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Abstract

The vitamin D receptor (VDR) and aryl hydrocarbon receptor (AHR) are two nuclear receptors that exert their effects by bind-
ing with ligands and forming a molecular complex. These complexes translocate to the nucleus and activate the expression
of a series of genes which have a response element to VDR or AHR. Both receptors have been identified in the pathogenesis
of endometriosis, a common disease characterized by the formation of endometrium-like tissue in ectopic zones. Despite
numerous therapies, there is no definitive cure for endometriosis at the pharmacological level. Our study aims to describe
the location and the expression of VDR and AHR at the protein level. For this purpose, an evaluation was performed using
tissue from the three normal phases of the endometrium (proliferative, early, and late secretory) and in endometriosis by
immunohistochemistry, using anti-VDR and anti-AHR antibodies. We demonstrate that in the nuclei of glandular cells in
endometriosis, the expression of VDR and AHR is mutually exclusive—when the expression of one receptor is high, the
other one is low—suggesting a possible target in the treatment of endometriosis. We also identify a significant change in the
expression of glandular cytoplasmic AHR between the proliferative and late secretory endometrium.
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Introduction

The vitamin D receptor (VDR) and aryl hydrocarbon recep-
tor (AHR) are two nuclear receptors which have been asso-
ciated with endometriosis (Sayegh et al. 2014; Rier et al.
1993). Endometriosis is a common gynecologic disease that
affects about 10% of all women in the reproductive phase
of their lives (Missmer and Cramer 2003). The disorder
is defined as the growth of endometrial tissue outside the
cavum uteri, and it is postulated to invoke a chronic inflam-
matory reaction (Agic et al. 2007). Endometriosis shares
several similarities with malignant diseases, such as reduced
apoptosis, invasion of endometrial cells into adjacent organs
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(bowel, bladder), increased angiogenesis (Varma et al.
2004), and recurrence (Donnez et al. 2002).

Vitamin D and its receptor (VDR) regulate numerous
physiological and pharmaceutical processes, including
bone and calcium metabolism, cellular growth and differ-
entiation, immunity, and cardiovascular functions (Nagpal
et al. 2005; Choi and Makishima 2009). Numerous in vitro
and in vivo studies have shown that vitamin D is a potent
inhibitor of cellular proliferation in a wide range of cell
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types, including carcinomas of the breast, prostate, colon,
skin, and brain, myeloid leukemia cells, and others (Guyton
et al. 2003; Ravid and Koren 2003; Koeffler et al. 2005).
Furthermore, VDRs and enzymes involved in the synthe-
sis and degradation of vitamin D have been identified in
many tissues, suggesting a role for vitamin D in the regula-
tion of normal cellular growth at a local level (Holick 2003;
Berger et al. 1988). The human endometrium is a steroid
hormone-dependent tissue displaying complex cellular regu-
lation mediated by nuclear receptors. Stromal endometrial
cells were shown to upregulate VDR and the active form
of la-hydroxylase in early pregnancy versus cycling endo-
metrium (Vigano, 2006) independently of the menstrual
cycle phase. The endometrium is also a site of 1,25(OH)2D
extrarenal synthesis and a target of 1,25(OH)2D activity
through gene regulation and immunomodulation (Bagot
et al. 2000; Lemire et al. 1995). Dysregulation of VDR
expression and activity in the endometrium consequently
leads to a pathological state. The dysregulation of the VDR
pathway in the eutopic endometrium of women affected by
endometriosis was studied by Agic et al. (2007). The authors
documented an increase in la-hydroxylase mRNA expres-
sion and a tendency for elevated 24-hydroxylase expression
in the endometrium of women with endometriosis compared
with controls. This elevation in VDR, la-hydroxylase, and
24-hydroxylase mRNA expression in the endometrium of
women with endometriosis suggests an active role of the
VDR pathway in the pathogenesis of endometriosis.

