα positive breast cancer and the TNBC,
respectively? The GPER expression of the archival tissue in both tumor and associated stroma should
be measured by a unified scoring system including the staining intensity and the proportion of positive
cancer cells, as per the Allred scoring for ER [78]. The subcellular location of the GPER, i.e. nucleus,
cytoplasm, and plasma membrane, also need be notified to clarify the implication of the translocation
and its role in the prognosis.

The GPER expression needs to be compared between the tumors and their matched normal tissues.
The association of GPER with the ERα, PR, HER2/neu, and the correlations with the clinic-pathologic
variables and survival also need to be investigated. In addition to stage, histology, and ER, PR,
HER2/neu status, the smoking history, and menopausal status should be included in a multivariate
survival analysis to determine as to whether the GPER is an independent prognosticator. Does high or
low GPER expression before treatment predict the development of tamoxifen resistance or refractory
TNBC? Pairwise comparison of the GPER expression by immunohistochemistry between the archival
tissues of the treatment-naïve and re-biopsy specimen of tamoxifen resistant ERα positive breast cancer
or the chemotherapy refractory TNBC, will help to better understand whether the GPER becomes
predominant during treatment.

The baseline GPER expression in the ERα positive, tamoxifen-resistant ERα positive, TNBC cell
lines, and the CAFs, their differences including the subcellular location, the estrogen production
including the aromatase activity, the subsequent GPER expression, and the effects, i.e. proliferation,
migration, invasion after treatment with E2, tamoxifen and G1, and whether the effects are abolished by
pretreatment with G15 or siRNA against the GPER will help to confirm the role of GPER. The differences
between the effects of E2, tamoxifen and G1 should also be observed for the receptor specificity.
Immunofluorescent microscopy may be used to observe the cell surface translocation of the GPER,
which facilitates the crosstalk with EGFR. In addition to the ERK signaling pathway, is the AKT
pathway involved in the GPER-EGFR transactivation [38]? The reciprocal changes of the GPER
expression, the biomarkers for the “reverse Warburg effect”, and the lactate shuttle such as the
mono-carboxylate transporters 4, and the mitochondrial activities in the cancer cell lines and the CAFs,
on treatment with E2, tamoxifen, or G1 also deserve to be studied, to explore the role of the metabolic
coupling that occurs between the CAFs and the cancer cells.

For the reported anti-proliferative and pro-apoptotic effects of the GPER activation in the literature,
the stimulation of the adenylyl cyclase to increase the intracellular cAMP or intracellular Ca2+

mobilization as a second messenger, and the pro-apoptotic signaling, measured by the increased
cytochrome C release, caspase-3 cleavage, poly(ADP-ribose) polymerase, PARP cleavage, and the
decreased cell viability after treatment with estrogen, tamoxifen, G1, or G15, could be correlated to
understand the regulatory mechanism [58]. In contrast with the chronic exposure at a low nanomolar
dosage, the higher bisphenol concentration in the micromolar exerts an anti-proliferative effect on the
cancer cells in spite of the activation of the EGFR/ERK signaling pathway. An increased expression
of p53 and its phosphorylation was observed. Therefore, we need to investigate whether the GPER
effects are modified by the simultaneous p53 activation [79].

Several other signaling pathways, such as HIPPO, NOTCH, and target genes and proteins, such as
SNAIL, β1-integrin, focal adhesion kinase, calpain, and connective tissue growth factor, have been
reported to be involved in the GPER-mediated breast cancer progression [29,80–83]. The microRNAs
target numerous genes and are involved in cancer progression. GPER is an important regulator of
microRNAs. In the MCF-7 and MDA-MB-231 cells, the GPER activation down-regulated the miR-148a
and caused an increase in the human leukocyte antigen-C expression that led to the cancer cells
escaping from immune surveillance and allowed cancer progression [84]. In the SkBr-3 cells and

68



Int. J. Mol. Sci. 2019, 20, 306

CAFs, the GPER activation up-regulated the miR-144, which in turn inhibited the tumor suppressor
runt-related transcription 1 factor, and increased the cell cycle propagation [85]. Systemic studies of
microRNA expression are needed to better define the regulations by the GPER and their effects.

To include GPER in the functional screens for genes contributing to tamoxifen resistance in breast
cancer cells and the usage of novel technology, e.g., DNA microarray, and proteomic analysis may help
to investigate the association [86,87]. Insulin-like growth factor-I and HIF1α were shown to increase
the GPER expression in the breast cancer cells and led to cell proliferation, migration, and tumor
angiogenesis [88,89]. The epidermal growth factor may reciprocally up-regulate the GPER to facilitate
a stimulatory role of estrogen, even in the TNBC [40]. How the GPER expression is regulated, e.g.,
through epigenetic by methylation or demethylation of the promoter, requires further studies to
understand the EGFR and GPER crosstalk [61,90].

The classical ERs do not contain a hydrophobic part that may serve as a transmembrane domain.
However, the presence of the ERs in the membrane of the somatic and cancer cells, and the rapid
non-genomic responses that occur through the membrane-bound classical ERα and ERβ have been
reported [49,91–93]. How the classical ERs translocate to the membrane [94], and the interactions
between the classical ERs and the GPER is important to understand the membrane-associated
non-genomic pathways of estrogen.

7. Conclusions

In this review, we have tried to explore the actions and to understand the molecular basis of the
agonist/antagonist mechanisms of the GPER in breast cancer with tamoxifen resistance, and TNBC
from the current epidemiology and laboratory studies. The combined non-genomic and genomic
effects of estrogen are critical for its overall function, even in the absence of ligand, and the interactions
between multiple receptors are complex [95]. Further studies will help to clarify the role of the GPER
and support it as a novel target of therapeutic strategies. GPER expression may also be valuable as
prognostic or predictive biomarkers.
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Abbreviations

AKT Ak strain transforming murine thymoma viral oncogene
AP-1 activator protein 1
CAF cancer-associated fibroblast
cAMP cyclic AMP
E2 17β-estradiol
EGFR epidermal growth factor receptor
ER estrogen receptor
ERα estrogen receptor α
ERβ estrogen receptor β
ERK extracellular regulated protein kinase
GPER G-protein coupled estrogen receptor
HB-EGF heparin-binding EGF-like growth factor
HER2/neu human epidermal growth factor receptor 2
HIF1α hypoxia-inducible transcription factor-1α
MAPK mitogen-activated protein kinase
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NF-κB nuclear factor-kappa B
PI3K Phosphoinositide 3-kinase
PKA protein kinase A
PR progesterone receptor
SERM selective estrogen receptor modulator
SRC steroid receptor coactivator
TNBC triple-negative breast cancer
VEGF vascular endothelial growth factor
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Abstract: The role of sex hormone receptors in human cancer development and progression has
been well documented in numerous studies, as has the success of sex hormone antagonists in the
biological therapy of many human tumors. In salivary gland tumors (SGTs), little and conflicting
information about the role of the estrogen receptor alpha (ERα), progesterone receptor (PgR) and
androgen receptor (AR) has been described and in most cases the use of sex hormone antagonists is
not contemplated in clinical practice. In this study, we analyzed a panel of sex hormone receptors
that have not been widely investigated in SGTs—ERα, PgR, AR, but also ERβ and GPR30—to define
their expression pattern and their prognostic and predictive value in a case series of 69 benign
and malignant SGTs. We showed the aberrant expression of AR in mucoepidermoid and oncocytic
carcinoma, a strong relation between cytoplasmic ERβ expression and tumor grade, and a strong
correlation between nuclear GPR30 expression and disease-free survival (DFS) of SGT patients.

Keywords: sex hormone receptors; salivary gland tumors; therapeutic targets

1. Introduction

Salivary gland tumors (SGT) are rare tumors, representing approximately 0.5% of all human
cancers and less than 5% of head and neck lesions [1]. The WHO classification identifies 24 different
malignant subtypes with different clinical courses and variable prognoses, mainly represented by
primary epithelial tumors that account for approximately 88% of the SGTs [2]. Mucoepidermoid tumor
(MEC), Salivary Duct Carcinoma (SDC) and adenoid cystic carcinoma (AdCC) represent the most
frequent and often the more aggressive lesions [1]. Until today, surgical excision represents the only
choice of treatment, with radio and/or chemotherapy in case of advanced disease and loco-regional
recurrences. The application of new therapeutic strategies that are mainly based on the employment of
biological drugs should be integrated into the management of these patients.

The overexpression of several sex hormone receptors, in particular, estrogen receptor alpha (ERα),
progesterone receptor (PgR), and androgen receptor (AR), suggests their fundamental role in tumor
pathogenesis and progression [3–7]. The production of sex hormone antagonists and their success
in the treatment of patients with ERα+ and PgR+ breast carcinomas and AR+ prostate carcinomas
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have also suggested the investigation of the expression of these receptors in other tumors including
SGTs [8].

Sex steroid hormones appear to play the main role in the physiology of the human oral cavity
and salivary glands. However, most of the studies focused on the expression of ERα and PR report
conflicting results. Alternatively, the expression and role of AR in SGTs are well documented [9,10].
The other estrogen receptor (ERβ) was described in salivary gland adenocarcinoma cell lines and
certain salivary gland carcinomas such as AdCC and Pleomorphic adenoma (PA) [11,12]. The structure
of ERβ is homologous to that of ERα and its DNA-binding domain is 96% conserved compared to ERα,
suggesting that ERβ could bind the same target genes [13]. Specific ERβ isoforms are able to activate
specific signal transduction pathways starting from the cytoplasm or plasma membrane, which may
explain the effect of E2 in the modulation of cytoskeletal remodeling and the migration of salivary
gland adenocarcinoma cells [14].

Whereas ERα and ERβ mediate the genomic estrogen signaling, the third membrane-bound
Estrogen Receptor GPR30 (GPER) mediates the non-genomic signaling mechanisms. Several studies
reported that the ligand activation of GPR30 signaling, coupled with the upregulation of specific
GPER genes, was involved in the proliferation of tumor cells, suggesting that GPER can contribute to
tumorigenesis [15,16]. On the role of GPR30 in SGTs, only one study showed GPR30 expression in oral
epithelia like salivary glands and tongue [17].

Overall, little information is reported in the literature on the role of ERβ and GPR30 in SGTs.
In this study, we aimed to analyze a panel of sex hormone receptors, such as ERα, ERβ, GPR30, PgR,
and AR, in a case series of 75 SGTs of different histotypes to better define their expression pattern and
their prognostic and predictive value in these tumors.

2. Results

2.1. Characteristics of SGTs Patients

In the study, only the patients with a complete panel of clinical-pathological features have been
included, while Kaplan–Meier analysis has been carried out on selected patients with clinical outcome.
The patients initially selected were 69 in number, and their samples have been included in Tissue
Micro Array (TMA), however, the number of samples evaluable for statistical elaboration ranges
from 54 to 62 cases, because of skipping cores for the different markers. The SGTs TMA was built
with 36 cases of benign tumors (pleomorphic adenoma (PA), myoepithelioma, basal cell adenoma,
Warthin tumor, and oncocytoma) and 33 cases of malignant tumors (MEC, acinic cell carcinoma (ACC),
adenocarcinoma, mixed tumor, carcinoma ex pleomorphic adenoma (Ca ex PA), AdCC, oncocytic
carcinoma and salivary duct carcinoma (SDC)). The prevalent location of these lesions is the parotid
gland. All clinical pathological information of patients is summarized in Table 1.

Table 1. Main Clinical-Pathological data.

Patient Features
Number of Patients 69

Median Age (Range) 60 (17–87) Years

Sex
Male 41 (59.4%)

Female 28 (40.6%)

Lesion
Benign 36 (52.2%)
Malign 33 (47.8%)

Site
Parotid 59 (85.5%)

SG 10 (14.5%)

Grading
G1 14 (42.4%)

G2/G3 19 (57.6%)
Benign (without grading) 36

Ki67 Score

≤5% 42 (60.9%)
>5% 20 (29%)
NA 7 (10.1%)

Cell Type Differentiation
Epithelial 38 (55.1%)

Myoepithelial 7 (10.1%)
Mixed 24 (34.8%)
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Table 1. Cont.

Patient Features
Number of Patients 69

Median Age (Range) 60 (17–87) Years

Histotype

MEC 13 (18.8%)
ACC 9 (13%)

CA ex PA 3 (4.3%)
Adenocarcinoma 2 (2.9%)

AdCC 1 (1.4%)
SDC 1 (1.4%)

Oncocytic CA 1 (1.4%)
Mixed tumor 3 (4.3%)

PA 18 (26.1%)
Warthin’s tumors 9 (13%)
Myoepithelioma 7 (10.1%)

Oncocytoma 1 (1.4%)
Basal cell adenoma 1 (1.4%)

SG: Salivary Galnd; G1: Grading 1 G2: Grading 2 G3: Grading 3; MEC: Mucoepidermoid carcinoma; ACC: Acinic
cell carcinoma; CA: Carcinoma; PA: Pleomorphic adenoma; AdCC: Adenoid cystic carcinoma SDC: Salivary
ductal carcinoma.

2.2. Immunohistochemical Expression of AR, ERβ and GPR30, and Relation with Clinical-Pathological
Features and Survival in SGTs

Little and often conflicting information about the role of sex hormone receptors in SGTs has been
provided and, consequently, the use of specific biological drugs is not usually planned for these tumor
diseases. For this reason, we analyzed a panel of sex hormone receptors in a case series of patients
with benign and malignant SGTs.

For all biomarkers, we considered both nuclear and cytoplasmic staining. Receptors ERα and PgR
are never expressed in our series, in line with the literature [18]. In detail, we detected only nuclear AR
expression in 15/61 (24%) of SGT samples in both malignant and benign SGT lesions. A total of eight
cases were not considered evaluable.

Considering the stratification of the lesions based on their cell differentiation, we detected AR
expression in 17% of epithelial SGTs, in 28% of myoepithelial lesions and in 35% of mixed SGTs.
(Figure 1A).

 

Figure 1. Schematic representation of distribution of Androgen Receptor (AR), Estrogen Receptor Beta
(ERβ) and G protein-coupled receptor 30 (GPR30 IHC) expression in salivary gland tumors (SGTs):
(A) AR, ERβ and GPR30 expression in cell differentiation SGT types (epithelial, myoepithelial and
mixed); (B) nuclear AR expression in different histotypes; (C) nuclear ERβ expression in different
SGT histotypes; (D) cytoplasmic ERβ expression in different SGT histotypes; (E) nuclear GPR30
expression in different SGT histotypes; (F) cytoplasmic GPR30 expression in different SGT histotypes.
X = SGTs histotypes; Y = number of positive samples in percentage terms.
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In the context of benign lesions, AR was mainly expressed in PA (33%) and in 28% of myoepithelioma
samples, and interestingly in 36% of MEC, in sporadic cases of Ca ex PA, and oncocytic carcinoma
(Figures 1B and 2). Their aberrant expression in malignant SGTs was sporadically reported in MEC,
a very poor prognosis tumor, and never reported for oncocytic carcinoma, suggesting the use of AR
antagonists in therapeutic strategies for these patients.

Regarding ERβ we detected nuclear expression in 21/58 (36%) of SGTs and cytoplasmic staining
in 16/58 (27%) of SGTs. We never detected nuclear and cytoplasmic ERβ co-expression. A total of
11 cases were not considered evaluable.

Regarding cell differentiation types, we detected cytoplasmic expression of ERβ in 36% of epithelial
SGTs, in 28% of myoepithelial lesions, and in 11% of mixed SGTs. Nuclear expression was present in
42% epithelial SGTs, in 38% of mixed SGTs, and never detected in myoepithelial lesions (Figure 1A).
In detail, nuclear ERβ was present in 40% of malignant lesions, mainly in 50% of MEC samples and
in 33% of ACC. Moreover, we detected ERβ nuclear expression in 25% of benign lesions, mainly
represented by PA and Warthin tumor (Figures 1C and 3). Cytoplasmic expression of ERβ was
detected in 33% of malignant lesions, mainly in 25% of MEC samples and in 33% of ACC, followed
by sporadic cases of mixed tumors and adenocarcinoma. Moreover, we detected ERβ cytoplasmic
expression in 19% of benign lesions, above all in myoepithelioma and Warthin tumors (Figures 1D
and 4). Also, in this case, the overexpression of ERβ in several malignant SGTs can suggest the
use of antagonists of estrogen receptors, with equivalent affinities for ERβ and ERα [19], in these
tumor patients.

 

Figure 2. Nuclear AR IHC staining of SGTs samples: (A) Pleomorphic Adenoma (PA); (B) Oncocytic
carcinoma; (C) Myoepithelioma; (D) Mucoepidermoid Carcinoma (MEC) (Magnification 20×).

