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The vitamin D system is deregulated during development and progression of several cancer types. Data
on the expression of the vitamin D system in the diseased pancreas are missing. The aim of this study was
to investigate the expression of the vitamin D receptor (VDR), 1,25-dihydroxyvitamin D3 24-hydroxylase
(CYP24A1), and the calcium-sensing receptor (CaSR), a vitamin D target gene, in the different regions of
the pancreas in patients with chronic pancreatitis (n = 6) and pancreatic ductal adenocarcinomas (PDAC)
(n=17). We analyzed the expression of these genes at mRNA and protein level with quantitative real-time

5‘;{;&?{:56 RT-PCR and immunostaining. mRNA expression of CYP24A1 and VDR was significantly increased in
CYP24A1 tumors compared with the adjacent non-tumorous tissue (p <0.05), while CaSR mRNA expression
VDR decreased. Both the VDR and the CaSR protein were highly expressed in the endocrine compared with the
CaSR exocrine pancreas. In CP the CYP24A1 expression was highest in the endocrine pancreas, while in PDACs

in the transformed ducts. In the PDAC patients CYP24A1 expression in the islets was significantly lower
than in CP patients. Our data suggest that during ductal adenocarcinoma development the vitamin D
system in the pancreas becomes deregulated on two levels: in the islets CYP24A1 expression decreases
weakening the negative feedback regulation of the vitamin D-dependent insulin synthesis/secretion. In
the transformed ducts CYP24A1 expression increases, impairing the antiproliferative effect of vitamin D

Chronic pancreatitis
Pancreatic ductal adenocarcinoma
Pancreatic cancer

in these cells.

© 2014 Published by Elsevier Ltd.

1. Introduction

Diseases of the pancreas represent a large burden both for
patients and for the public health system. Pancreatic cancer has
poor clinical outcome, the 5-year survival rate is less than 6%
(http://www.pancreatic.org?). The management and follow-up of
these patients are still a major challenge for health care providers.
Despite of relatively low incidence, death due to pancreatic cancer
ranks fourth among cancer-related deaths in the Western world
due to the poor survival rate and rapid fatality after diagnosis [1].

Vitamin D is a pluripotent secosteroid hormone, which plays
an important role in a variety of physiologic and pathologic

Abbreviations: VDR, vitamin D receptor; CYP24A1, 1,25-dihydroxyvitamin D3
24-hydroxylase; CaSR, calcium-sensing receptor; 1,25(0H)2D3, 1,25-dihydroxyvi-
tamin D3; CYP27B1, 25-hydroxyvitamin D3 la-hydroxylase; VDRE, vitamin D
response elements; PDAC, pancreatic ductal adenocarcinoma; CP, chronic
pancreatitis.
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processes of the human body. In addition to its classical
calciotropic effects, a whole spectrum of biological activities of
1,25-dihydroxyvitamin D3 (1,25(0OH),D3), the active form of
vitamin D, has been detected during the last two decades in
different tissues, e.g., breast, colon, and pancreas [2,3]. These
tissues - although not involved in the systemic regulation of 1,25
(OH),D3 levels — are able to activate and degrade vitamin D.
25-Hydroxyvitamin D3 1a-hydroxylase (CYP27B1) hydroxylates
the precursor 25-hydroxyvitamin D3 (25(0OH)D3) at position C-1a
to form the hormonally active metabolite 1,25(0H),D3 [4]. Both
25(0OH)D3 and 1,25(0H),D53 are able to bind to the vitamin D
receptor (VDR), which acts as a transcription factor and binds to
the vitamin D response elements (VDRE) in the promoter of
vitamin D target genes [5]. One of the main target genes of
vitamin D bound to the VDR is 1,25-dihydroxyvitamin-Ds; 24-
hydroxylase (CYP24A1). This enzyme catabolizes 25(0OH)D5 as well
as 1,25(0H),Ds3, resulting in the formation of calcitroic acid or
10,25-(0OH),D5-26,23-lactone [6]. CYP24A1 is often overexpressed
in cancer [7]. The promoter of the calcium sensing receptor (CaSR)
gene, a G-protein coupled receptor, harbors two VDREs suggesting
that CaSR is a vitamin D target gene [8]. In the pancreas, the CaSR is
involved in regulating insulin secretion [9].

(2014), http://dx.doi.org/10.1016/j.jsbmb.2014.07.011
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Studies have shown that 1,25(0H),D3; has the potential to
modulate both the endocrine and immune system [2]. Moreover, it
plays a crucial role in regulating cellular processes like cell
proliferation, differentiation, and apoptosis in an autocrine and/or
paracrine manner, therefore, it is not surprising that the vitamin D
system is deregulated in many forms of cancer [7].