The aryl hydrocarbon receptor (AHR) is a cytosolic
ligand-activated transcription factor that is involved in drug
and xenobiotic metabolism (de Tomaso Portaz et al. 2015).
The AHR is highly expressed in multiple organs and tissues
and plays an important role in cellular homeostasis (Safe
et al. 2013). The activation of AHR leads to the formation
of an active transcription factor heterodimer with the AHR
nuclear translocator (ARNT), and induces expression of a
group of genes called the [Ah] gene battery (Nebert et al.
2000). Although the precise mechanism of AHR action is
still unknown, it has been shown in the endometrium that the
agonist-activated AHR/ARNT heterodimer is directly asso-
ciated with estrogen receptor-a (ER-a) and ER-f, resulting
in the recruitment of unbound ER and the coactivator p300
to estrogen-response gene promoters, which leads to activa-
tion of transcription and estrogenic effects. In estrogen target
tissues such as the endometrium, this mechanism leads to
the promotion of cellular proliferation (Ohtake et al. 2003),
suggesting a link between AHR activity and endometriosis
pathophysiology.

Based on the aforementioned data from the literature,
many studies have suggested the direct involvement of VDR
or AHR in the pathogenesis and/or modulation of endome-
trial lesions. Accordingly, we may speculate that both recep-
tors might be upregulated, exerting a concerted action in

@ Springer

modulating proliferative signals, in these pathological tis-
sues. Therefore, the aim of this study was to describe the
relative expression of these two nuclear receptors in nor-
mal endometrial tissues versus ovaries of women diagnosed
with ovarian endometriosis (thus presenting infiltration of
the endometrium in the ovary). The comparison of VDR or
AHR expression in such tissues is based on the nature of
endometriosis, which is defined as “the presence of endome-
trium-like tissue outside the uterus” (Zondervan et al. 2020).
A combined analysis of the possible changes in the relative
expression of VDR and AHR is currently missing and could
provide more insight into the pathophysiological description
of endometriosis.

Materials and methods
Tissue samples

This study was approved by the Medical School Ethical
Committee, Ludwig Maximilian University (LMU), Munich,
Germany. Informed consent was obtained from the patients.
All data have been anonymized. Samples of human endo-
metrial tissue were obtained from 45 premenopausal, non-
pregnant patients undergoing gynecological surgery for
benign diseases either by dilatation and curettage or hys-
terectomy. All women had a normal and regular menstrual
cycle with no hormone treatment for 3 months prior to sur-
gery. All pathological and hyperplastic endometrial samples
were excluded from this study. Endometrial samples were
collected and the order of access to the clinics was regis-
tered. After preparation of the slides, samples were clas-
sified according to clinical history and histological dating
into proliferative (days 1-14), early secretory (days 15-22),
and late secretory phase (days 23-28). The first 15 samples
per group were chosen at random, considering the patients’
chronological order of accession to the clinics as a unique
selection criterion. The ovaries of eight patients diagnosed
with ovarian endometriosis were randomly selected from
the archives of the Department of Obstetrics and Gynecol-
ogy of LMU.

Immunohistochemistry

Formalin-fixed paraffin-embedded sections (3 um) were
dewaxed in xylol, rehydrated in a descending ethanol gradi-
ent, and subjected to epitope retrieval in a pressure cooker
using sodium citrate buffer (pH 6.0). After returning to room
temperature, tissue was blocked with 3% H,0, in methanol
(20 min) for endogenous peroxidase activity. Nonspecific
binding of the primary antibodies was blocked using the
appropriate blocking solution. Sections were then incubated
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with primary antibodies. The salient features of the antibod-
ies used are presented in Table 1.

Staining was performed using the Vectastain Elite ABC
kit (Vector Laboratories, Burlingame, CA, USA) for anti-
VDR antibody, and ZytoChem Plus HRP Polymer Kit
(Zytomed Systems, Berlin, Germany) for anti-AHR anti-
body, according to the manufacturers’ protocol. Substrate
and chromogen (3,3'-diaminobenzidine [DAB], Dako,
Glostrup, Denmark) were finally added to the slides, which
were then counterstained with Mayer’s acidic hematoxylin
and covered. Placental tissue (both VDR and AHR) was
used for positive control staining (Fig. 1). The sections were
examined by two independent observers using a Leitz Dia-
plan microscope (Leitz, Wetzlar, Germany).