Finally, we detected cytoplasmic staining of GPR30 in 34/62 (86%) of specimens with nuclear
co-expression in 11/62 (18%) of SGTs. A total of 7 cases were not considered evaluable.

Regarding cell differentiation types we detected cytoplasmic expression of GPR30 in 88% of
epithelial SGTs, in 85% of myoepithelial lesions and in 78% of mixed SGTs. Nuclear staining was
detected respectively in 13%, 57% and 10% of epithelial, myoepithelial and mixed SGTs (Figure 1A).
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Figure 3. Nuclear ERβ IHC staining of SGTs samples: (A) PA; (B) acinic cell carcinoma (ACC);
(C) Warthin’s tumor; (D) MEC (Magnification 20×).

 

Figure 4. Cytoplasmic ERβ IHC staining of SGTs samples: (A) ACC; (B) Myoepithelioma; (C) MEC
(Magnification 20×).

Cytoplasmic GPR30 expression was present in all cases of MEC and in most of other malignant
lesions. In benign SGTs its expression was prevalent in myoepithelioma and PA samples. (Figure 5).

 

Figure 5. Nuclear GPR30 IHC staining of SGTs samples: (A) ACC; (B) Myoepithelioma; (C) MEC
(Magnification 20×).
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The nuclear GPR30 positivity was detected in 57% of myoepithelioma and in sporadic cases of PA
and Warthin’s tumors. In malignant SGTs we detected nuclear GPR30 in 16% of MECs and in sporadic
cases of ACCs, and adenocarcinoma (Figure 6).

 

Figure 6. Cytoplasmic GPR30 IHC staining of SGTs samples: (A) PA; (B) Myoepithelioma; (C) MEC
(Magnification 20×).

For the statistical elaboration, we considered tumor grade only in malignant tumors. Based on
statistical elaboration of nuclear AR expression with the clinical-pathological features of SGTs,
we showed no statistical significance with age, gender, site location, grade, cell differentiation,
and proliferation index (Table 2). Cytoplasmic ERβ expression was significantly associated only with
tumor grade (p-value = 0.052), while no statistical association with clinical-pathological features exist
for nuclear ERβ expression. Similarly, no statistical association with clinical-pathological characteristics
exist for cytoplasmic and nuclear GPR30 expression, except a trend of statistical association between
cytoplasmic GPR30 expression and tumor grade (p-value = 0.087). All data are schematized in Table 2.
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Regarding the relation with clinical outcome of SGT patients, Kaplan–Meier curves referred to
DFS and OS are illustrated in Figures 7 and 8. We showed no statistical association with DFS and
OS for both AR and nuclear and cytoplasmic expression of ERβ. Regarding GPR30 we showed a
strong statistical significance between its nuclear expression and DFS (p-value = 0.055) (Figure 8D).
The relationship between nuclear GPR30 and DFS highlighted the never reported prognostic role of
this marker in SGTs.

 

Figure 7. (A)Kaplan–Meier plot for disease-free survival (DFS) in patients with SGT stratified by AR
IHC expression. The green line represents patients with AR nuclear positivity; (B) Kaplan–Meier
plot for Overall survival (OS) in patients with SGT stratified by AR IHC expression. The green line
represents patients with AR nuclear positivity; (C) Kaplan–Meier plot for DFS in patients with SGT
stratified by cytoplasmic ERβ IHC expression. The green line represents patients with cytoplasmic
ERβ positivity; (D) Kaplan–Meier plot for OS in patients with SGT stratified by Cytoplasmic ERβ
IHC expression. The green line represents patients with cytoplasmic ERβ positivity; (E) Kaplan–Meier
plot for DFS in patients with SGT stratified by nuclear ERβ IHC expression. The green line represents
patients with nuclear ERβ positivity; (F) Kaplan–Meier plot for OS in patients with SGT stratified by
nuclear ERβ IHC expression level. The green line represents patients with nuclear ERβ positivity.
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Figure 8. (A) Kaplan–Meier plot for disease-free survival (DFS) in patients with SGT stratified by
Cytoplasmic GPR30 IHC expression. The green line represents patients with Cytoplasmic GPR30
positivity; (B) Kaplan–Meier plot for overall survival (OS) in patients with SGT stratified by GPR30 IHC
expression. The green line represents patients with Cytoplasmic GPR30 positivity; (C) Kaplan–Meier
plot for DFS in patients with SGT stratified by Nuclear GPR30 IHC expression (p-value = 0.055).
The green line represents patients with Nuclear GPR30positivity; (D) Kaplan–Meier plot for OS in
patients with SGT stratified by Nuclear GPR30 IHC expression. The green line represents patients with
Nuclear GPR30 positivity.

3. Discussion

In recent years, many studies have focused on the expression of sex hormone receptors in human
cancer and on the mechanisms through exerting their actions and influence the progression of tumor
diseases. Moreover, the development of sex hormone antagonists and their successful employment in
biological therapies for several tumors has suggested the evaluation of their expression and/or activity
in different cancer types. However, in SGTs there is fragmentary and often conflicting information
about the role of sex hormone receptors, and, for this reason, the use of biological drugs is not
contemplated in clinical practice in the majority of the cases.

In our study, we analyzed a case series of patients with benign and malignant SGTs included in a
TMA and correlated their expression with clinical-pathological parameters and outcomes.

In our SGT case series, we have never detected the expression of ERα and PgR. In literature, whereas
benign salivary glands tumors were negative for hormone receptors expression [20], widely disparate
results about ERα and PR expression in various malignant SGTs have been reported. Early studies
showed immuno-positivity of ERα in 8% of SDC, with a total absence of PgR expression [21], a marked
expression of PgR and absence of ERα expression in AdCC [22,23], while sporadic cases of ACC and
MEC showed a positivity for both receptors [24]. Another study has described the absence of ERα
expression both in AdCC and MEC [25]. More recent studies described ER and PgR positivity in only a
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few cases [20] while, as in our case, a large case series (139 salivary glands tumors) study never detected
ERα and PgR positivity [18].

Regarding AR expression, we detected nuclear AR expression mainly in several benign lesions
such as PA and myoepithelioma, but the aberrant AR expression was also identified in several
malignant lesions. Whereas AR expression was abundantly documented in Ca ex PA, our data also
showed the interesting expression in many cases of MEC and oncocytic carcinoma.

A rich literature documented the expression and the role of AR in salivary glands tumors.
Early studies described a very high IHC AR expression in SDC [9,10] with a more significant expression
in men (79%) than in women (33%) [26]. Little information is available in literature about the role of
AR in other SGTs. The absence of its expression was reported in AdCC, MEC, and ACC [27]. In PA a
focal immunohistochemical expression of AR was described [28], while its expression was detected in
90% of Ca ex PA, suggesting an AR role in malignant tumor evolution [29].

Concerning the therapeutic potential of anti-AR drugs, several studies reported the benefits
of anti-androgen therapy, in particular in the SDC histotype. In a series of 10 patients with an
overexpression of AR, 50% of them was enormously benefited from treatment with bicalutamide [30].
Our data, in particular the aberrant expression of AR in several MEC and oncocytic carcinoma could
suggest the potential use of anti-AR drugs also in these tumor types.

Regarding ERβ expression, we detected its positivity both at nuclear and cytoplasmic level with a
prevalent expression in epithelial malignant lesions such as MEC samples and ACC, while myoepithelial
lesions never present ERβ nuclear expression.

Expression of ERβ was reported at high levels in oral tissues, mainly in keratinocytes and salivary
gland acinar and ductal cells [31]. Overexpression of ER-β was described in four cases of pediatric
MEC and in ACC cell line [32], while nuclear overexpression of ER-β was detected also in 71% of
ACC FPPE tissues, with the average expressions higher in women, and in the cases with a cribriform
architecture [11]. ERβ was also detected in several cases of PA of the salivary gland [12].

Several studies showed that antagonists of estrogen receptors, can have therapeutic effects in
preclinical models, in particular in ERβ+ TNBC models. Oral estradiol, approved for treatment of
metastatic breast cancer has equivalent affinities for ERβ and ERα [19]. In fact, ERβ can bind other
ligands with rather higher affinity than ERα, such as 4-hydroxytamoxifen, the phytoestrogen genistein,
and, testosterone derivatives, 3βAdiol [33]. This suggests the possibility of its use to target ERβ
in TNBC [29] but also in other ERα+ tumors. Moreover, several studies showed that higher ERβ
expression was an independent predictor of better tamoxifen response [34,35] and overexpression of
ERβ1 was also associated with increased sensitivity to 4-hydroxytamoxifen [36].

In our SGTs case series, while the nuclear ERβ expression does not appear to be associated
with clinical outcomes, cytoplasmic ERβ staining showed a strong association with tumor grade,
highlighting its strong prognostic value. It was reported that different ERβ variant isoforms can be
localized in the cytoplasm and plasma membrane, showing variable expression in cancer tissues and
influencing cancer progression and response to therapy [37]. Our results suggest that cytoplasmic
ERβ signaling in SGTs may be more important for patient outcome than its nuclear signaling. This is
probably due to ERβ2 isoform which is already documented to be strongly related to poorer prognosis
in breast cancer [38]. Several studies showed the same findings in other tumor types, such as ovarian
cancer, squamous cell carcinoma [39,40]. For these tumors, the use of estrogen receptor antagonists
could be suggested in clinical practice.

Only one study in the literature reported the expression of GPR30 in oral tissues [20]. GPR30 (GPER),
as a 7-transmembrane GPCR and is predominantly, though not exclusively, localized on intracellular
membranes, particularly on those of the endoplasmic reticulum and Golgi apparatus [41] in several
tissues such as reproductive tissues, heart, intestines, ovary, CNS, pancreatic islets, adipose tissue,
skeletal muscle, liver, neurons, and inflammatory cells [42].

We detected its cytoplasmic staining in most SGT specimens, particularly in MEC. Furthermore,
its nuclear staining was prevalent in several benign lesions but also in a discrete number of MEC
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and ACC. Cheng et al. demonstrated that retrograde transport of GPR30 from the plasma membrane
towards the nucleus occurs with a consecutive accumulation of GPR30 in the perinuclear space
followed by a later dispersion in the cytoplasm [43]. Recent studies showed that the different location of
GPR30—cytoplasmic and nuclear locations—can reflect distinct tumor properties in breast cancer [44],
and the lack of GPR30 expression in the plasma membrane can be associated with excellent long-term
prognosis in ERα and PgR-positive tamoxifen-treated primary breast cancer [45]. This trend reflects
our data. In fact, in our series nuclear expression of GPR30, it was statistically associated with a better
DFS in SGT patients. Although the subcellular GPR30 trafficking process (which is probably related
to a functional receptor modulation) has never been described in SGTs, we can speculate a dynamic
intracellular shift strongly related to SGT cancer progression.

A non-steroidal, high-affinity GPR30 agonist G-1 has been developed to dissect GPR30-mediated
estrogen responses from those mediated by classic estrogen receptors [46]. Moreover, several highly
selective GPR30 antagonists, such as G15 and G36, were identified [47]. In particular, G36 has a
better activity compared to G15 in a range of functional assays, both in vitro and in vivo [48]. In an
endometrial tumor cell model, G36 greatly reduces growth of estrogen-stimulated cells, suggesting
that GPR30 may play a critical role in endometrial carcinogenesis and, therefore, providing G36 as a
novel target for prognosis and treatment [49].

In conclusion, our data highlighted the aberrant expression of several sex hormone receptors,
in particular of alternative estrogen receptors, such as ERβ and GPR30 in SGTs, showing their prognostic
value and suggesting consideration of them as new biological targets.

4. Material and Methods

4.1. Patients with Salivary Glands Tumors

75 patients admitted to the National Cancer Institute “Giovanni Pascale” of Naples, between
2012 and 2017, were recruited in this study. All patients had provided written informed consent
for the use of samples according to the institutional regulations and the study was approved by the
ethics committee of the National Cancer Institute “Giovanni Pascale” and was registered “Bio-Banca
Istituzionale BBI” Deliberation (NO. 15 del, 20 Jan. 2016).

All cases have been reviewed according to WHO 2017 classification criteria [2] using standard
tissue sections. Clinic-pathological characteristics, including tumor–node–metastasis (TNM) stage,
were collected. Medical records have been reviewed for clinical information, including histologic
parameters assessed on standard H&E-stained slides.

4.2. TMA Building

A Prognostic-Tumor Array was built using 75 tumor tissue samples. H&E staining of 4 μm
TMA section was used to verify all samples. One core from tumor areas of each subtype tumor was
arrayed in a recipient block. All tumors and controls were reviewed by two experienced pathologists
(Giuseppe Pannone and Nunzia Simona Losito). Discrepancies for the same case were resolved in
a joint analysis. Tissue cylinders with a diameter of 1 mm were punched from morphologically
representative tissue areas of each “donor” tissue block and brought into one recipient paraffin block
(3 core of tissue × 1 mm) using a semi-automated tissue array (Galileo TMA CK 3500 Tissue Micro
arrayer; ISE TMA Software, Integrated System Engineering, Milano, Italy).

4.3. Immunohistochemistry Analysis

Immunohistochemical staining was carried out on slides from formalin-fixed, paraffin embedded
tissues (FPPE), in order to evaluate the expression of ERα, ERβ, GPR30, PgR, and AR. FPPE slides were
de-paraffinized in xylene and rehydrated through graded alcohols. Antigen retrieval was performed
with slides heated in 0.0.1 M citrate buffer (pH 6.0) in a bath for 20 min at 97 ◦C. After antigen
retrieval, the slides were allowed to cool. The slides were rinsed with TBS and the endogenous

86



Int. J. Mol. Sci. 2018, 19, 399

peroxidase has inactivated with 3% hydrogen peroxide. After protein block (BSA 5% in PBS 1x),
the slides were incubated with primary antibody to human ERα (Monoclonal Mouse Anti-Human
ERα, Clone ID5, dilution 1:35, Dako North America, Inc., Carpinteria, CA, USA), PR (Monoclonal
Mouse Anti-Human PR, Clone 636, dilution 1:50, Dako North America, Inc., Carpinteria, CA, USA),
Ki67 (Monoclonal Mouse Anti-Human Ki67 Ag Clone MIB-1, dilution 1:75, Dako North America, Inc.,
Carpinteria, CA, USA) for 30 min, AR (monoclonal mouse anti-human AR antibody clone AR441,
dilution 1:75, #M3562; Dako North America, Inc., Carpinteria, CA, USA), GPR30 (polyclonal rabbit
antibody, clone sc-48524-R, dilution 1:300, Santa Cruz Biotechnology, Dallas, TX, USA) and ERβ
(Monoclonal Mouse Anti-Human ERβ, clone PPG5/10, dilution 1:30, Dako North America, Inc.,
Carpinteria, CA, USA) overnight. Sections were incubated with mouse anti-rabbit or goat anti-mouse
secondary IgG biotinylated secondary antibody for 30 min. Immunoreactivity was visualized by means
of avidin–biotin–peroxidase complex kit reagents (Novocastra, Newcastle, UK) as the chromogenic
substrate. Finally, sections were weakly counterstained with hematoxylin and mounted.

4.4. Evaluation of Immunostaining

Antigen expression was independently evaluated by two experienced pathologists (GP/SL)
using light microscopy. All values of immunostaining were expressed in percentage terms of
positive cells and intensity. The percentage of positive cancer cells was evaluated in each sample
by counting the number of positive cells over the total cancer cells in 10 non-overlapping fields
using 400× magnification. The cutoff used to distinguish “positive” from “negative” cases was
≥1% ERα/PR positive tumor cells. For the proliferative index Ki67 was defined as the percentage
of immuno-reactive tumor cells out of the total number of cells. The percentage of positive cells per
case was scored according to 2 different groups: group 1: <5% (low proliferative activity); group 2:
>5% (high proliferative activity). For nuclear AR expression the cutoff used to distinguish “positive”
from “negative” cases was ≥1% AR-positive tumor cells. For ERβ expression was considered the
percentage of positive cells for both nuclear and cytoplasmic staining. For GPR30, being positive
in the most of cells for each sample, we considered the intensity of the reaction as negative, weak,
intermediate, and strong (0, 1+, 2+, 3+) (Supplementary Table S1).

4.5. Statistical Analysis

The association between ERα, ERβ, GPR30, PgR and AR expression with clinical-pathological
parameters and was conducted using the χ2 and Student’s t-test.