The association between single nucleotide polymorphisms in
genes of the vitamin D system and the risk of colorectal, breast, and
prostate cancer has been described previously [10]. In a very recent
study, Anderson et al. were able to link single nucleotide
polymorphisms in vitamin D system genes and CaSR to pancreatic
cancer risk [11].

While Mohr et al. found an inverse association between UV-B
radiation which increases vitamin D production in the skin (the
main source of vitamin D) and pancreatic cancer mortality [12], the
results of studies trying to establish a link between dietary vitamin
D intake and risk of pancreatic cancer are inconclusive. Skinner
et al. [13] reported a reduction of the relative risk of pancreatic
cancer with high vitamin D intake (>600 IU/day), while a recent
population-based study observed increased risk of pancreatic
cancer in men with higher dietary vitamin D intake [14]. The
results of cohort studies evaluating the association of circulating
25(0H)D5 levels with pancreatic cancer risk are further inconsis-
tent; two studies by Stolzenberg-Solomon et al. reported an
elevated risk for pancreatic cancer among patients with high 25
(OH)Ds levels [15,16], whereas another study from the same group
found no association [17]. A very recent meta-analysis was unable
to show any correlation between dietary vitamin D or 25(0OH)D3
levels and risk of pancreatic cancer [18]. On the other hand, Wolpin
et al. [19] showed that serum 25(OH)D5 levels below 45.6 nmol/L
were associated with higher pancreatic cancer risk. Similarly, Bao
et al. [20] found positive correlation between high predicted 25
(OH)Ds score (predictors based on race, geographic region, vitamin
D intake, body mass index, and physical activity) and lower risk for
development of pancreatic cancer. A retrospective study showed
that vitamin D deficiency and insufficiency were common among
patients with adenocarcinoma of the pancreas and that there was a
significant association between low vitamin D levels and poor
outcome in patients with stage Il and IV tumors [21].

The conflicting data on the role of circulating 25(OH)Ds in
pancreatic carcinogenesis emphasize the need to study the role of
the vitamin D system in pancreatic malignancies more in depth.
We hypothesized that the expression of the vitamin D system is
deregulated during pancreatic tumorigenesis. Therefore, in the
present study, we evaluated the local expression of key factors of
the vitamin D system and the vitamin D target gene CaSR in
samples from chronic pancreatitis and pancreatic ductal adeno-
carcinoma in the different cell types of the pancreas to get new
insights into the possible role of vitamin D-related pathomechan-
isms. Our results suggest that during the development of ductal
adenocarcinoma the vitamin D system becomes impaired both in
the endocrine and exocrine pancreas, affecting the cross-talk
between these two systems.

2. Materials and methods
2.1. Patients

This study was conducted according to the Declaration of
Helsinki. Written informed consent was obtained from all patients.
Permission from the Ethics Commission of the Semmelweis
University Medical School was granted prior to initiation of the
study (ethical approval number 6626-1/2012/EKU). All consenting
patients during the recruitment period were included in the
analysis. We were able to obtain fresh material only in a subset of
PDAC patients (n=11). After surgical resection, parts of pancreatic

tissue were frozen in —80 °C for RNA extraction, or formalin-fixed
and paraffin embedded. Fresh frozen material was used for
qRT-PCR and formalin-fixed paraffin embedded tissue was used for
immunohistochemical and immunofluorescence staining. Demo-
graphic and pathological characteristics of patients who under-
went pancreatoduodenectomy are shown in Tables 1 and 2 .
Malignant tumors were diagnosed as pancreatic ductal adenocar-
cinoma (PDAC) according to the World Health Organization (WHO)
classification [22].

2.2. RNA extraction, reverse transcription (RT), and quantitative real
time RT-PCR

Total RNA from fresh frozen samples was isolated with TRIzol
reagent (Invitrogen, Grand Island, NY, USA) according to the
manufacturer's instructions. 2 g of total RNA was reverse
transcribed using RevertAid H Minus Reverse Transcriptase and
Random Hexamer Primers (Fermentas, Ontario, Canada). Quanti-
tative real time RT-PCR (qRT-PCR) was performed as described
before [23]. We normalized relative expression of the target genes
to the expression of two housekeeping genes suggested in the
literature [24]: glutaminyl-tRNA synthetase (QARS), and polymer-
ase (RNA) II (DNA directed) polypeptide (POL2RL). Expression
levels were set relative to the calibrator (cDNA converted from total
human RNA obtained from Clontech, Mountain View, CA, USA) and
calculated according to the AACr method. Primer sequences used
were as follows: QARS (Fwd: GAGCGACTATTCCAGCAC, Rev:
ATGCCAGGTTCAGGTCAC), POL2RL (Fwd: ACCGAGGGG-
GATGCGCTGGAT, Rev: CAGCGTGGTCACTTCTC, and VDR (Fwd:
CGTCCAGCTTCTCCAATCTG, Rev: GTGAGGTCTCTGAATCCTGGT)
were used. Primer sequences for CYP24A1 [25], and the CaSR
[26] have been published previously.