Statistical evaluation

Ten fields per slide were examined using a semi-quantita-
tive immunoreactivity score (IRS) (Remmele and Stegner
1987). IRS measures the intensity and distribution of antigen
expression and is calculated by multiplying the percentage
of positively stained cells (0: no staining; 1: < 10% of the
cells; 2: 11-50%; 3: 51-80%: 4:>80%) by the intensity of
staining (0: none; 1: weak; 2: moderate; 3: strong). Each
field in a given sample was considered as a single observa-
tion for each observer (thus two values were produced by the
two observers for each of the ten fields). Twenty values per
sample slide were reported as replicates for the statistical
evaluation. IBM SPSS version 20 software for Windows
(IBM Corp., Armonk NY, USA) was used for data collection
and processing and for analysis of statistical data. Values
with p <0.05 were considered statistically significant. The
Mann—Whitney U test was used for the evaluation of two
independent groups. Spearman’s correlation was used to
evaluate correlations of two independent groups.

Results

VDR expression in glandular epithelial tissue
of normal endometrium and in endometriosis

In the three phases of the endometrium (proliferative, early,
and late secretory) we were unable to observe expression

Table 1 Antibodies used for the study

of VDR in the nuclei of the glandular cells of the prolifera-
tive endometrium (PE, Fig. la; median=0), early secretory
endometrium (ESE, Fig. 1b; median=0), or late secretory
endometrium (LSE, Fig. 1c¢; median=0). We identified sig-
nificant upregulation of VDR expression, with a median IRS
value of 4.8 in the nuclei of glandular ovarian endometrial
cells (p<0.02, Fig. 1d) compared to normal endometrium
in the three phases. We did not identify any significant dif-
ferences in the expression of cytoplasmic VDR in either the
normal endometrium or endometriosis (ovarian endometrio-
sis median=2; p=0.053, PE median=4, ESE median=0,
LSE median=28.2). A summary of the staining results for
VDR expression in the nuclei of the glandular cells is pre-
sented in Fig. le.

AHR expression in the nuclei of glandular
epithelial cells in tissue of normal endometrium
and in endometriosis

Similar to VDR expression, we were not able to observe
expression of AHR in the nuclei of the glandular epithelial
tissue (EP median=0, ESE median=0, LSE median =0,
Fig. 2a—c) in normal endometrium. We identified a signifi-
cant enhanced AHR expression with a median IRS value
of I in nuclei of glandular ovarian endometriosis (p <0.03,
Fig. 2d) compared to three phases of normal endometrial tis-
sue. A summary of the staining results for AHR expression
in the nuclei of the glandular cells is presented in Fig. 2e.

AHR expression in the cytoplasm of glandular
epithelial tissue of normal endometrium
and in endometriosis

We identified a significant change in the expression of cyto-
plasmic AHR between the proliferative and late secretory
endometrium. Indeed, cytoplasmic AHR seems to be upreg-
ulated in the proliferative endometrium (median=4, Fig. 3a)
compared to the late secretory endometrium (median=0.4,
Fig. 3b, p <0.05). No significant differences were found
for AHR expression in the cytoplasm of the early secretory
endometrium (median=2.3, Fig. 3c) compared to the pro-
liferative and late secretory endometrium. No AHR expres-
sion was found in the cytoplasm of ovarian endometriosis
samples (Supplementary Fig. 1). A summary of the staining

Antibody (AB) AB Incubation conditions Blocking solution Blocking
condi-
tions

VDR monoclonal (mouse [gG2a) 1:100 in PBS; 1 h at room temperature Power Block (BioGenex, Fremont, CA, USA) 3 min

AHR polyclonal (rabbit IgG) 1:200in PBS; 16 hat 4 °C

Reagent 1 (Polymer kit, Zytomed System, Berlin, 5 min
Germany)
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Fig. 1 Expression of VDR in the nucleus of endometrial glandular
cells from proliferative (a), early secretory (b), and late secretory (c¢)
endometrium as well as from ovarian endometrial tissue (d). Box and
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Fig.3 Expression of AHR in the cytoplasm of endometrial glands
from proliferative (a), early secretory (b), and late secretory (c)
endometrium. “Ovarian endometriosis” samples are provided as sup-
plementary material (Supplementary Fig. 1) due to the lack of AHR

results for AHR expression in the cytoplasm of the glandular
cells is presented in Fig. 3d.