The Pearson χ2 test was used to determine whether a relationship existed between the variables
included in the study. The level of significance was defined as p < 0.05. Overall survival (OS) and
disease-free survival (DFS) curves were calculated using the Kaplan–Meier method with significance
valuated using the Mantel–Cox log-rank test. All the statistical analyses were carried out using the
Statistical Package for Social Science v. 20 software (SPSS Inc., Chicago, IL, USA). OS was defined
as the time from diagnosis (first biopsy) to death by any cause or until the most recent follow-up.
DFS was measured as the time from diagnosis to the occurrence of progression, relapse after complete
remission, or death from any cause. DFS had a value of zero for patients who did not achieve complete
remission. The follow-up duration was five years.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/xxx/s1.
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Abstract: Using preclinical models, we have recently found that ELK1, a transcriptional factor that
activates downstream targets, including c-fos proto-oncogene, induces bladder cancer outgrowth.
Here, we immunohistochemically determined the expression status of phospho-ELK1, an activated
form of ELK1, in upper urinary tract urothelial carcinoma (UUTUC). Overall, phospho-ELK1 was
positive in 47 (47.5%; 37 weak (1+) and 10 moderate (2+)) of 99 UUTUCs, which was significantly
(P = 0.002) higher than in benign urothelium (21 (25.3%) of 83; 17 1+ and 4 2+) and was also associated
with androgen receptor expression (P = 0.001). Thirteen (35.1%) of 37 non-muscle-invasive versus
34 (54.8%) of 62 muscle-invasive UUTUCs (P = 0.065) were immunoreactive for phospho-ELK1.
Lymphovascular invasion was significantly (P = 0.014) more often seen in phospho-ELK1(2+)
tumors (80.0%) than in phospho-ELK1(0/1+) tumors (36.0%). There were no statistically significant
associations between phospho-ELK1 expression and tumor grade, presence of concurrent carcinoma
in situ or hydronephrosis, or pN status. Kaplan-Meier and log-rank tests revealed that patients with
phospho-ELK1(2+) tumor had marginally and significantly higher risks of disease progression
(P = 0.055) and cancer-specific mortality (P = 0.008), respectively, compared to those with
phospho-ELK1(0/1+) tumor. The current results thus support our previous observations in bladder
cancer and further suggest that phospho-ELK1 overexpression serves as a predictor of poor prognosis
in patients with UUTUC.

Keywords: ELK1; immunohistochemistry; upper urinary tract urothelial carcinoma; prognosis;
androgen receptor

1. Introduction

Upper urinary tract urothelial carcinoma (UUTUC) is a relatively rare disease accounting for
only 5–10% of all urothelial carcinomas, whereas urothelial carcinoma of the urinary bladder is a
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common malignancy, especially in males [1,2]. Due to its preponderance, clinical evidence for bladder
cancer has often been applied to decision-making on UUTUC. Indeed, only a few major urological
or oncologic associations (e.g., European Association of Urology, Japanese Urological Association)
have published a guideline for UUTUC separate from that for bladder cancer [1,2]. More strikingly,
there are no prognostic markers for UUTUC available for clinical practice, while alterations in some
molecular or genetic factors, which are associated with bladder cancer and serve as its prognosticators,
are observed in UUTUC [3–5].

ELK1, as a transcription factor, is phosphorylated through activating the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathways and translocates to the nucleus,
leading to the regulation of downstream targets, including a proto-oncogene c-fos [6,7], as well as matrix
metalloproteinases (MMPs) [8,9] that contribute to tumor cell invasion. Using in vitro and in vivo
models for bladder cancer, we have recently found that ELK1 activation correlates with the induction
of cell proliferation, migration, and invasion, as well as resistance to cisplatin cytotoxicity [10,11].
Meanwhile, emerging preclinical evidence has indicated a critical role of androgen-mediated androgen
receptor (AR) signaling in the development and progression of urothelial cancer [12]. Interestingly,
ELK1 appeared to require a functional AR for inducing cell proliferation [10,11]. Indeed, in prostate
cancer cells, AR has been shown to function as a co-activator of ELK1 [13]. In surgical specimens, we
also demonstrated that ELK1 or phospho-ELK1 (p-ELK1) expression was up-regulated in bladder
cancer, compared with non-neoplastic urothelium, and that positivity of p-ELK1, but not ELK1, was
associated with the risk of recurrence of non-muscle-invasive tumors (hazard ratio (HR) = 2.829;
P = 0.056) or cancer-specific mortality in patients with muscle-invasive tumor (HR = 2.693; P = 0.021)
in a multivariate setting [11].

Thus, ELK1 has been suggested to not only promote urothelial cancer progression, but also
function as an important prognosticator for bladder cancer. By contrast, the status of ELK1 expression
in UUTUC and its prognostic significance remained uncertain. The aim of this study was to examine
the association between p-ELK1 expression and clinicopathological features of UUTUC.

2. Results

2.1. Immunoreactivity in Benign and Tumor Tissues

Using immunohistochemistry, we investigated the expression of an activated form of ELK1,
p-ELK1, in a tissue microarray (TMA) consisting of 99 UUTUC specimens, as well as 83 corresponding
normal-appearing urothelial tissue samples. Positive signals for p-ELK1 were detected predominantly
in the nuclei of non-neoplastic (Figure 1a) and neoplastic (Figure 1b) epithelial cells. The status of
p-ELK1 expression in benign versus tumor tissues is summarized in Table 1. p-ELK1 was positive in 21
(25.3%) of 83 benign urothelial tissues (17 (20.5%) weak (1+) and 4 (4.8%) moderate (2+)) and 47 (47.5%)
of 99 urothelial neoplasms (37 (37.4%) 1+ and 10 (10.1%) 2+). Thus, the rate of p-ELK1 positivity was
significantly higher in tumors than in benign tissues (P = 0.002).

Table 1. p-ELK1 expression in non-neoplastic urothelium versus urothelial neoplasm tissue specimens.

Tissue n
p-ELK1 Expression P Value

0 (%) 1+ (%) 2+ (%) 3+ (%) 0 vs. 1+/2+/3+ 0/1+ vs. 2+/3+

Normal 83 62 (74.7) 17 (20.5) 4 (4.8) 0 (0)
0.002 0.265Tumor 99 52 (52.5) 37 (37.4) 10 (10.1) 0 (0)
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Figure 1. Immunohistochemistry of p-ELK1 in normal urothelial tissue (a) and urothelial tumor
(b). A semi-quantitative analysis of p-ELK1 expression is performed by employing a combination of
staining intensity (i.e., weak (a), strong (b)) and distribution (i.e., percentage of immunoreactive cells).
Original magnification: 400×.

2.2. Immunoreactivity and Clinicopathological Features

The status of p-ELK1 expression in UUTUCs according to clinicopathological features is shown in
Table 2. The p-ELK1 expression levels tended to be elevated in muscle-invasive tumors, compared
with non-muscle-invasive tumors, but they were not statistically different between low-grade and
high-grade carcinomas. Lymphovascular invasion was significantly (P = 0.014) more often seen in
p-ELK1(2+) tumors (8 of 10 (80.0%)) than in p-ELK1(0/1+) tumors (32 of 89 (36.0%)). However, other
features, including patient age or gender, tumor laterality, presence of concurrent carcinoma in situ
or hydronephrosis, and lymph node involvement, were not significantly associated with p-ELK1
expression. As for tumor site, moderate (2+) p-ELK1 expression was marginally more often (P = 0.096)
seen in ureteral tumors, compared with renal pelvic tumors. The rates of p-ELK1 positivity in the renal
pelvic tumors, ureteral tumors, and bladder tumors were 40.0% (18 of 45), 56.0% (28 of 50), and 65.9%
(85 of 129; shown in our previous study [11]), respectively (renal pelvis vs. bladder: P = 0.003; ureter
vs. bladder: P = 0.231).

Table 2. Correlations between p-ELK1 expression and clinicopathological profile of the patients.

Parameter n p-ELK1 Expression p Value
0 (%) 1+ (%) 2+ (%) 0 vs. 1+/2+ 0/1+ vs. 2+

Age (mean ± SD; years) 99 70.0 ± 9.5 71.9 ± 7.3 68.5 ± 10.9 0.199 0.659
Gender 0.849 0.736

Male 60 28 (46.7) 25 (41.7) 7 (11.7%)
Female 39 24 (61.5) 12 (30.8) 3 (7.7)

Laterality 0.548 0.323
Right 43 21 (48.8) 16 (37.2) 6 (14.0)
Left 56 31 (55.4) 21 (37.5) 4 (7.1)

Tumor site 0.151 a 0.096 a

Renal pelvis 45 27 (60.0) 16 (35.6) 2 (4.4)
Ureter 50 22 (44.0) 20 (40.0) 8 (16.0)
Both 4 3 (75.0) 1 (25.0) 0 (0)

Tumor grade 0.273 1.000
Low-grade 15 10 (66.7) 4 (26.7) 1 (6.7)
High-grade 84 42 (50.0) 33 (39.3) 9 (10.7)

Pathologic stage 0.065 b 0.085 b

pTa 19 13 (68.4) 5 (26.3) 1 (5.3)
pT1 18 11 (61.1) 7 (38.9) 0 (0)

NMI (pTa + pT1) 37 24 (64.9) 12 (32.4) 1 (2.7)
pT2 8 1 (12.5) 6 (75.0) 1 (12.5)
pT3 48 26 (54.2) 16 (33.3) 6 (12.5)
pT4 6 1 (16.7) 3 (50.0) 2 (33.3)

MI (pT2 + pT3 + pT4) 62 28 (45.2) 25 (40.3) 9 (14.5)
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Table 2. Cont.

Parameter n p-ELK1 Expression p Value
0 (%) 1+ (%) 2+ (%) 0 vs. 1+/2+ 0/1+ vs. 2+

Concurrent CIS 0.768 0.616
No 86 46 (53.5) 32 (37.2) 8 (9.3)
Yes 13 6 (46.2) 5 (38.5) 2 (15.4)

Hydronephrosis 0.445 c 1.000 c

No 61 33 (54.1) 25 (41.0) 3 (4.9)
Yes 20 13 (65.0) 6 (30.0) 1 (5.0)

Unknown 18 6 (33.3) 6 (33.3) 6 (33.3)
Lymphovascular invasion 0.227 0.014

No 59 34 (57.6) 23 (39.0) 2 (3.4)
Yes 40 18 (45.0) 14 (35.0) 8 (20.0)

Lymph node involvement 0.357 d 0.109 d

pN0 84 41 (48.8) 36 (42.9) 7 (8.3)
pN1-3 12 8 (66.7) 1 (8.3) 3 (25.0)
pNx 3 3 (100) 0 (0) 0 (0)

NMI = non-muscle-invasive; MI = muscle-invasive; CIS = carcinoma in situ. a Renal pelvis vs. ureter; b NMI vs. MI;
c No vs. Yes; d pN0 vs. pN1-3.

We then analyzed the relationship between the positivity of p-ELK1 and steroid hormone receptors
including AR, estrogen receptor (ER)-α, ERβ, glucocorticoid receptor (GR), and progesterone receptor
(PR). Using the same cohort of 99 patients, we reported that AR/ERα/ERβ/GR/PR were positive
in 20 (20.2%)/18 (18.2%)/62 (62.6%)/62 (62.6%)/16 (16.2%) UUTUCs, respectively [14]. There was
a tendency to show a weak positive correlation (i.e., correlation coefficient (CC) = 0.2–0.4) between
p-ELK1 and AR positivity, especially in male tumors (CC = 0.247; P = 0.058) (Table 3). Thus, of
52 p-ELK1-negative vs. 47 p-ELK1-positive tumors, 4 (7.7%) vs. 16 (34.0%) were positive for AR
(P = 0.001). Similarly, of 26 p-ELK1-negative vs. 34 P-ELK1-positive male tumors, 2 (7.7%) vs. 16
(41.2%) were positive for AR (P = 0.007). No significant correlations between p-ELK1 and ERα, ERβ,
GR, or PR were seen in all 99 tumors, 60 male tumors, and 39 female tumors.

Table 3. Correlations between p-ELK1 and AR/ERα/ERβ/GR/PR expression.

Patients n
AR ERα ERβ GR PR

CC P CC P CC P CC P CC P

All cases 99 0.171 0.091 0.076 0.454 0.103 0.312 0.176 0.081 0.054 0.594
Male 60 0.247 0.058 0.175 0.181 0.082 0.535 0.096 0.466 0.055 0.678

Female 39 −0.105 0.525 −0.048 0.770 0.199 0.224 0.262 0.107 0.137 0.407

2.3. Immunoreactivity and Prognostic Significance

Next, we investigated possible associations between p-ELK1 expression and patient outcomes.
To more accurately assess the role of p-ELK1 expression in disease progression, those with M1 disease
(n = 4) at the time of nephroureterectomy were excluded from the analyses. Kaplan-Meier and
log-rank tests revealed no significant associations between p-ELK1 levels and tumor recurrence in the
bladder (0 vs. 1+/2+, P = 0.458; 0/1+ vs. 2+, P = 0.806). By contrast, moderate p-ELK1 expression was
marginally or significantly associated with lower progression-free survival (PFS) (0/1+ vs. 2+, P = 0.055;
Figure 2a,b), overall survival (OS) (0/1+ vs. 2+, P = 0.020; figure not shown), and cancer-specific
survival (CSS) (0/1+ vs. 2+, P = 0.008; Figure 2c,d) rates. Significant differences in the prognosis were
still seen in 81 cases of high-grade tumors (PFS: P = 0.042; OS: P = 0.022; CSS: P = 0.013), but not in
58 cases of muscle-invasive tumors (PFS: P = 0.411; OS: P = 0.163; CSS: P = 0.135).

To determine if p-ELK1 expression status was an independent prognosticator for UUTUC, we then
performed multivariate analysis, using the Cox model, for the factors showing P < 0.1 in univariate
analysis (Table 4). In 95 patients without M1 disease, pT stage and lymphovascular invasion were
associated with PFS and/or CSS. However, no significant associations between p-ELK1 expression
versus PFS or CSS were found.
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3. Discussion

The functional role of ELK1, an upstream regulator of the c-fos oncogene, in the development and
progression of UUTUC remains poorly understood. In the present study, we immunohistochemically
determined the expression status of p-ELK1 in UUTUC specimens and its prognostic significance.
We first compared the levels of p-ELK1 expression in tumors versus adjacent normal tissues in the
upper urinary tract. In accordance with our observations in bladder specimens [11], p-ELK1 expression
was significantly up-regulated in tumors, compared with the non-neoplastic urothelium. These results
may suggest that ELK1 activation contributes to urothelial tumorigenesis at both the upper and lower
urinary tracts. Indeed, we recently found, using an in vitro system, that ELK1 signals were associated
with the induction of neoplastic transformation of urothelial cells (Inoue et al., unpublished data).

ELK1 has been implicated in the regulation of cell proliferation, cell cycle control, apoptosis,
and cell migration/invasion via, for instance, activation of MAPK/ERK signaling [6,7,15,16]. It also
modulates the expression of MMPs [8,9]. Here, we further demonstrated that p-ELK1 overexpression
was marginally and significantly associated with muscle invasion and lymphovascular invasion,
respectively, in UUTUC. Univariate analysis revealed that p-ELK1 overexpression was also marginally
and significantly associated with disease progression and cancer-specific mortality, respectively, in
patients with UUTUC. The current findings not only are consistent with those in bladder specimens,
indicating the prognostic values of p-ELK1 expression in patients with muscle-invasive tumor [11], but
also support our observations in preclinical models suggesting that ELK1 promotes the proliferation,
migration, and invasion of bladder cancer cells and activates MMP-2 and MMP-9 [10,11]. Thus, ELK1
activity is suggested to predict the prognosis of UUTUC. However, multivariate analysis did not
show statistical significance for p-ELK1 overexpression. In addition, although p-ELK1 positivity in
non-muscle-invasive bladder tumors was shown to predict the risk of their recurrence [11], we failed to
show an association between p-ELK1 overexpression in UUTUCs and their recurrence in the bladder.

The functional interactions between ELK1 and AR signaling pathways have been documented in
prostate cancer cells [13]. We also previously demonstrated activation of ELK1 by androgen-mediated
AR signals in bladder cancer cells, as well as a significant association between the expression levels
of p-ELK1 and AR in bladder tumor tissue specimens [11]. Moreover, ELK1 inactivation resulted
in strong inhibition of the growth of bladder (and prostate) cancer cells only in the presence of an
activated AR [10,11,17]. We here showed a marginal association between p-ELK1 and AR expression
in UUTUC samples. These findings suggest the involvement of AR signaling in the induction of
urothelial cancer progression by ELK1. No significant associations of p-ELK1 expression with that of
other steroid hormone receptors, including ERα, ERβ, GR, and PR.