2.3. Immunohistochemistry

Immunohistochemistry for CYP24A1, VDR, CaSR and Ki67 was
performed with a two-step indirect immunoperoxidase technique
on 5um sections of formalin fixed paraffin-embedded tissue
samples as described before [25]; VDR (dilution 1:100; Sigma-
Aldrich, St. Louis, USA), Ki67 (dilution 1:100; Dako, Glostrup,
Denmark). For immunohistochemical visualization of CaSR,
samples were deparaffinized with xylol, rehydrated in ethanol
and washed in phosphate buffered saline (PBS, pH 7.2), followed by
antigen retrieval in EB-DEPP-9 buffer (1:20 in deionized water,
Eubio, Vienna, Austria) for 10 min. Sections were then washed in
PBS before permeabilization with 0.2% Tween-20 for 15 min and
blocked in 5% fetal bovine serum in PBS. The samples were
incubated with the primary antibody (monoclonal anti-mouse
CaSR, 1:300, Abcam, Cambridge, UK) for one hour at room
temperature. After a series of wash steps in PBS, staining was
detected using the dextran polymer peroxidase Envision system
(Dako, Glostrup, Denmark). The sections were washed, counter-
stained with Hematoxylin (Dako) and mounted as described before

Table 1
Pathological characteristics of the patient cohort used for mRNA analysis.

Pancreatic ductal adenocarcinoma

Number of patients 11

Gender (male/female) 6/5

Age (median, range) 60 (46-71)
Tumor grade (I/II/III) 0/4/7

TNM classification

Primary tumor size (1/2/3/4) 0/1/10/0
Lymph node infiltration (N) 10

Distant metastasis (M) (site) 0

(2014), http://dx.doi.org/10.1016/j.jsbmb.2014.07.011
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Table 2
Pathological characteristics of the patient cohort used for protien analysis.

Chronic pancreatitis

Pancreatic ductal adenocarcinoma

Number of patients 6

Gender (male/female) 4/2

Age (median, range) 67 (32-74)
Tumor grade (I/II/III)

TNM classification

Primary tumor size (1/2/3/4)
Lymph node infiltration (N)
Distant metastasis (M) (site)

17
6/11

59 (46-74)
1/8/8

0/1/10/0
1
1 (liver)

[25]. Normal kidney sections were used as positive controls. As
negative control, the primary antibody was replaced with an
isotype specific IgG.

2.4. Immunofluorescence staining

5wm slides of formalin fixed paraffin embedded tissue
(adenocarcinoma and chronic pancreatitis) were deparaffinized
with xylol and rehydrated in ethanol. Antigen retrieval was
performed in 0.05% citrate buffer, followed by wash steps in PBS.
Samples were then permeabilized in 0.2% Tween, blocked in 5%
goat serum and co-incubated with VDR antibody (1:100,
Sigma-Aldrich) and synaptophysin antibody (1:100, Biogenex,
Fremont, CA, USA) or VDR antibody and CaSR antibody (1:200,
Abcam). After washing, samples were incubated with Dylight
549 goat-anti-rabbit IgG (1:500, Vector Laboratories, Burlingame,
CA, USA) and Alexafluor 647 goat-anti-mouse IgG (1:1000, Jackson
ImmunoResearch, Suffolk, UK). Nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI, Roche, Basel, Switzerland)
and mounted with Fluoromount-G (Southern Biotech, Birming-
ham, AL, USA).

2.5. Automated analysis of stained sections

Images of whole tissue sections were acquired using Tissue-
FAXS (TissueGnostics GmbH, Vienna, Austria) [27]. We analyzed
the number of positive cells using the HistoQuest software
(TissueGnostics GmbH). This software allows automated acquisi-
tion of both immunofluorescence and immunohistochemistry
images. After selection of the regions of interest (acinar, ductal,
stromal, endocrine, and tumor cells) by a pathologist, quantitative
analysis of the percentage of positive staining was carried out
using HistoQuest. We analyzed 5000 cells per slide for each cell
type (acinar, endocrine, stromal, tumor and ductal). The mean area
of each investigated region was 3.4 mm?. Fluorophores used for
immunofluorescence were: DAPI (for nucleus), TxRed (for VDR),
and Cy5 (for CaSR and synaptophysin). Using extended focus, a
feature of this software, we were able to ensure correct focus by
merging several z-stacks into one sharp image. Images were
acquired at exposure times where IgG controls were completely
negative to ensure that unspecific staining was gated out.