Correlation between VDR and AHR expression
in glandular cell nuclei of tissues in endometriosis

We identified a negative correlation in the expression of
VDR and AHR in the nuclei of the glandular cells (coef-
ficient of correlation: —0.97, p=0.007). As shown in Fig. 4,
samples which showed high expression of VDR did not
express AHR at an appreciable level. Conversely, samples
with little VDR expression showed a high degree of AHR
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expression in these tissues. Box and whiskers plot (d) of IRS scor-
ing data for each tissue (¥significantly different versus “proliferative
endometrium”, Kruskal-Wallis test, p <(.05). Bar=50 pm

expression. Such differential expression may be interpreted
as mutual exclusivity in the regulation of VDR and AHR:
when one of these two receptors is highly expressed, the
other one is similarly reduced.

Stroma analysis shows no significant expression

We analyzed VDR and AHR expression in the stroma of the
tissues, both for the three phases of the endometrium and for
ovarian endometriosis. We considered only cells belonging
to the stroma adjacent to glandular cells. We did not identify
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Fig.4 Negative correlation between VDR expression and AHR
expression. Endometriosis tissue samples from different patients are
plotted as a function of VDR and AHR IRS scores. Data correlation
was evaluated by Pearson r test (p <0.05)

any significant expression for VDR and AHR in either the
nuclei or cytoplasm of stromal cells (not shown).

Discussion

VDR and AHR belong to the family of the nuclear receptors
consisting of a heterogenous group of proteins that are tar-
geted by a large set of fat-soluble molecules, hormones, vita-
mins and xenobiotics (Chawla et al. 2001). They mediate the
expression of genes involved in a broad range of reproduc-
tive, developmental, metabolic and immune response func-
tions (Becnel et al. 2015). Given that VDR and AHR were
both previously implicated in endometriosis, in this study we
investigated the nuclear and cytoplasmic expression of VDR
and AHR in tissues from normal endometrium (in the three
physiological phases: proliferative, early, and late secretory)
and ovarian endometriosis. We found significantly higher
expression of VDR and AHR in the nuclei of glandular cells
derived from ovarian endometriosis compared to the three
phases of the normal endometrium. Furthermore, we found
that cytoplasmic AHR is upregulated specifically in the
proliferative endometrium compared to late secretory endo-
metrium but not early secretory endometrium. Spearman’s
analysis revealed a negative correlation in the expression
of VDR and AHR in the nuclei of the glandular cells from
ovarian endometriosis, which led us to speculate that VDR
and AHR expression is mutually exclusive in this condition.

VDR is important for cell differentiation

Du et al. (2005) demonstrated the important role of VDR
and its metabolites in regulating cell differentiation by act-
ing on HOXA10 in human myelomonocytic cells and human
endometrial stromal cells (Du et al. 2005). Human uterine
endometrial cells and decidual cells synthesize 1,25-(OH),
D5 (Kachkache et al. 1993). Consequently, patients with
pseudo-vitamin D deficiency (Glorieux et al. 1995), VDR
knockout mice, and 1-a-hydroxylase knockout mice (Panda
etal. 2001) show defective decidualization, inadequate uter-
ine development, and anovulation, respectively. All these
data confirm that vitamin D has an essential role in fertil-
ity, necessary for the differentiation of decidual cells. 1,25-
(OH), D5 also potently inhibits cellular proliferation and
induces differentiation of myeloid leukemia cells (Du et al.
2005). Several genes are upregulated by 1,25-(OH), D; dur-
ing myeloid differentiation including the HOXA family gene
HOXAI10. Du et al. (2005 demonstrated that 1,25-(OH), D5
induces HOXA10 transcription through VDR binding to a
vitamin D-response element (VDRE) in the HOXA10 gene
5' region. HOXA genes have many important roles in the
development of organisms, and HOXA10 expression is
important for the development of the uterus (Taylor et al.
1997) and essential for endometrial development (Block
et al. 2000), allowing uterine receptivity to implantation
(Bagot et al. 2000). In summary, the authors state that vita-
min D may induce differentiation of diverse tissues through
activation of classic development modulators such as HOXA
genes.