The levels of p-ELK1 expression were higher in ureteral tumors than in renal pelvic tumors, as
well as in bladder tumors [11], than in ureteral tumors. Using immunohistochemistry in the same
sets of UUTUC and bladder cancer TMAs, we have assessed the expression of various proteins.
Interestingly, renal pelvic tumors, compared with ureteral tumors, exhibited lower positive rates of
five (out of seven) transcription factors, including AR (11.1% vs. 28.0%, P = 0.070) [14], ERβ (51.1%
vs. 72.0%, P = 0.056) [14], GR (57.8% vs. 68.0%, P > 0.1) [14], GATA3 (35.6% vs. 66.0%, P = 0.004) [18],
and ZKSCAN3 (26.7% vs. 54.0%, P = 0.012) [19]. The expression of all of these transcription factors
(except ERβ), in addition to p-ELK1, was further up-regulated in bladder tumors, compared with
ureteral tumors [20–23]. The underlying reasons for these findings in the expression of p-ELK1 and
other transcription factors in renal pelvic tumors vs. ureteral tumors vs. bladder tumors remain
undefined. Of note, the expression patterns of these transcription factors are not well correlated with
their functional roles (e.g., tumor suppressive vs. oncogenic) since it has been documented that some
promote and others inhibit urothelial cancer outgrowth. However, as we previously suggested [14,24],
differences in the anatomic location of renal pelvic/ureteral/bladder tumors and the thickness of
the specimens around the tumors might have affected the immunoreactivity for p-ELK1, owing to,
for instance, those in the time to complete tissue fixation. Another possibility includes a higher
proportion of muscle-invasive disease, where p-ELK1 expression is more likely stronger, in ureteral
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tumors (33 of 50 (66.0%)) than in renal pelvic tumors (25 of 45 (55.6%)). Meanwhile, the rates of p-ELK1
positivity were similar between benign portions of renal pelvic (11 of 38 (28.9%)) versus ureteral
(10 of 41 (24.4%)) urothelium. This may still be because urothelial tissues of both the renal pelvis and
ureter are located on the surface of nephroureterectomy specimens when they are opened for gross
examination and fixation.

4. Materials and Methods

4.1. Patients and Tissue Samples

Upon the approval by the institutional review board (IRB #25-2014 at Osaka General Medical
Center, Osaka, Japan; Date: 19 June 2013), UUTUC TMA was constructed, as we described
previously [25], consisting of dominant tumors and paired normal-appearing urothelial tissues from
patients undergoing radical nephroureterectomy. Clinicopathological data of these 99 patients were
described previously [14,25] (also see Table 2). There were four cases with metastatic disease where
nephroureterectomy was performed mainly for bleeding control. None of the patients had received
therapy with anti-cancer drugs or radiation preoperatively.

4.2. Immunohistochemistry

Immunohistochemical staining was carried out on the 5 μm sections from the UUTUC TMA,
using a primary antibody to p-ELK1 (Ser383; sc-8406; Santa Cruz Biotechnology), as we described
previously [10,11]. Two pathologists (Guiyang Jiang and Hiroshi Miyamoto), who were blinded
to patient identity, independently scored only nuclear staining, using the German Immunoreactive
Score (0–12), calculated by multiplying the percentage of immunoreactive cells (0% = 0; 1–10% = 1;
11–50% = 2; 51–80% = 3; 81–100% = 4) by staining intensity (negative = 0; weak = 1; moderate = 2;
strong = 3). The scores of 0–1, 2–4, 6–8, and 9–12 were then considered negative (0), weakly positive
(1+), moderately positive (2+), and strongly positive (3+), respectively. Cases with discrepancies were
re-reviewed simultaneously by the two pathologists until a consensus was reached.

4.3. Statistical Analyses

The Fisher’s exact test and Mann–Whitney U test were used to assess the statistical significance for
categorized variables and those with ordered distribution, respectively. Correlations between variables
were determined by the Spearman’s correlation. The rates of recurrence-free survival, PFS, and CSS
were calculated by the Kaplan-Meier method, and differences were analyzed by the log-rank test.
The Cox proportional hazards model was used for multivariate analysis of prognosticators. P values
less than 0.05 were considered statistically significant.

5. Conclusions

We showed a significant increase in the expression of p-ELK1 in UUTUC, compared with
normal-appearing urothelium from each case, implying the involvement of ELK1 signals in the
outgrowth of UUTUC. The current results also support our in vitro and in vivo findings in bladder
cancer and further suggest that p-ELK1 overexpression serves as a predictor of poor prognosis
in patients with UUTUC. Further studies with larger patient cohort are required to validate
our observations.
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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 α (ERα) in ovarian cancer cells was investigated. NRF2 and ERα protein expression in
ovarian cancer tissue was analyzed as well as mRNA expression of NRF2 (NFE2L2) and ERα (ESR1) in
four ovarian cancer and one benign cell line. NFE2L2 silencing was carried out to evaluate a potential
interplay between NRF2 and ERα. 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 ERα 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 ERα in
the whole cohort (median 74.5 vs. 37.7 months; p = 0.04). Cytoplasmic NRF2 expression showed
a positive correlation with ERα 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
OVCAR3 (p = 0.003) and ES2 (p < 0.001), confirming genetic interactions of NRF2 and ERα. In this
study, both inactive cytoplasmic NRF2 and high ERα expression were demonstrated to be associated
with improved survival in ovarian cancer patients. Further understanding of interactions within the
estradiol–ERα–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
patients have advanced stage disease, recommended therapy consists of cytoreductive surgery and

Int. J. Mol. Sci. 2019, 20, 112; doi:10.3390/ijms20010112 www.mdpi.com/journal/ijms100



Int. J. Mol. Sci. 2019, 20, 112

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.
NRF2 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 ERα and ERß [19]. ERα 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
ERα have been reported so far [16,20]. The aryl hydrocarbon receptor and ERα differentially modulate
NRF2 transactivation in MCF-7 breast cancer cells [16]. Furthermore, studies show an important
crosstalk between NRF2 and ERα in neurophysiological processes [16,20].

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

2. Results

2.1. NRF2/ERα 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
NRF2 expression was associated with age (p = 0.045) (Table 1).

ERα staining was successfully performed in all 156 cases (100%), and ERα 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 ERα 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
low-graded patients showed significantly higher ERα expression compared to high-graded patients
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(p = 0.028). All other parameters, such as FIGO, lymph node involvement (pN), and distant metastasis
(pM), showed no significant differences in the ERα expression. NRF2 cytoplasmic expression correlated
with ERα expression (p = 0.004, Table 2 and Figures 1 and 2).

Figure 1. Detection of nuclear factor erythroid-2-related factor 2 (NRF2) (A1, B1) and estrogen receptor
(ER)α (A2, B2) with immunohistochemistry. High (A1) and low (B1) cytoplasmic NRF2 stains in serous
subtype correspond with high (A2) and low (B2) ERα stains, respectively. NRF2 shows faint staining
in the nucleus in both cases (A1, B1).

Figure 2. Correlation analysis of NRF2 and ERα in ovarian cancer tissue (n = 139). A significant
correlation of cytoplasmic NRF2 expression with ERα 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 Nuclear NRF2
Expression

p N Cytoplasmic NRF2
Expression

p

Negative Low High Negative Low High

Histology

Serous 103 0 87 16 0.02 98 0 54 44 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

pN0/X 96 0 76 20 NS 93 0 59 34 NS
pN1 49 1 39 9 46 0 25 21

Distant Metastasis

pM0/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

I/II 41 0 31 10 NS 40 0 24 16 NS
III/IV 99 0 81 18 94 0 56 38

Age

≤60 years 77 1 56 20 0.045 75 0 43 32 NS
>60 years 68 0 59 9 64 0 41 23

Table 2. Correlation analysis.

Staining NRF2 Nucleus NRF2 Cytoplasm ERα

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

ERα

cc −0.019 0.246 1.000
p 0.82 0.004
n 146 139 156

Immunoreactivity scores (IRS) of NRF2 and ERα 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/ERα 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 ERα 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

103



Int. J. Mol. Sci. 2019, 20, 112

both NRF2 and ERα in the cytoplasm comparing all histological subtypes (Figure 3, median 74.5 vs.
37.7 months; p = 0.04).

Figure 3. Kaplan–Meier estimates of NRF2 expression, ERα expression, and combined NRF2 and
ERα 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 ERα expression was associated with significantly better
overall survival in serous ovarian cancer compared with patients with a low ERα expression (B).
Patients with combined high NRF2 expression in the cytoplasm and ERα expression in epithelial
ovarian carcinoma (EOC) had significantly increased overall survival compared with those with low
cytoplasmic expression and ERα 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 ERα
staining/expression was not significant.

Table 3. Multivariate analysis.

Covariate Coefficient (bi) [HR Exp(bi)]
95% CI

p-Value
Lower Upper

Histology (serous vs. other) −0.108 0.898 0.678 1.188 0.45
Grade (low vs. high) 0.519 1.680 1.211 2.332 0.002
FIGO (I, II vs. III, IV) 0.722 2.058 1.421 2.979 0.000

Patients’ age (≤60 vs. >60 years) 0.000 1.000 1.000 1.000 0.001
NRF2 cytoplasmic/ ERα −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).

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).

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 ERα
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.

NRF2 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/Keap1 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 ERα, 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
NRF2 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 ERα (dependent of ER) appears to be the mechanism
for estradiol itself to inhibit the NRF2 downstream genes [9]. ERα, but not ERβ, interacts with NRF2
in an estradiol-dependent way and thereby represses NRF2-mediated transcription [33]. Thus, EOC
patients with high tumor expression of ERα show a strong influence of the estradiol–ERα-dependent
pathway, resulting in inactivated NRF2 and better survival rates. Otherwise, low ERα expression
causes a dysbalance in favor of the estradiol–ERα-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 NRF2 target gene, is modulated by
miR-186 overexpression in OVCAR3 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 ERα–NRF2-dependent pathway. As revealed in the
present investigation, a putative functional association of endocrine therapy and NRF2 underlines the
relationship of NRF2/ERα, 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–ERα–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–ERα–NRF2 pathway: High
expression of ERα leads to an induction of the estradiol–ERα-dependent pathway, resulting in
transcriptionally inactive NRF2 (low nuclear, high cytoplasmic expression) and consecutively less impact
on tumor growth. In contrast, low ERα expression favors the estradiol–ERα-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 (n = 38), high
(n = 117)—and histological subtypes—serous (n = 110), endometrioid (n = 21), clear cell (n = 12), and
mucinous (n = 13). Staging was performed using TNM and FIGO (WHO) classification: I (n = 35), II
(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—N0 (n = 43), N1 (n = 52). Data on distant metastasis were available in nine cases—M0 (n = 3),
M1 (n = 6).

107



Int. J. Mol. Sci. 2019, 20, 112

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 μg/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 ERα, resected EOC tissue samples were fixed in formalin and embedded
in paraffin after surgery. ERα 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-ERα 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, Münster, 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 ERα immunohistochemical staining reaction was observed in the nuclei and cytoplasm
of the cells. The intensity and distribution pattern of NRF2 and ERα 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. ERα staining was successfully performed in
all 156 (100%) EOC specimens. Cellular ERα 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−ΔΔCt 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 OVCAR3 (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% CO2. 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% CO2.

4.6. PCR

RNA isolation was performed using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) and 1 μg
of RNA was converted 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 ESR1 were quantified by qPCR applying FastStart
Essential DNA Probes Master and gene-specific primers (Roche, Basel, Switzerland). For normalization
of expressions the housekeeping genes, β-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 OVCAR3 (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 ERα 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 ERα in the whole cohort (median 74.5 vs. 37.7 months; p = 0.04).
Thus, interactions of NRF2 and ERα 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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Abstract: The link between melanoma development and the use of oral combined contraceptives is
not fully elucidated, and the data concerning this issue are scarce and controversial. In the present
study, we show that the components of oral contraceptives, ethinylestradiol (EE), levonorgestrel
(LNG), and their combination (EE + LNG) ± UVB (ultraviolet B radiation) induced differential effects
on healthy (human keratinocytes, fibroblasts, and primary epidermal melanocytes, and murine
epidermis cells) and melanoma cells (human—A375 and murine—B164A5), as follows: (i) at low
doses (1 μM), the hormones were devoid of significant toxicity on healthy cells, but in melanoma cells,
they triggered cell death via apoptosis; (ii) higher doses (10 μM) were associated with cytotoxicity
in all cells, the most affected being the melanoma cells; (iii) UVB irradiation proved to be toxic for
all types of cells; (iv) UVB irradiation + hormonal stimulation led to a synergistic cytotoxicity in
the case of human melanoma cells—A375 and improved viability rates of healthy and B164A5 cells.
A weak irritant potential exerted by EE and EE + LNG (10 μM) was assessed by the means of a
chick chorioallantoic membrane assay. Further studies are required to elucidate the hormones’ cell
type-dependent antimelanoma effect and the role played by melanin in this context.

Keywords: ethinylestradiol; levonorgestrel; keratinocytes; fibroblasts; melanocytes; melanoma;
ultraviolet radiation

1. Introduction

The admission in use of the oral hormonal contraceptives in the 1960s marked a new period in
the pregnancy prevention methods [1]. Despite the progress recorded in the field of contraception
methods (intrauterine devices, weekly transdermal patches, long-acting hormone-releasing implants,
and monthly vaginal rings), combined oral contraceptives continues to be the most preferred form of
reversible hormonal birth control [2]. These pills consist of an estrogen and a progestin component [3].
The estrogen component existent in most of the past and current combined oral contraceptives is
17α-ethinylestradiol (EE), a semisynthetic estrogen, obtained in 1938 by substitution of estradiol at
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C17 with an ethinyl group, and is described as the most widely used orally bioactive estrogen [2–5].
Levonorgestrel (LNG—13β-ethyl-17α-ethynyl-17β-hydroxy-4-gonen-3-one) is a second-generation
synthetic progestogen, a component of oral contraceptives, and included in “category X” of the drugs
forbidden in pregnancy [6].

Even after more than five decades of use by an impressive number of women worldwide
(hundreds of millions), the safety issues of oral contraceptives still represents a serious matter of
concern. The cardiovascular side-effects related to estrogen component were decreased by the gradual
decline of ethinylestradiol dosage from 50 to 20 and even 15 μg, whereas the carcinogenic potential of
these pills is still debatable [4,7].

Past and recent studies reported that the role of oral contraceptives in the development of
cancer (incompletely elucidated) might be considered tissue-type dependent, since after their use,
a protective effect was observed by decreasing the risk of endometrial, ovarian, and colorectal cancers,
and an increased risk of breast, cervical, and liver cancer was reported [1,7]. In the last few years,
growing clinical and experimental evidence regarding the implication of estrogens in skin cancers,
and mainly in melanoma development was gathered, but the data on this subject are still scarce and
controversial [8–10]. A recent population-based case-control study presented data that support the
hypothesis that a long period of use of oral contraceptives (especially with high concentrations of
estrogen > 50 mg) is associated with an increased risk of a keratinocyte-derived cancer (squamous cell
carcinoma—SCC and basal cell carcinoma—BCC) occurrence [11].

Melanoma is characterized as one of the most immunogenic malignancies, based on its histological,
clinical, and genetic heterogeneity that leads to drug resistance to current therapies, reduced tumor
regression and survival rates, and converts it into a very demanding challenge [12]. To elucidate the
complexity of melanoma growth and progression, novel theories were suggested, consisting of a new
approach that describes melanoma as a hormone-related cancer type [9]. This approach might be
supported by the following arguments: (i) a gender disparity was observed in melanoma (a reduced
incidence, better prognosis and increased survival outcome in female population) [13]; (ii) the estrogen
receptors (mainly estrogen receptor β—ERβ) are located in epidermal keratinocytes, dermal fibroblasts,
and melanocytes, receptors that mediate key signaling pathways involved in cell proliferation and
differentiation, wound healing, skin immune response, and protection against skin photoaging [13–16];
(iii) estrogens play an important role in cell pigmentation activity [17], an impairment of this function
leading to the development of melasma (a disorder of melanogenesis characterized by the presence of
an increased number of active melanocytes), or even melanoma [18]; (iv) stimulation of ERβ inhibits
the proliferation and migration of malignant cells; the loss of ERβ in melanoma and estrogen-related
tumors causes a diminished inhibition of malignant melanocytes proliferation, which in turn is
stimulated by ERα [19]; (v) progesterone receptors were found in some keratinocytes and in the nuclei
of basal cells [20], and controversial results (stimulatory vs. inhibitory effects) were obtained in terms of
melanocyte proliferation as a result of progesterone activity [17]. However, the role played by estrogens
and progestins in melanoma development is still uncertain; a large study published in 2017 revealed
that estrogens alone increase the risk of melanoma, while the estrogen–progestin combined therapy
exerted an opposite activity in terms of melanoma development [21]. Another recently published study
(2017) showed that the expression of estrogen and progesterone receptors is a sporadic phenomenon
in some cases of malignant melanoma [10]. Natale et al. reported that endogenous estrogen and
progesterone mutually regulate melanin synthesis through membrane-bound receptors, even in the
absence of classical estrogen or progesterone receptors [22].

One of the main risk factors associated with melanoma development is natural or artificial
ultraviolet radiation [23] while sex steroid hormones, both endogenous and exogenous are considered
as secondary risk factors [21,23]. The harmful activity of ultraviolet radiation on the human body,
recognized as a carcinogen agent, may remain inactive for many years until exposure to certain
promoters. Hormones and oncogenes are the most eloquent examples of such agents, with estrogens
being labeled both as mutagenic agents of the DNA, and as promoters of cell specific alterations [24,25].
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An interplay between female sex steroid hormones and UVB irradiation was discussed within the
literature, but a direct link between these agents and the development of melanoma has not yet been
found. The regular intake of a levonorgestrel–ethinylestradiol combination led to a phototoxic reaction
at the skin level, due to a high absorption of UVB and UVA radiation, both for the two substances and
for their combination [26], respectively. In vivo estrogen and UVB exposure produced inflammatory
mediators in the skin, and thus led to an improper physiological skin response to UV radiation [27];
thus, UVB radiation may induce differential effects of estrogens on the skin [28]. On the contrary,
estrogens showed a protective role at the skin level against UVB chronic irradiation, by employing
various mechanisms [29].

Another key player in melanoma development is melanogenesis, a metabolic pathway that is
specific for both normal and malignant melanocytes, that interferes with melanoma cell behavior
and their surrounding environment [30–32]. Melanin is considered to be “a double edge sword” by
acting as a protector of melanocytes against UVB deleterious effects and oxidative stress, and on
the other hand, a deregulated melanogenesis leads to an increased melanoma resistance to therapy
(melanogenesis intermediates exert mutagenic, genotoxic and immunosuppressive properties, and
induce hypoxia by upregulating HIF-1α expression) [31,32]. Moreover, it was proven that amelanotic
melanomas exhibit a higher susceptibility to radiotherapy as compared to melanotic melanomas, and
the overall survival of the patients with amelanotic melanomas is increased [33,34].

Taken together, with all of the information stated above, we could conclude that the current data
regarding the association of oral combined hormonal therapy, UV radiation, and skin malignancies
is still poor. In this study, we focused on the evaluation of the cytotoxic profile of ethinylestradiol
(EE), levonorgestrel (LNG), and their association (EE + LNG), with and without UVB irradiation, on
healthy cell lines (human keratinocytes, fibroblasts, and primary epidermal melanocytes, and mouse
epidermis cells) and tumor cell lines (human and murine melanoma) by in vitro (viability, migration
and proliferation) and in vivo (HET-CAM) techniques.

2. Results

2.1. Ethinylestradiol and Levonorgestrel ± UVB Irradiation Induced Differential Effects on Healthy Cell and
Tumor Cell Viability

To assess the effect induced by test compounds (EE, LNG and EE + LNG) on healthy human and
murine skin (HaCaT, 1BR3, HEMa and JB6 Cl 41-5a) cells, and melanoma (A375 and B164A5) cell
viability in the presence/absence of UVB irradiation, we performed the Alamar blue assay. Irradiation
of HaCaT, 1BR3, HEMa and JB6 Cl 41-5a cells with UVB (40 mJ/cm2) resulted in a significant reduction
of cells viability (66.30% viable HaCaT, 74.75% viable 1BR3, 58.25% viable HEMa, and 60.85% viable JB6
Cl 41-5a, respectively) as compared to control cells (unirradiated cells) (Figures 1 and 2). Stimulation
of healthy cells with EE (1 and 10 μM) for 24 h led to the following results: (i) HaCaT cells—a
slight decrease of viability in a dose-dependent manner (92.90% at 1 μM and 82.01% at 10 μM),
(ii) 1BR3 cells—88.04% viable cells at 10 μM, (iii) HEMa cells—82.25% viable cells at 10 μM, and
(iv) JB6 Cl 41-5a cells—the viability was not affected as compared to control cells (unstimulated cells)
(Figures 1 and 2). Levonorgestrel had no influence on HaCaT, 1BR3, and JB6 Cl 41-5a cell viability
after 24 h stimulation at the lowest concentration tested—1 μM, whereas at 10 μM it was recorded
a decrease <10% in the case of HaCaT cells and <5% in the case of 1BR3 and JB6 Cl 41-5a. In the
case of HEMa cells, the effect of levonorgestrel was somehow reversed as compared to the other
healthy cells: the lowest concentration—1 μM decreased cells viability (81.69%), whereas at 10 μM, no
toxicity was observed. A combination of EE + LNG induced a decline of JB6 Cl 41-5a viability (around
10%) at both tested concentrations (1 and 10 μM), with HaCaT, 1BR3, and HEMa cells being affected
only at the highest concentrations (<10% decrease for HaCaT and 1BR3 and <5% decrease for HEMa)
(Figures 1 and 2).
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Figure 1. The effect of test compounds (1 and 10 μM) ± UVB irradiation on HaCaT—human
keratinocytes, 1BR3—human skin fibroblasts and HEMa—primary human epidermal melanocytes
viability at 24 h post-stimulation. The results are expressed as cell viability percentage (%) normalized
to control cells. The data represent the mean values ± SD of three independent experiments. One-way
analysis of variance (ANOVA) analysis was applied to determine the statistical differences followed
by Tukey’s multiple comparisons test (* p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001). EE:
ethinylestradiol; LNG: levonorgestrel.

Figure 2. The effect of test compounds (1 and 10 μM) ± UVB irradiation on JB6 Cl 41-5a cell viability at
24 h post-stimulation. The results are expressed as cell viability percentage (%) normalized to control
cells. The data represent the mean values ± SD of three independent experiments. One-way ANOVA
analysis was applied to determine the statistical differences followed by Tukey’s multiple comparisons
test (*** p < 0.001, **** p < 0.0001).

The lowest viability rates were observed in the groups of cells that were irradiated with UVB and
stimulated with the combination of hormones—EE + LNG (at 10 μM); still, these viability percentages
were higher as compared to the ones recorded for the cells that were only UVB-exposed (HaCaT:
78.55% vs. 69.30%; 1BR3: 83.31% vs. 74.75%, HEMa: 82.46% vs. 58.25%, and JB6 Cl 41-5a: 79.83% vs.
60.85%), what might indicate a recovery effect induced by EE + LNG stimulation after UVB noxious
effects on healthy skin cells (see Figures 1 and 2).

Similar experimental conditions to the ones described for healthy cells were applied for A375 and
B164A5 melanoma cells in order to evaluate the effects induced by test compounds (1 and 10 μM) ±
UVB irradiation on cells viability in a 24 h frame.
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Results showed that UVB irradiation of human and murine melanoma cells determined a
significant decrease of cell viability (around 75%) as compared to control cells (unirradiated cells)
(Figure 3). Both EE and LNG induced a dose-dependent decline of A375 and B164A5 cell viability,
but the lowest viability percentage was calculated for the EE + LNG at the highest concentration
used—10 μM (56% for A375 and 47.23% for B164A5). Exposure to UVB radiation followed by
stimulation with EE, LNG, or EE + LNG led to a significant dose-dependent decrease of A375 cell
viability percentage, decrease that was considerably stronger as compared to the effects induced
by each test compound/UVB alone, what might lead to the conclusion that the used agents had a
synergistic cytotoxic effect on A375 cells (EE vs. EE + UVB: 66.54% vs. 58.72%; LNG vs. LNG + UVB:
69.78% vs. 67.59%; EE + LNG vs. EE + LNG + UVB: 56% vs. 49.69%). In the case of B164A5 cells, UVB
irradiation followed by stimulation with test compounds produced an inverse effect as compared to
A375; namely, an increase of the cells’ viability as compared with the values obtained for each test
compound (EE vs. EE + UVB: 56.84% vs. 74.46%; LNG vs. LNG + UVB: 59.27% vs. 78.06%; EE + LNG
vs. EE + LNG + UVB: 47.23% vs. 80.59%) (Figure 3). A similar effect as the one described for B164A5
was observed in the case of pigmented human melanoma cells—RPMI-7951 (see Figure S1).

Figure 3. The effect of test compounds (1 and 10 μM) ± UVB irradiation on A375—human melanoma
and B164A5—murine melanoma cell viability at 24 h post-stimulation. The results are expressed as a
cell viability percentage (%) normalized to control cells. The data represent the mean values ± SD of
three independent experiments. One-way ANOVA analysis was applied to determine the statistical
differences followed by Tukey’s multiple comparisons test (* p < 0.05; ** p < 0.01; *** p < 0.001,
**** p < 0.0001).

2.2. Ethinylestradiol and Levonorgestrel ± UVB Irradiation Triggered Apoptosis in A375 and B164A5
Melanoma Cells

Based on the results described above, according to which the test compounds (EE, LNG, EE + LNG)
± UVB significantly decreased the viability of human and murine melanoma cells, it was verified if the
cells death was achieved via apoptosis; the analysis was performed using an annexin V/PI (propidium
iodide) apoptosis detection kit. The cells were stimulated for 24 h with EE, LNG and EE + LNG (1 and
10 μM) ± UVB irradiation.

A dose-dependent apoptotic activity was noticed in the case of both cell lines. As compared to
control cells (unstimulated cells), the strongest apoptotic effect on non UVB-irradiated A375 human
melanoma cells was induced by EE and EE + LNG at the highest concentrations tested—10 μM);
the percentage of early apoptotic cells was 51.78% for EE and 51.15% for EE + LNG (Figure 4), data
that confirm the results obtained for viability assessment. At the same concentration, LNG alone
exerted a lower pro-apoptotic activity. UVB exposure of A375 cells, followed by addition of 1 μM
of test compounds led to a significantly increased percentage of early apoptotic cells as follows:
22.62% for LNG; 31% for EE and 27% for EE + LNG. UVB irradiation combined with the highest
concentration—10 μM of test compounds triggered percentages of the early apoptotic population
similar to the ones recorded for the test compounds in non UVB-exposed cell population (Figure 4).
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Figure 4. Representative dot plots of the apoptotic events induced by test compounds (EE, LNG,
EE + LNG—10 μM) ± UVB irradiation in A375 human melanoma cells after a 24 h stimulation. The
cells status was analyzed by a FACS technique where: Q4—viable cells, Q3—early apoptotic cells,
Q2—late apoptotic cells and Q1—necrotic cells. The graph represents the percentage of early apoptotic
A375 cells. The results are expressed as apoptotic cell percentage (%) normalized to control cells. The
data represent the mean values ± SD of three independent experiments. One-way ANOVA analysis
was applied to determine the statistical differences, followed by Tukey’s multiple comparisons test
(** p < 0.01; **** p < 0.0001).

In Figure 5 was depicted the effect of the test compounds ± UVB irradiation on B164A5 murine
melanoma cells apoptotic process; the highest concentration tested—10 μM induced a drastic decrease
of cell viability and caused the most significant pro-apoptotic effect with a maximum of 72.83% for
EE + LNG. After UVB exposure and 1 μM of test compounds, one can notice the absence of the
pro-apoptotic process and the subsequently increased cell viability. At 10 μM, B164A5 UVB-irradiated
murine melanoma cells showed a slight apoptosis induction, with the highest pro-apoptotic level
noted for EE (21.44%) (Figure 5).
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Figure 5. Representative dot plots of the apoptotic events induced by test compounds (EE, LNG,
EE + LNG—10 μM) ± UVB irradiation in B164A5 murine melanoma cells after a 24 h stimulation.
The cells status was analyzed by a FACS technique where: Q4—viable cells, Q3—early apoptotic cells,
Q2—late apoptotic cells and Q1—necrotic cells. The graph represents the percentage of early apoptotic
B164A5 cells. The results are expressed as apoptotic cell percentage (%) normalized to control cells. The
data represent the mean values ± SD of three independent experiments. A one-way ANOVA analysis
was applied to determine the statistical differences followed by Tukey’s multiple comparisons test
(**** p < 0.0001).

2.3. Ethinylestradiol (EE) and Levonorgestrel (LNG) ± UVB Irradiation Determined Changes in
Cells Morphology

Immortalized human keratinocytes—HaCaT showed no significant morphological changes after
stimulation with EE, LNG, and EE + LNG (1 μM). Their shape remained well defined, elongated, and
the cells were attached to the culture plate. In contrast, after UVB irradiation, HaCaT cells drastically
changed their morphological aspect, becoming round and some of them floating; the most affected
cells seemed to be the ones stimulated with EE + LNG. Cell shrinkage was also noticed, and could be
considered a sign of early apoptosis, results that are consistent with the data described in the apoptosis
assessment section. At 24 h post-exposure to UVB, HaCaT cells stimulated with EE and LNG looked
like they began to partially recover, results that confirm the cell viability data (Figure 6).
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Figure 6. In vitro morphological aspects of human keratinocytes—HaCaT cells, stimulated with
levonorgestrel (LNG), ethinylestradiol (EE), and an ethinylestradiol/levonorgestrel combination
(EE + LNG), respectively, at a concentration of 1 μM ± UVB irradiation. Scale bars represent 50 μM.

In the case of human skin fibroblasts—1BR3, the results were similar as for HaCaT cells, with
no changes in cells shape following stimulation with EE, LNG, and EE + LNG were noticed; the
cells morphology preserving the same needle-like shape and the same confluence as the control cells.
Control cells exposed to UVB showed various degrees of cell shrinkage; but after stimulation with EE,
LNG, and EE + LNG, respectively, cells began to regain their initial morphological aspect with bright
and compact cell margins; however, the colonial morphology was not entirely recovered after 24 h but
recovery signs in cells shape were detected (Figure 7).

Stimulation of primary human epidermal melanocytes—HEMa with EE and LNG (1 μM)
had no effects on cells morphology, the cells were adherent to the culture plate and presented a
needle-like/dendritic-like shape similar to control cells. EE + LNG induced a slight modification of
HEMa cells morphology. UVB irradiation influenced the melanocytes’ shape and their confluence,
and the association with EE + LNG seemed to be the most noxious. At 24 h post-exposure to UVB,
HEMa cells stimulated with EE and LNG partially gained their initial form, results that confirm the
cell viability data (Figure 8).

Murine epidermis JB6 Cl 41-5a cells showed a good confluence in the absence of UVB radiation
and the test compounds did not perturb the shape of the cells; whereas after UVB exposure, the
cells stimulated with test compounds seemed to be protected by UVB deleterious effects, and only
minor changes were observed in the group stimulated with EE. The control cells exposed to UVB were
most affected, displaying a low level of confluence and major changes of their morphological aspects,
characteristics that were partially recovered after 24 h post-irradiation (Figure 9).
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Figure 7. In vitro morphological aspect of human fibroblasts—1BR3 cells, stimulated with
levonorgestrel (LNG), ethinylestradiol (EE), and an ethinylestradiol/levonorgestrel combination
(EE + LNG), respectively, at a concentration of 1 μM ± UVB irradiation. Scale bars represent 50 μM.

 

Figure 8. In vitro morphological aspects of primary human epidermal melanocytes—HEMa cells,
stimulated with levonorgestrel (LNG), ethinylestradiol (EE), and ethinylestradiol/levonorgestrel
combination (EE + LNG), respectively, at a concentration of 1 μM ± UVB irradiation. Scale bars
represent 50 μM.
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Figure 9. In vitro morphological aspect of mice epidermis—JB6 Cl 41-5a cells, stimulated with
levonorgestrel (LNG), ethinylestradiol (EE), and an ethinylestradiol/levonorgestrel combination
(EE + LNG), respectively, at a concentration of 1 μM ± UVB irradiation. Scale bars represent 50 μM.

Taking into consideration the pro-apoptotic effect of the test compounds on human and murine
melanoma cells, the impact of these compounds on melanoma cells morphology was monitored by
light microscopy. In the case of A375, the control cells (unstimulated and unirradiated cells) displayed
a normal epithelial morphology, with spindle and cobblestone shapes, strongly bounded, adherent
to the culture plate, and highly confluent after 24 h. A decrease of A375 control cells confluence was
recorded after UVB radiation and some detached and floating cells were noticed. The EE and LNG
stimulation of cells exposed to UVB led to some changes in cells’ shape (Figure 10), mainly after
EE + LNG treatment; the cells became round and began to detach, indicating the process of apoptosis,
the results being in agreement with the reported cell viability data. In the case of pigmented human
melanoma cells—RPMI-7951, the test compounds had no impact on cells morphology, but after UVB
irradiation, significant changes were observed in all groups (round floating cells), effects that were
almost completely reversed after 24 h and test compound stimulation (see Figure S2).

In the case of murine melanoma cells—B164A5, the cells exposed to UVB irradiation seemed to
be the most greatly affected in terms of cell morphology, showing a round shape with dendrites and
shrinkage. Changes in B164A5 melanoma cells shape were also observed after stimulation with test
compounds, in non-UVB irradiated cells.