AHR is important for cell proliferation

Many studies suggest that the effect of AHR ligands could
be associated with their capacity to alter signal transduc-
tion pathways controlling cell proliferation and apoptosis
(Ma and Whitlock 1996; Levine-Fridman et al. 2004). In
particular, de Tomaso Portaz et al. (2015) investigated hex-
achlorobenzene-mediated cell proliferation and showed how
this compound induced expression of the aryl hydrocarbon
receptor in preneoplastic foci in the rat liver, illustrating its
role as a mediator of ERK1/2 signaling (de Tomaso Portaz
et al. 2015). ERK1/2 signaling is one of the most important
pathways controlling the cell cycle and promoting cellular
proliferation.

Conclusions

The pathogenesis of endometriosis involves the formation of
endometrial-like tissue outside the uterus, in areas where it
should not be present. The endometrium is a very differenti-
ated tissue, and the expression of VDR may contribute to the
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pathogenesis of endometriosis in terms of induction of endo-
metrial-like differentiation in tissue where endometrial cells
should not be present. The endometrium is also a prolifera-
tive tissue, and the expression of AHR may be important in
the regulation of the cell cycle and induction of endometrial-
like tissue. Thus, both mechanisms are implicated in the
pathogenesis of endometriosis. Qur data show an upregula-
tion of AHR in proliferative endometrium compared to late
secretory endometrium, which is consistent with a prolifera-
tion activity of AHR in the endometrium. Furthermore, our
data suggest that expression of VDR and AHR is mutually
exclusive in ovarian endometriosis. Such a phenomenon may
be explained by a divergence between a more pro-difterenti-
ation fate mediated by VDR versus a more pro-proliferative
fate induced by AHR, although more detailed studies are
needed. Interestingly, a correlation between VDR expres-
sion and a woman’s age may also be revealed, as shown
by plotting gene expression data against the age of patients
(Supplementary Fig. 2). These data suggest that high VDR
receptor expression, possibly due to vitamin D insufficiency,
could occur as a function of age rather than the severity of
endometriosis. However, these considerations must be con-
firmed by a clinical study with proper sample size, aiming
to evaluate the age-related expression of specific molecules.
Given the nature of our study, which retrospectively evalu-
ated AHR and VDR expression in samples from the archives
of the clinics, information available about patients, such as
the proliferative phase of the endometrium, are limited. For
instance, a biopsy of the uterine endometrium was not per-
formed in the context of endometriosis surgery due to ethical
issues, leading to missing information that must be taken as
a limitation of the study.

Multiple pharmacological treatments for endometriosis
have been suggested based on presumptive pathogenic mech-
anisms or hypothesized hormonal selectiveness (Vercellini
et al. 2011). The current medical treatment has focused on
the hormonal alteration of the menstrual cycle, with the
major goal of producing a state of pseudo-pregnancy (Olive
and Pritts 2001) through downregulation of the hypotha-
lamic-pituitary-ovarian pathway (Valle and Sciarra 2003).
New drugs and related targets have recently been proposed
for the treatment of endometriosis. Some are more effective
than others, but so far no definitive treatment is available
(Guo 2008). Although there is no doubt that further, more
in-depth studies are needed, our work has highlighted some
characteristics of endometrial lesions by describing the dif-
ferential expression of nuclear receptor VDR and AHR,
providing more information on this heterogeneous disease.
This study provides a possible starting point for developing
more effective drugs specifically targeting VDR- or AHR-
expressing cells in the context of endometriosis. Such drugs
might act as antagonists downregulating pro-differentiation
and proliferative signaling mediated by these receptors.
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