On the other hand, B164A5 cells exposed to UVB followed by stimulation with test compounds
revealed a confluence increment and minor changes in cells morphology, as shown in Figure 11.
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Figure 10. In vitro morphological aspect of human melanoma—A375 cells, stimulated with
levonorgestrel (LNG), ethinylestradiol (EE), and an ethinylestradiol/levonorgestrel combination
(EE + LNG), respectively, at a concentration of 1 μM ± UVB irradiation. Scale bars represent 50 μM.

 

Figure 11. In vitro morphological aspect of murine melanoma—B164A5 cells, stimulated with
levonorgestrel (LNG), ethinylestradiol (EE), and an ethinylestradiol/levonorgestrel combination
(EE + LNG), respectively, at a concentration of 1 μM ± UVB irradiation. Scale bars represent 50 μM.

2.4. The impact of Ethinylestradiol (EE) and Levonorgestrel (LNG) on Healthy and Tumor Cells Migration
and Proliferation

Figure 12 displays the migratory activity of the healthy cell lines in the presence of EE, LNG, and
EE + LNG. Since at the highest concentration used—10 μM, a cytotoxic and pro-apoptotic effect was
observed, and the concentration selected for this assay was 1 μM. LNG stimulation did not interfere
with the migration of human and murine healthy skin cells, the wound widths at 24 h being similar to
the ones measured for control cells (Figure 12). After EE stimulation, a stimulatory trend in all cell
lines could be mentioned as compared to control cells; however, the most significant stimulation was
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seen with 1BR3 cells (52.37% vs. 40.09% on 1BR3 cells), results that are consistent with cell viability
data. The combination of the two hormones—EE + LNG induced an inhibitory effect on HaCaT cells
migration, showing a wound closure rate of 58.18%, whereas in the case of 1BR3 and JB6 Cl 41-5a, the
effect was a stimulatory one (Figure 12). The very low wound healing rate (40.08%) of 1BR3 control
cells was due to their low proliferation ability in specific culture conditions per day. A stimulatory
effect on HEMa cells migration was observed after EE and LNG stimulation (the gap was almost
covered—mainly after EE) as compared with control cells. Moreover, the combination EE + LNG also
augmented the migratory capacity of HEMa cells (Figure 12).

Figure 12. The impact of test compounds (LNG, EE, and EE + LNG—1 μM) on the migratory capacity
of healthy skin cell lines (HaCaT—human immortalized keratinocytes, 1BR3—human fibroblasts,
JB6Cl415a—mice epidermis, HEMa—primary human epidermal keratinocytes). Wound closure was
recorded by bright field microscopy initially—0 h and after 24 h, respectively. Scale bars represent
50 μm. The bar graphs are expressed as percentage of wound closure after 24 h compared to the initial
surface. The data represent the mean values ± SD of three independent experiments. One-way ANOVA
analysis was applied to determine the statistical differences followed by Tukey post-test (* p < 0.05;
** p < 0.01; *** p < 0.001 vs. control—no stimulation).
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The in vitro wound healing assay revealed that the melanoma cells’ (A375—human melanoma,
B164A5—murine melanoma) migratory capacity was not inhibited by EE and EE + LNG stimulation
(1 μM), moreover, a stimulatory effect could be mentioned; still, the fact that the wound was also
covered with some detached cells must be taken into account (Figure 13). For EE, the wound closure
rate was 82.81% on human melanoma cells and 85.29% on the murine melanoma cell line. In contrast,
the same concentration of LNG (1 M) showed a wound healing rate of only 63.98% in the case of
human melanoma cells, and 53.94% in the case of the murine melanoma cell line. Similar results were
obtained for human pigmented melanoma cells—RPMI-7951 (see Figure S3).

 

Figure 13. The impact of test compounds (LNG, EE and EE + LNG—1 μM) on migratory capacity of
melanoma cell lines (A375—human melanoma cells and B164A5—murine melanoma cells). Wound
closure was recorded by bright field microscopy initially and after 24 h, respectively. Scale bars
represent 50 μm. The bar graphs are expressed as percentage of wound closure after 24 h compared
to the initial surface. The data represent the mean values ± SD of three independent experiments.
One-way ANOVA analysis was applied to determine the statistical differences followed by Tukey
post-test (* p < 0.05; *** p < 0.001 vs. control—no stimulation).

2.5. Irritant Potential Assessment of Ethinylestradiol and Levonorgestrel by the Means of a HET-CAM Assay

The potential toxicity of the test compounds (EE, LNG and EE + LNG) was also assessed
in vivo, using the in ovo chick chorioallantoic membrane as a biological environment. The protocol
allows the evaluation of the irritant potential of the hormone solutions after topical application.
The reaction induced by the tested compounds (Table 1) can be classified according to Luepke, as
follows: non-irritant (0–0.9), weak irritant (1–4.9), moderate irritant (5–8.9/9.9), and strong irritant
(8.9/9.9–21) [35].

The effects induced by the test compounds, along with the positive (SDS—sodium dodecyl sulfate)
and negative (PBS—phosphate saline buffer) controls were registered as photographs representing the
upper surface of the chorioallantoic membranes before and after 5 min of contact with the solutions.
Prior to the determination of the irritation score, the results recorded for irritation severity were
considered. SDS induced major vascular damage on the chorioallantoic membrane. All three endpoints:
hemorrhage, coagulation, and lysis, were reported only for SDS.
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Table 1. The irritant potential of tested hormones: EE, LNG, EE + LNG.

Test Compound and Controls
Irritation Score

(Mean)
Irritation Severity

(Mean)
Classification of the

Effect

PBS Negative control 0 ± 0 0 ± 0 Non-irritant
SDS Positive control 15.07 ± 1.08 2.67 ± 0.58 Strong irritant

DMSO 1% Solvent Control 0 ± 0 0 ± 0 Non-irritant
EE 1 μM 0 ± 0 0 ± 0 Non-irritant
EE 10 μM 2.79 ± 0.55 1.33 ± 0.58 Weak irritant
LNG 1 μM 0 ± 0 0 ± 0 Non-irritant

LNG 10 μM 0 ± 0 0 ± 0 Non-irritant
EE + LNG 1 μM 0.63 ± 0.3 0.83 ± 0.29 Non-irritant
EE + LNG 10 μM 1.23 ± 0.3 1 ± 0 Weak irritant

None of the three endpoints were registered for PBS, DMSO 1%, LNG (1 and 10 μM), and the
lowest concentration of EE (1 μM). EE (10 μM) showed late and limited signs of hemorrhage or
coagulation, and early, though limited signs of vasodilatation. EE + LNG (1 and 10 μM) application
induced slight and limited coagulation, in a dose-dependent manner. The highest mean irritation score
was recorded for the positive control, SDS, IS = 14.05. Negative and solvent controls were non-irritant.
Among the tested hormones, LNG indicated no sign of irritancy even at the highest concentration
tested—10 μM. EE induced a weak irritant effect at the highest concentration (Table 1, Figure 14).

Figure 14. Irritant potential assessment of test compounds using HET-CAM assay: a) stereomicroscope
images of the CAMs inoculated with control and test compounds (1—PBS, 2—SDS, 3—DMSO, 4—EE
1 μM, 5—LNG 1 μM, 6—EE + LNG 1 μM, 7—EE 10 μM, 8—LNG 10 μM, 9—EE + LNG 10 μM)—before
the application (t0) and after 5 min of contact with the compounds (t5). Scale bars represent 500 μm.

SDS induced major vascular damage on the chorioallantoic membrane; after the application of
500 μL solution, a large area was affected by early micro-hemorrhages, coagulation, and later vessel
lysis. The death of the specimen was registered within 60 min. For the samples that were non-irritant
on the CAM, we registered a viability of more than 24 h. For the samples that induced a weak irritant
effect the death was registered within the first 24 h.

All the tested samples induced no damage or merely slight damages on the CAM vascular plexus.
LNG was assessed as non-irritant in both concentrations, EE as non-irritant at 1 μM and a weak irritant
at 10 μM. Very similar to EE, the combination EE + LNG was considered non-irritant at 1 μM and a
weak irritant (however weaker than EE alone) at 10 μM.

3. Discussion

Oral contraceptives have been suspected for a long time to co-participate in some pathways
of developing malignant melanoma, but there was no statistical evidence for either exogenous or
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endogenous hormones clearly increasing the risk of melanoma [36–38]. The current scientific data are
debatable due to studies that confirm the association between sex hormones and melanoma [11,39,40],
while others state the opposite [41,42]. According to Nurses’ Health Study, the risk to developing
melanoma is two times higher among women that have used oral contraception for 10 years or
more [43]. It was also reported that the use of progesterone alone actuated the growth of melanoma
micro-metastases [44]. Another study revealed that only low doses of progesterone (up to 1 μM),
similar to the ones used in therapy, are able to stimulate melanoma cell proliferation, while higher
doses not only lack such effect but even induce cell cycle arrest and apoptosis [40].

The myriad of biological and environmental factors that are suspected to interfere in
melanoma development leaves a wide-open window for hypotheses, and recent studies investigate
estrogen-mediated signaling in melanoma (an impairment of estrogen signaling triggers cancer
initiation, promotion and progression) [9], by assessing the role of ERα gene promoter methylation
or the expression of G protein-coupled ER [10]. Some reports endorse the existence of a direct
relationship between skin diseases, endocrinology, and psychological stress [45]. Moreover, a strong
interdependence was reported between the stratum corneum integrity, hormonal levels, and UV
susceptibility in terms of minimal erythemal doses, therefore suggesting a significant relevance for all
these factors in skin pathophysiology [46].

Most of the experimental studies conducted to verify the role of estrogens and progestins in skin
biology/pathology employed as test agents: 17β-estradiol (E2) [47,48] and progesterone (endogenous
hormones) [40,49], and data regarding the effects of synthetic hormones present in the composition of
oral contraceptives, are rather scanty.

All these converging elements determined the implementation of the present study, which was
designed to characterize the in vitro and in ovo toxicological profile of the most frequently used
synthetic hormones (ethinylestradiol and levonorgestrel) in oral combined contraceptives by applying
two different settings: (1) stimulation with EE, LNG, and EE + LNG of healthy skin cells (human
keratinocytes, fibroblasts, primary melanocytes, and murine epidermis cells), melanoma cells (human
and murine) and chorioallantoic chick membrane; and (2) healthy and tumor cell UVB irradiation
(a well-known initiator and promoter of skin cancer), followed by hormone stimulation for 24 h.

The healthy cell lines used in the experiment (HaCaT—immortalized human keratinocytes,
1BR3—human dermal fibroblasts and JB6 Cl 41-5a—mice epidermis cells) were selected based on the
following considerations: (i) the presence of estrogen receptors (ERβ) in epidermal keratinocytes and
dermal fibroblasts, the main cellular processes at this level being mediated by estrogens; (ii) estrogens
exert a stimulatory effect on melanocytes (estrogen-responsive cells) [10]; (iii) keratinocytes and
fibroblasts interact in a synergistically manner to maintain a functional epidermis by promoting
repair and regeneration post-acute UVB irradiation [50]; (iv) keratinocytes promote UV-induced
melanogenesis (tanning) by releasing several pro-pigmenting paracrine growth factors (αMSH, ET-1,
and SCF); (v) dermal fibroblasts are involved in the regulation of constitutive pigmentation and in the
development of pigmentary disorders [51].

A primary human epidermal melanocytes cell line—HEMa, was also included in the study,
taking in consideration the fact that melanogenesis and melanoma development are strongly
interrelated [30–34]. In addition, there is evidence that estrogen and progesterone regulate melanin
synthesis [22].

Stimulation of healthy cells with EE, LNG, and EE + LNG led to cell type-dependent results, as
follows: HaCaT cells were sensitive to EE in a dose-dependent manner, while LNG and EE + LNG
affected cells viability only at the highest concentration (10 μM) (see Figure 1); in the case of 1BR3 cells,
the tested hormones reduced cells viability only at the highest concentration; HEMa cells were sensitive
to LNG (1 μM) and EE (10 μM), whereas EE + LNG did not decrease melanocyte viability (see Figure 1),
and the JB6 Cl 41-5a cells proved to be sensitive only after LNG and EE + LNG stimulation (10 μM)
(see Figure 2). Altogether, our results indicate that the lowest concentration (1 μM) of the tested
hormones and their combination could be considered without significant toxicity on healthy cells
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viability, but an increased concentration could affect this status (approximately 75–90% viable cells
at 10 μM). A decreased percentage of viable HaCaT cells was also reported after stimulation with
high concentrations of EE [52], data that are consistent with our results. The endogenous estrogenic
hormone, 17β-estradiol stimulated the proliferation of human normal keratinocytes by augmenting
the proportion of cells in S phase of the cell-cycle [53]. The different cellular response observed after
EE and 17β-estradiol stimulation could be explained by the fact that EE predominantly acts on ERα
whereas 17β-estradiol is equally active on both ERα and ERβ [5].

Several studies reported beneficial and protective roles of estrogens in skin biology (augmented
wound healing, protection against photoaging, increased epidermal thickness, ameliorated
inflammatory pathologies) initiated via ERα (particularly detected in sebocytes) and ERβ (highly
expressed in various skin cell types) [13,47]. It was also stated that estrogens intervene in cell migration
and the protection of cell integrity by controlling cell morphology and inducing the cytoskeleton
reorganization of different normal and tumor cell types: human dermal fibroblasts (actin cytoskeleton
reorganization, restoration of cell shape cultivated in desteroidated medium, and protection on
cells adhesive strength), glial cells, neurons, endothelial cells, osteoblasts, and carcinoma cells [47].
A stimulatory effect on healthy cells (HaCaT, 1BR3 and JB6 Cl 41-5a) migration was observed after
stimulation with EE (1 μM); however, EE + LNG induced a slight inhibition of HaCaT cells migratory
capacity, and LNG did not influence this process (Figure 12). No morphological changes of healthy
cells were noticed after hormones stimulation (Figures 6–9).

Concerning the behavior of sex hormones on healthy cells, a recent study demonstrated that
a continuous exposure of melanocytes to estrogen led to an increase in melanin production, while
progesterone had inverse effects. Moreover, estrogen-treated melanocytes produced a high amount
of melanin for 50 days after hormone removal, but in the case of progesterone the cells returned to
their baseline level of melanin immediately. In addition, in the melanocytes treated with estrogen,
stimulation with progesterone reversed estrogen effects [48]. Similar results were obtained by
Wiedeman et al. [52] data that are in agreement with our results. Poletini and co-workers proved in an
elegant study that normal and malignant melanocytes respond different to estradiol stimulation [54].

The second setting proposed in this study that involves UVB irradiation determined significant
changes in terms of healthy cell viability and morphology. UVB irradiation (40 mJ/cm2) reduced
significantly the percentage of HaCaT, 1BR3, HEMa, and JB6 Cl 41-5a viable cells, the highest toxicity
being recorded for HEMa—58.25% and JB6 Cl 41-5a cells—60% viable cells (Figures 1 and 2). The
low percentage of viable melanocytes could be related to the fact that melanocytes are target cells for
UV toxicity by acting as shields for the nuclei and for the other skin cells [54]. During UV irradiation,
melanin suffers a photosensitization process that results in the production of reactive oxygen species
and the lethal insult of individual cells [30]. The susceptibility of murine epidermis skin (JB6 Cl
41-5a) cells to UVB irradiation could be ascribed to the fact that these cells are isolated from primary
cultures of neonatal BALB/c epidermal cells, the newborn mice being the most suitable animal model
to develop UV-induced melanoma [12]. Similar results regarding the noxious effect of UVB radiation
on keratinocytes and fibroblasts viability were described in other studies, the intensity of the cytotoxic
effect being dependent on the UVB dose and the experimental conditions applied [55–59]. A recent
study showed that a higher dose of UVB (70 mJ/cm2) used was nontoxic for fibroblasts [60]. It is
well-known that UV radiation affects human skin at physiological, biological, and molecular levels
by generating reactive oxygen species that are responsible for DNA damage, cell cycle arrest, and
apoptosis, together with increased matrix metalloproteinase and elastase expression, having as a
consequence, wrinkle formation and impaired cell migration [57].

UVB irradiation of healthy cells (HaCaT, 1BR3, HEMa, and JB6 Cl 41-5a), followed by hormone
stimulation, led to some interesting results concerning their viability status: an increased viability
percentage was recorded in all cell lines after UVB irradiation + EE or LNG (at both 1 and 10 μM) as
compared to control UVB-irradiated cells (like the hormones “helped” the cells to recover after UVB
damage), whereas UVB irradiation + EE + LNG (at 10 μM) proved to be toxic for all cells, and still less
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toxic as compared to UVB-irradiated cells (see Figures 1 and 2). The morphological features of the
healthy cells changed significantly after UVB irradiation (Figures 6–9), with data that are confirmed
by other studies in the literature [50,57,58]. The cells also stimulated with test hormones showed a
lesser extent of damage; most of them presented characteristics similar with the control unexposed
cells, results consistent with the viability data.

Considering the increased interest assigned to a possible link between sex hormones/oral
contraceptive use and the development of melanoma, and the gaps existent in this regard, we assessed
the impact of EE, LNG, and EE + LNG ± UVB irradiation on human (A375) and murine (B164A5)
melanoma cells to provide reliable data concerning the current controversial reports. The test hormones
exerted a dose-dependent cytotoxic effect on both A375 and B164A5 melanoma cells, the lowest
percentage of viable cells being recorded after stimulation with EE + LNG—10 μM (56% and 47.23%,
respectively) (see Figure 3). A considerable number of cells were floating, and this observation
determined us to verify the type of cell death induced by the test compounds. An annexin V/PI test
confirmed that the test hormones induced apoptosis of melanoma cells, the proapoptotic effect was
also dose-dependent, and the strongest activity was triggered by EE + LNG (see Figures 4 and 5).
The choice of the two different melanoma cell lines—A375 (human amelanotic cells) and B164A5
(murine melanotic cells) was based on the different response that was recorded in terms of melanoma
aggressiveness, overall survival, and anti-melanoma therapies [30–34], our results being in accordance
with these data.

Moroni and collaborators showed that low concentrations of progesterone (from 0.01 up to 1 μM)
stimulate A375 melanoma cells proliferation, whereas higher concentrations (10–1000 μM) induce
cell density reduction as a result of both cell cycle arrest and apoptosis [40]. Progesterone elicited
a dose-dependent inhibitory effect on human melanoma (BLM) cell growth in vitro by inducing
autophagy, but estrogen had no inhibitory effect [49]. A similar inhibitory activity of progesterone was
observed in mouse melanoma cells—B16F10 [49]. The role of estrogens in melanoma susceptibility
and malignancy remained controversial, due to the reported contradictory experimental and clinical
findings: estradiol enhances tumor growth and metastasis in B16 melanoma cells, but in human
malignant melanoma biopsies, the expressions of estrogen receptors ERα and ERβ are decreased [14].
Several studies described a suppressive role of 17β-estradiol on human SK-Mel-23 melanoma cell
(these cells express only ERβ) proliferation [61]. An anti-invasive effect of 17β-estradiol was described
in human melanoma cells devoid of ERα receptor [9]. A metabolite of estradiol, 2-methoxyestradiol
proved in vitro and in vivo antimelanoma activity [9]. The morphology of A375 and B164A5 melanoma
cells following hormone stimulation (1 μM) suffered several changes featured by the round shape
of the floating cells that entered apoptosis, whereas the unaffected cells were strongly adherent and
similar in shape to the control cells (Figures 10 and 11).

If the cytotoxic profile of test hormones (EE, LNG, and EE + LNG) was similar in human (A375)
and murine (B164A5) melanoma cells, the intervention of UVB irradiation determined a different
outcome, as follows: (i) in the case of A375 cells, the viability kept the same pattern as after hormones
stimulation—a significantly reduced percentage of viable cells (dose-dependent) (Figure 3) and an
increased percentage of proapoptotic cells (Figure 4) as compared to UVB-irradiated cells, the strongest
effect being recorded for EE + LNG + UVB cells; and (ii) B164A5 cells viability was affected by UVB
radiation, but the association of UVB and test hormones led to a lesser cytotoxic effect (Figure 3) and a
lower percentage of apoptotic cells (Figure 5) as compared to hormone-only cell stimulation, as UVB
made these cells more resistant to hormone cytotoxicity.

The differences regarding the behavior of A375 and B164A5 melanoma cells after UVB radiation
could be attributed to the biological features of each cell line, in terms of: (i) origin: A375—human
melanoma cells and B164A5—murine melanoma cells; (ii) morphology: A375 cells present an
epithelial morphology and a reduced capacity to determine metastasis, whereas B164A5 cells have a
fibroblastic-like morphology and are highly invasive/metastatic, and (iii) melanin content: A375 cells
are devoid of melanin while B164A5 cells are melanin-producing cells [62].
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Several studies reported a decrease of B16 melanoma cells viability after UVB radiation dependent
on the UVB dose [63,64], data that are consistent with our results. Another possible explanation
for B164A5 melanoma cells behavior in response to UVB irradiation and hormonal stimulation
could be related to melanin, the pigment that is abundantly produced by B164A5 cells. A recent
study highlighted the differences at the transcriptomic level between keratinocytes and melanocytes
(main UV radiation targets in the skin), melanin representing a key player in the resistance/protection
of melanocytes against UVB-induced damage. Melanin is able to counteract the acute effects of UVB
radiation on melanocytes by absorbing the radiation. Moreover, it was stated that UV irradiation
determined the chemiexcitation of melanin characterized by a continuous release of excited electrons,
which has as consequence, DNA-damaged melanocytes long after UV exposure. These data underline
an increased susceptibility of keratinocytes to UVB radiation in terms of toxicity as compared to
melanocytes [59].

Another mechanism for melanocytes protection against UVB damage or carcinogenesis consists
of the development of melanocytic dendrites that act as transporters of melanin pigment from
melanocytes to neighboring keratinocytes in response to UVB radiation and hormonal treatment.
A similar process of growing dendrites was described in melanoma cells after UV irradiation. Exposure
of B16 melanoma cells to a dose of 100 mJ/cm2 UVB led to morphological modifications of the
cells, characterized by apparition of globular cell bodies and a high number of tree branch-like
dendrites [64]. Based on these considerations, we could assume that UVB exposure, together with
hormones stimulation of B164A5 melanoma cells led to an increased production of melanin, and to the
apparition of dendrites reversing; therefore the cytotoxic effects exerted by the tested hormones in the
absence of UVB irradiation, but this hypothesis needs to be further verified. This kind of effect was not
observed in A375 melanoma cells due to the lack of melanin in these cells composition.

UVB irradiation ± hormonal treatment induced modifications of melanoma cells morphology
(Figures 10 and 11): A375 cells: reduced confluence, round, detached, and floating apoptotic cells;
B164A5 cells: round cells, cell shrinkage, and the presence of dendrites. Our data agree with the
ones described in the literature that demonstrated that UVB irradiation induced the reorganization
of cytoskeletal F-actin with globular cell bodies and a high number of dendrites in B16 melanoma
cells [64]. In the presence of hormonal treatment, B164A5 cells began to recover their initial shape
(Figure 11), an effect that was also observed in human dermal fibroblasts after stimulation with
estrogen [47].

The test hormones were also investigated by an in ovo method to assess qualitatively an irritancy
potential after topical application on mucosal or skin tissues. The HET-CAM represents an optimal
pre-screening alternative method before animal testing, which is also useful as safety assessment for
cutaneous applications [65–67]. The evaluation was consonant with in vitro cytotoxic results for the
samples unexposed to UVB radiation. LNG showed no irritation both at 1 and 10 μM in consistency,
as also indicated by the in vitro low influence on the viability of keratinocytes (HaCaT) and fibroblasts
(1BR3). EE alone induced the highest irritation only at the higher tested concentration of 10 μM, but
still the effect was very weak compared to the positive control. EE at 1 μM can be considered as
non-irritant. The combination of EE + LNG induced, as expected, an even weaker effect at 10 μM, and
no irritation at 1 μM. The test hormones are frequently used in micro-doses in transdermal systems
or vaginal applications, and they are considered to be non-irritant [68,69]. Moreover, although EE
and LNG are associated with vascular risk, in currently prescribed micro-doses does not induce
endothelium–dependent vasodilatation [70]. Still, the evaluation of EE, LNG, and their combination in
this chorioallantoic membrane environment, can be indicative for the effect on vascular modifications.
This may explain why EE stimulates wound healing in in vitro keratinocytes and fibroblasts more than
LNG, while, when studied in a vascular assay, LNG seem to attenuate EE effects on the capillary plexus.
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4. Materials and Methods

4.1. Reagents and Cell Lines

Ethinylestradiol (EE) and levonorgestrel (LNG) analytical standards were acquired from Sigma
Aldrich (Munich, Germany) and utilized as received. The test compounds (EE, LNG, and their
combination—EE + LNG, in a molar ratio of 1:5) were dissolved in DMSO and were stored as stock
solutions (5 mM) at 4 ◦C.

The experiment was conducted using four healthy and two tumor cell lines purchased as frozen
items. The healthy cell lines, both human and murine, were as follows: HaCaT—immortalized
human keratinocytes (ATCC, LGC Standards GmbH, Wesel, Germany), 1BR3—human skin fibroblast
(90011801, ECACC General Collection, Salisbury, UK), HEMa—primary human epidermal melanocytes
(ATCC, LGC Standards GmbH), and JB6Cl41-5a—newborn mice epidermis (CRL-2010™, ATCC,
LGC Standards GmbH). The tumor cell lines, also human and murine, were: A375—human
melanoma (CRL-1619™, ATCC, LGC Standards GmbH) and B164A5—murine melanoma (94042254;
Sigma-Aldrich Chemie GmbH, Munich, Germany). All cell lines were kept in standard conditions
before culture (liquid nitrogen).

The specific reagents for cell culture such as Dulbecco’s modified Eagle’s medium (DMEM),
Eagle’s Minimum Essential Medium (EMEM), Dermal Cell Basal Medium, and Adult Melanocyte
Growth Kit were purchased from ATCC (LGC Standards GmbH); non-essential amino acids, fetal
bovine serum (FBS), antibiotics mixture (penicillin/streptomycin), phosphate-buffered saline (PBS),
trypsin/EDTA and Trypan blue were acquired from Sigma-Aldrich (Munich, Germany).

4.2. Cell Culture

Keratinocytes (HaCaT), and human (A375) and murine melanoma (B164A5) cell lines were
cultured in DMEM high glucose (4.5 g/L) media, with 15 mM HEPES, and 2 mM L-glutamine
supplemented with 10% FCS. A fibroblast (1BR3) cell line was cultured in EMEM supplemented with
15% FBS and for the mice epidermis (JB6 Cl 41-5a) cell line growth was used EMEM supplemented with
0.1% non-essential amino acids and 5% FCS. Primary melanocytes (HEMa) were grown in Dermal Cell
Basal Medium supplemented with an Adult Melanocyte Growth Kit. An antibiotic mixture (100 U/mL
penicillin, 100 μg/mL streptomycin) was added to all culture media, and the cells were preserved in
standard conditions (humidified atmosphere with 5% CO2 at 37 ◦C) and passaged every two days.
Cell number was determined using a Countess II FL Automated Cell Counter (AMQAF1000, Thermo
Fischer Scientific, Waltham, MA, USA) in the presence of Trypan blue. The cells were seeded in various
culture plates (6, 12, and 96 wells) according to the experimental requirements.

4.3. UVB Irradiation Protocol

For UVB irradiation experiments, the cells were cultured in 6-/12- and 96-well plates, respectively,
and allowed to grow until a confluence of 80–85% was achieved. The protocol consisted of several
steps, as follows: the medium was removed prior to UVB exposure to avoid the formation of toxic
photoproducts released by the medium [71], and the cells were washed with PBS (phosphate saline
buffer); a thin layer of PBS was added in each well. UVB exposure was performed at 312 nm, at a dose
of 40 mJ/cm2 by means of Biospectra system (Vilber Lourmat, France). Immediately after irradiation,
PBS was replaced with culture medium ± test compounds. The stimulation with test compounds
(LNG, EE, and EE + LNG) was performed after UVB irradiation.

4.4. Cell Viability, Migration and Proliferation Assays

Viability assessment. The viability test applied in the current study was the Alamar blue assay.
The cells (1 × 104/200 μL medium/well) were seeded in a 96-well plate and allowed to attach;
afterwards, were incubated with different concentrations (1 and 10 μM) of test compounds for 24 h.
The absorbance was measured using a xMark™ Microplate Spectrophotometer (BioRad) at 570 nm and
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600 nm (reference) wavelengths; and cell viability was calculated according to the method described in
our previous studies [72].

Migration and proliferation assay. The migratory character of the cells used in the present
study was evaluated by means of a scratch assay, a wound healing type technique. In brief, a
number of 2 × 105 cells/well were cultured in 12-well plates, and when the suitable confluence
(~90–95%) was reached, a scratch was performed in the middle of the well with a 10 μL sterile
tip [73]. To quantify the effect of the test compounds (1 μM EE, LNG, and EE + LNG, respectively) in
terms of cell migratory capacity, the difference between the initial and after 24 h wound widths, was
determined. Representative images (10× magnification) were recorded by using an Olympus IX73
inverted microscope equipped with DP74 camera (Olympus, Tokyo, Japan) and the wound widths
were measured with CellSense Dimension 1.17 (Olympus, Tokyo, Japan). The migration rate was
calculated according to the formula described by Felice et al. [74].

Annexin V/PI assay. In order to study the impact of test compounds on cell apoptosis, flow
cytometry analysis was performed using an annexin V-FITC apoptosis detection kit (eBioscience,
Vienna, Austria). A375 human melanoma and B164A5 murine melanoma cells were seeded into 6-well
plates (3 × 105 cells/well) and stimulated with test compounds (1 and 10 μM) for 24 h. After 24 h,
the cells were washed with PBS and resuspended in 200 μL Binding Buffer; 5 μL of FITC-conjugated
annexin V were added into the cell suspension. Before analysis, 10 μL of propidium iodide solution
(20 μg/mL) were added in each sample, followed by 10 min incubation at room temperature in
the dark. Cells were analyzed by flow cytometry (FACSCalibur; Becton Dickson, Franklin Lakes,
NJ, USA) and unstimulated cells were used as controls. The results were processed using Flowing
Software Version 2.5.1 (developed by Perttu Terho, Cell Imaging Core, Turku Centre for Biotechnology,
Turun Yliopisto, Finland).

4.5. Hen’s Egg Test—Chorioallantoic Membrane (HET-CAM) Assay

The evaluation of hormones biocompatibility and toxicity was assessed in ovo by the Hen’s
Egg Chorioallantoic Membrane Test (HET-CAM). The method is applied to evaluate a potential
irritant effect of the test compounds on the vascular plexus of the chorioallantoic membrane [65,75].
The HET-CAM method was carried out following ICCVAM recommendations and adapted to our
conditions [76]. Thus, the eggs were incubated at 37 ◦C and controlled humidity. On the third day of
incubation (embryonic day of development, EDD 3), 3–4 mL of albumen were extracted in order to
facilitate the observation of the chorioallantoic membrane: a hole was cut in the lower part of the egg,
which was then covered, and the eggs were reintroduced into the incubator. On EDD 4, a window was
cut and removed from the top of the eggs. The hole was then covered, and the eggs were kept in the
incubator until EDD 9. Five eggs were used for each tested compound. A volume of 500 μL of control
or test solution, respectively, was applied and the modifications produced at the CAM level were
monitored by means of stereomicroscopy (Discovery 8 Stereomicroscope, Zeiss, Göttingen, Germany);
significant images were recorded (Axio CAM 105 color, Zeiss) before the application and after 5 min
of contact with each sample. All images were processed using AxioVision SE64. Rel. 4.9.1 Software
(Zeiss), Gimp v 2.8 (https://www.gimp.org/) and ImageJ v 1.50e software (U.S. National Institutes of
Health, Bethesda, MD, USA).

The negative control was represented by a phosphate buffer solution (PBS), while the positive
control by the sodium dodecyl sulfate (SDS) 1% in PBS. The test compounds were diluted in DMSO at
concentrations of 1 μM and 10 μM.
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The time needed for the test compounds to induce a particular reaction (hemorrhage—H—blood
vessel bleeding, vascular lysis—L—disintegration of blood vessels, coagulation—C—intra or
extra-vascular protein denaturizing) was recorded in seconds and was established at 5 min (300 s).
The analytical method used to assess the irritant potential of test compounds consisted in calculating
the irritation score (IS), using the formula described in our previous study [77]. The formula comprises
a factor indicating the impact on vascular damage of the observed effect, e.g., coagulation has the
highest impact on irritancy, being represented by a multiplication factor of 9. Therefore, the irritation
scores may have values between 0 and 21 [75].

To establish the irritation severity, a severity score (SS) was also calculated. After 5 min of
observation, the most pronounced reaction was scored (either hemorrhage, lysis, or coagulation)
according to the following scheme: 0 = no reaction; 1 = slight reaction; 2 = moderate reaction; 3 = severe
reaction. Mean scores were determined.

4.6. Statistical Analysis

The statistical program and software applied in the present study were GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA), CellSense Dimension 1.17 software, Flowing Software
Version 2.5.1, AxioVision SE64. Rel. 4.9.1 Software, Gimp v 2.8 and ImageJ v 1.50e software. Data
were analyzed using paired Student’s t tests or one-way ANOVA, followed by Tukey’s post-tests when
appropriate, to determine the statistical difference between experimental and control groups; *, **, ***
and **** indicate p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively.

5. Conclusions

This initial study that evaluates the potential antimelanoma activity of ethinylestradiol,
levonorgestrel, and their combination ± UVB irradiation—proposed an approach that might prove
its utility in further studies. The two hormones (EE and LNG) and their combination (EE + LNG)
did not interfere with human and murine healthy skin cell viability at the lowest concentration
tested, whereas in the case of melanoma cells, this concentration induced a significant cytotoxic effect.
By increasing the concentration of hormones and adding UVB irradiation, the cytotoxicity induced was
at a higher extent in all healthy cell lines and in human melanoma cells—A375. In the case of murine
melanoma cells—B164A5, the association of hormones and UVB stress led to an increase of viable
cell percentage and a decrease of early apoptotic cells, a possible key role being played by melanin.
In ovo experiments confirmed the harmless activity of the hormones at low doses, albeit a higher
concentration was responsible for a weak irritant effect (for EE and EE + LNG). These experimental
observations offer a reliable background for further in vitro studies to define the mechanisms involved
in cell type-dependent antimelanoma activity exerted by the two hormones, and to explain the possible
role of melanin in the protection of melanoma cells against hormonal treatment.
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Abbreviations

A375 Human melanoma cells
B164A5 Murine melanoma cells
BCC Basal cell carcinoma
1BR3 Human skin fibroblasts
DMSO Dimethyl sulfoxide
EE Ethinylestradiol
ER Estrogen receptor
ET-1 Endothelin-1
HaCaT Human immortalized keratinocytes
HEMa Human primary epidermal melanocytes
HET-CAM Hen’s Egg Test—chick chorioallantoic membrane assay
ICCVAM Interagency Coordinating Committee on the Validation of Alternative Methods
IS Irritation score
JB6Cl415a Newborn mice epidermis
LNG Levonorgestrel
MSH Melanocyte-stimulating hormone
PBS Phosphate saline buffer
SCC Squamous cell carcinoma
SCF Stem cell factor
SDS Sodium dodecyl sulfate
SS Severity score
UVB Ultraviolet B radiation
UVA Ultraviolet A radiation
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34. Brożyna, A.A.; Jóźwicki, W.; Carlson, J.A.; Slominski, A.T. Melanogenesis affects overall and disease-free
survival in patients with stage III and IV melanoma. Hum. Pathol. 2013, 44, 2071–2074. [CrossRef] [PubMed]

35. Interagency Coordinating Committee on the Validation of Alternative Methods (ICCVAM 2010).
Available online: https://www.niehs.nih.gov/health/materials/interagency_coordinating_committee_
on_the_validation_of_alternative_methods_508.pdf (accessed on 1 August 2018).

36. Gallagher, R.P.; Elwood, J.M.; Hill, G.B.; Coldman, A.J.; Threlfall, W.J.; Spinelli, J.J. Reproductive factors, oral
contraceptives and risk of malignant melanoma: Western Canada Melanoma Study. Br. J. Cancer 1985, 52,
901–907. [CrossRef] [PubMed]

37. Holman, C.D.; Armstrong, B.K.; Heenan, P.J. Cutaneous malignant melanoma in women: Exogenous sex
hormones and reproductive factors. Br. J. Cancer 1984, 50, 673–680. [CrossRef] [PubMed]

38. Smith, M.A.; Fine, J.A.; Barnhill, R.L.; Berwick, M. Hormonal and reproductive influences and risk of
melanoma in women. Int. J. Epidemiol. 1998, 27, 751–757. [CrossRef] [PubMed]

39. Koomen, E.R.; Joosse, A.; Herings, R.M.; Casparie, M.K.; Guchelaar, H.J.; Nijsten, T. Estrogens, oral
contraceptives and hormonal replacement therapy increase the incidence of cutaneous melanoma:
A population-based case-control study. Ann. Oncol. 2009, 20, 358–364. [CrossRef] [PubMed]

40. Moroni, G.; Gaziano, R.; Bue, C.; Agostini, M.; Perno, C.F.; Sinibaldi-Vallebona, P.; Pica, F. Progesterone and
Melanoma Cells: An Old Story Suspended between Life and Death. J. Steroids Horm. Sci. 2015, S13, 158.
[CrossRef]

41. Karagas, M.R.; Stukel, T.A.; Dykes, J.; Miglionico, J.; Greene, M.A.; Carey, M.; Armstrong, B.; Elwood, J.M.;
Gallagher, R.P.; Green, A.; et al. A pooled analysis of 10 case-control studies of melanoma and oral
contraceptive use. Br. J. Cancer 2002, 86, 1085–1092. [CrossRef] [PubMed]

42. Mueller, K.; Verzi, A.E.; Bhatt, K.; Orrell, K.; Hagstorm, E.; Flood, K.; Schlosser, B.; Nardone, B.; West, D.P.
Melanoma and chronic exposure to contraceptives containing microdoses of ethinylestradiol in young
women: A retrospective study from the Research on Adverse Drug Events and Reports (RADAR) project
comprising a large Midwestern U.S. patient population. J. Eur. Acad. Dermatol. Venereol. 2018, 32, e87–e88.
[CrossRef] [PubMed]

43. Bhupathiraju, S.N.; Grodstein, F.; Stampfer, M.J.; Willett, W.C.; Hu, F.B.; Manson, J.E. Exogenous Hormone
Use: Oral Contraceptives, Postmenopausal Hormone Therapy, and Health Outcomes in the Nurses’ Health
Study. Am. J. Public Health 2016, 106, 1631–1637. [CrossRef] [PubMed]

44. Mordoh, J.; Tapia, I.J.; Barrio, M.M. A word of caution: Do not wake sleeping dogs; micrometastases of
melanoma suddenly grew after progesterone treatment. BMC Cancer 2013, 13, 132. [CrossRef] [PubMed]

45. Caraffa, A.; Spinas, E.; Kritas, S.K.; Lessiani, G.; Ronconi, G.; Saggini, A.; Antinolfi, P.; Pizzicannella, J.;
Toniato, E.; Theoharides, T.C.; et al. Endocrinology of the skin: Intradermal neuroimmune network, a new
frontier. J. Biol. Regul. Homeost. Agents 2016, 30, 339–343. [PubMed]

46. Muizzuddin, N.; Marenus, K.D.; Schnittger, S.F.; Sullivan, M.; Maes, D.H. Effect of systemic hormonal
cyclicity on skin. J. Cosmet. Sci. 2005, 56, 311–321. [CrossRef] [PubMed]

47. Carnesecchi, J.; Malbouyres, M.; de Mets, R.; Balland, M.; Beauchef, G.; Vié, K.; Chamot, C.; Lionnet, C.;
Ruggiero, F.; Vanacker, J.M. Estrogens induce rapid cytoskeleton re-organization in human dermal fibroblasts
via the non-classical receptor GPR30. PLoS ONE 2015, 10, e0120672. [CrossRef] [PubMed]

48. Natale, C.A.; Li, J.; Zhang, J.; Dahal, A.; Dentchev, T.; Stanger, B.Z.; Ridky, T.W. Activation of G
protein-coupled estrogen receptor signaling inhibits melanoma and improves response to immune
checkpoint blockade. eLife 2018, 7, E31770. [CrossRef] [PubMed]

49. Ramaraj, P.; Cox, J.L. In vitro effect of progesterone on human melanoma (BLM) cell growth. Int. J. Clin.
Exp. Med. 2014, 7, 3941–3953. [PubMed]

50. Fernandez, T.L.; Van Lonkhuyzen, D.R.; Dawson, R.A.; Kimlin, M.G.; Upton, Z. In vitro investigations on
the effect of dermal fibroblasts on keratinocyte responses to ultraviolet B radiation. Photochem. Photobiol.
2014, 90, 1332–1339. [CrossRef] [PubMed]

136



Int. J. Mol. Sci. 2018, 19, 3600

51. Duval, C.; Cohen, C.; Chagnoleau, C.; Flouret, V.; Bourreau, E.; Bernerd, F. Key Regulatory Role of Dermal
Fibroblasts in Pigmentation as Demonstrated Using a Reconstructed Skin Model: Impact of Photo-Aging.
PLoS ONE 2014, 9, e114182. [CrossRef] [PubMed]

52. Wiedemann, C.; Nägele, U.; Schramm, G.; Berking, C. Inhibitory effects of progestogens on the estrogen
stimulation of melanocytes in vitro. Contraception 2009, 80, 292–298. [CrossRef] [PubMed]

53. Kanda, N.; Watanabe, S. 17beta-estradiol stimulates the growth of human keratinocytes by inducing cyclin
D2 expression. J. Investig. Dermatol. 2004, 123, 319–328. [CrossRef] [PubMed]

54. Poletini, M.O.; de Assis, L.V.; Moraes, M.N.; Castrucci, A.M. Estradiol differently affects melanin synthesis of
malignant and normal melanocytes: A relationship with clock and clock-controlled genes. Mol. Cell Biochem.
2016, 421, 29–39. [CrossRef] [PubMed]

55. Izykowska, I.; Cegielski, M.; Gebarowska, E.; Podhorska-Okolow, M.; Piotrowska, A.; Zabel, M.; Dziegiel, P.
Effect of melatonin on human keratinocytes and fibroblasts subjected to UVA and UVB radiation In vitro.
In Vivo 2009, 23, 739–745. [PubMed]

56. Mortensen, L.J.; Ravichandran, S.; DeLouise, L.A. The impact of UVB exposure and differentiation state of
primary keratinocytes on their interaction with quantum dots. Nanotoxicology 2013, 7, 1244–1254. [CrossRef]
[PubMed]

57. Lee, G.T.; Cha, H.J.; Lee, K.S.; Lee, K.K.; Hong, J.T.; Ahn, K.J.; An, I.S.; An, S.; Bae, S. Arctiin induces an UVB
protective effect in human dermal fibroblast cells through microRNA expression changes. Int. J. Mol. Med.
2014, 33, 640–648. [CrossRef] [PubMed]

58. Patwardhan, J.; Bhatt, P. Ultraviolet-B Protective Effect of Flavonoids from Eugenia caryophylata on Human
Dermal Fibroblast Cells. Pharmacogn. Mag. 2015, 11 (Suppl. 3), S397–S406. [CrossRef] [PubMed]

59. Sun, X.; Kim, A.; Nakatani, M.; Shen, Y.; Liu, L. Distinctive molecular responses to ultraviolet radiation
between keratinocytes and melanocytes. Exp. Dermatol. 2016, 25, 708–713. [CrossRef] [PubMed]

60. Shin, D.; Lee, S.; Huang, Y.H.; Lim, H.W.; Lee, Y.; Jang, K.; Cho, Y.; Park, S.J.; Kim, D.D.; Lim, C.J.
Protective properties of geniposide against UV-B-induced photooxidative stress in human dermal fibroblasts.
Pharm. Biol. 2018, 56, 176–182. [CrossRef] [PubMed]

61. Sarti, M.S.; Visconti, M.A.; Castrucci, A.M. Biological activity and binding of estradiol to SK-Mel 23 human
melanoma cells. Braz. J. Med. Biol. Res. 2004, 37, 901–905. [CrossRef] [PubMed]

62. Serafim, V.; Shah, A.; Puiu, M.; Andreescu, N.; Coricovac, D.; Nosyrev, A.; Spandidos, D.A.; Tsatsakis, A.M.;
Dehelean, C.; Pinzaru, I. Classification of cancer cell lines using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry and statistical analysis. Int. J. Mol. Med. 2017, 40, 1096–1104. [CrossRef]
[PubMed]

63. Jeong, Y.M.; Lee, J.E.; Kim, S.Y.; Yun, H.Y.; Baek, K.J.; Kwon, N.S.; Kim, D.S. Enhanced effects of citrate on
UVB-induced apoptosis of B16 melanoma cells. Pharmazie 2009, 64, 829–833. [PubMed]

64. Wang, W.Q.; Wu, J.F.; Xiao, X.Q.; Xiao, Q.; Wang, J.; Zuo, F.G. Narrow-band UVB radiation promotes dendrite
formation by activating Rac1 in B16 melanoma cells. Mol. Clin. Oncol. 2013, 1, 858–862. [CrossRef] [PubMed]

65. Wilson, T.D.; Steck, W.F. A modified HET-CAM assay approach to the assessment of anti-irritant properties
of plant extracts. Food Chem. Toxicol. 2000, 38, 867–872. [CrossRef]

66. Rocha-Filho, P.; Ferrari, M.; Maruno, M.; Souza, O.; Gumiero, V. In Vitro and In Vivo Evaluation of
Nanoemulsion Containing Vegetable Extracts. Cosmetics 2017, 4, 32. [CrossRef]

67. Palmeira-de-Oliveira, R.; Monteiro Machado, R.; Martinez-de-Oliveira, J.; Palmeira-de-Oliveira, A. Testing
vaginal irritation with the hen’s egg test-chorioallantoic membrane assay. ALTEX 2018. [CrossRef] [PubMed]

68. Wieder, D.R.; Pattimakiel, L. Examining the efficacy, safety, and patient acceptability of the combined
contraceptive vaginal ring (NuvaRing). Int. J. Women’s Health 2010, 2, 401–409. [CrossRef] [PubMed]

69. Abdi, F.; Mobedi, H.; Mosaffa, N.; Dolatian, M.; Ramezani Tehrani, F. Hormone Therapy for Relieving
Postmenopausal Vasomotor Symptoms: A Systematic Review. Arch. Iran Med. 2016, 19, 141–146. [PubMed]

70. Torgrimson, B.N.; Meendering, J.R.; Kaplan, P.F.; Minson, C.T. Endothelial function across an oral
contraceptive cycle in women using levonorgestrel and ethinyl estradiol. Am. J. Physiol. Heart Circ. Physiol.
2007, 292, H2874–H2880. [CrossRef] [PubMed]

71. Lan, C.E.; Wang, Y.T.; Lu, C.Y.; Fang, A.H.; Wu, C.S. The effect of interaction of heat and UVB on human
keratinocyte: Novel insights on UVB-induced carcinogenesis of the skin. J. Dermatol. Sci. 2017, 88, 207–215.
[CrossRef] [PubMed]

137



Int. J. Mol. Sci. 2018, 19, 3600

72. Coricovac, D.E.; Moacă, E.A.; Pinzaru, I.; Cîtu, C.; Soica, C.; Mihali, C.V.; Păcurariu, C.; Tutelyan, V.A.;
Tsatsakis, A.; Dehelean, C.A. Biocompatible Colloidal Suspensions Based on Magnetic Iron Oxide
Nanoparticles: Synthesis, Characterization and Toxicological Profile. Front. Pharmacol. 2017, 8, 154.
[CrossRef] [PubMed]

73. Jung, M.; Weigert, A.; Tausendschön, A.; Mora, J.; Oren, B.; Sola, A.; Hotter, G.; Muta, T.; Brüne, B.
Interleukin-10-induced neutrophil gelatinase-associated lipocalin production in macrophages with
consequences for tumor growth. Mol. Cell Biol. 2012, 32, 3938–3948. [CrossRef] [PubMed]

74. Felice, F.; Zambito, Y.; Belardinelli, E.; Fabiano, A.; Santoni, T.; Di Stefano, R. Effect of different chitosan
derivatives on in vitro scratch wound assay: A comparative study. Int. J. Biol. Macromol. 2015, 76, 236–241.
[CrossRef] [PubMed]

75. Luepke, N.P. Hen’s egg chorioallantoic membrane test for irritation potential. Food Chem. Toxicol. 1985, 23,
287–291. [CrossRef]

76. Scheel, J.; Kleber, M.; Kreutz, J.; Lehringer, E.; Mehling, A.; Reisinger, K.; Steiling, W. Eye irritation potential:
Usefulness of the HET-CAM under the Globally Harmonized System of classification and labeling of
chemicals (GHS). Regul. Toxicol. Pharmacol. 2011, 59, 471–492. [CrossRef] [PubMed]

77. Ardelean, S.; Feflea, S.; Ionescu, D.; Năstase, V.; Dehelean, C.A. Toxicologic screening of some surfactants
using modern in vivo bioassays. Rev. Med. Chir. Soc. Med. Nat. Iasi 2011, 115, 251–258. [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

138



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03921-174-6


	Blank Page
	IJMS Sex Hormone Receptor Signals in Human Malignancies.pdf
	Blank Page