2.6. Statistical analysis

We used SPSS statistics package, version 18.0 for statistical
analysis and GraphPadPrism 5.0 for designing graphs. We
performed paired t-tests on log2-transformed, normally distribut-
ed data for mRNA expression. An outliers test was performed using
GraphPad QuickCalcs and outliers were excluded from analysis. We
used Wilcoxon signed ranks test for analyzing protein expression
in patients with CP or PDAC, and the Mann-Whitney U-test to

compare between disease groups. These tests were corrected for
multiple comparisons using a Bonferroni-Holm correction.
p-values <0.05 were considered significant. Correlation analysis
was performed by calculation of Spearman's correlation coefficient
(p) with two-tailed significance levels.

3. Results

3.1. MRNA expression of VDR, CYP24A1, and CaSR in pancreatic ductal
adenocarcinoma (PDAC)

In our patient cohort (Table 1), we observed a significant
upregulation of VDR (mean 3.7-fold) as well as of CYP24A1 (mean
30.78-fold) mRNA expression in PDAC compared with adjacent
parts of the pancreas. mRNA expression of the CaSR decreased in
the tumors of most patients by 50%, however did not reach
statistical significance (Fig. 1A). CYP27B1 levels did not change
(data not shown). Our data are consistent with the microarray gene
expression data published in the GEO database by Zhang et al. [28]
(Fig. 1B), suggesting that our patient cohort was representative,
despite the low sample size.

3.2. Protein expression and localization of the VDR in patients with
chronic pancreatitis (CP) and pancreatic ductal adenocarcinoma
(PDAC)

In our patient cohort (Table 2) we analyzed expression and
localization of the VDR in different regions of the pancreatic tissue.
Expression of VDR was significantly higher in the endocrine islets
compared with all other regions of the pancreas in patients with CP
as well as in patients with PDAC. In PDAC patients, VDR expression
was significantly higher also in acinar and ductal cells compared
with the stroma (Fig. 2).

3.3. Protein expression and localization of CYP24A1 in patients with
chronic pancreatitis (CP) and pancreatic ductal adenocarcinoma
(PDAC)

We analyzed expression of CYP24A1 in different regions of the
pancreatic tissue (Fig. 3A). In CP patients, CYP24A1 expression
varied significantly among the different regions of the pancreas,
increasing in the following order: stroma < acinar cells < ducts <
endocrine islets. In PDAC patients, the tumor expressed signifi-
cantly more CYP24A1 than the acini, endocrine islets, or stroma
(Fig. 3B). The endocrine islets of PDAC patients expressed
significantly less CYP24A1 than the islets of CP patients (Fig. 3B).

CYP24A1 is a VDR target gene; therefore we tested whether
CYP24A1 expression correlates with VDR expression. Spearman's
correlation analysis showed that CYP24A1 and VDR correlated
strongly in CP patients; however, this correlation was lost in PDAC
patients (Table 3).

(2014), http://dx.doi.org/10.1016/j.jsbmb.2014.07.011
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Fig. 1. mRNA expression of the VDR and CYP24A1 is significantly increased and CaSR expression decreases in PDAC compared with adjacent non-tumorous (NT) parts of the
pancreas. (A) mRNA expression (n=11) was assessed by qRT-PCR and set relative to calibrator. (B) Data originate from a microarray analysis of mRNA from patients suffering
from PDAC [28]. Median, interquartile range and whiskers according to Tukey are shown. Statistics were calculated using paired t-test on log2-transformed data. Among the
values for CYP24A1 expression we identified one outlier in each dataset. (*p < 0.05, **p < 0.01, ***p < 0.001).

3.4. Protein expression of Ki67 in patients with chronic pancreatitis
(CP) and pancreatic ductal adenocarcinoma (PDAC)

We analyzed expression and intensity of the proliferation
marker, Ki67 in different regions of the pancreatic tissue. In PDAC
samples, Ki67 expression was much stronger in the tumor
compared with the other regions of the tissue (Fig. 4). In CP
patients Ki67 staining was very weak in all regions analyzed.
Spearman's correlation analysis showed significant correlation
between CYP24A1 and Ki67 in the tumor and stroma of the PDAC

patients. In CP patients CYP24A1 and Ki67 expression did not
correlate (Table 4).

3.5. Protein expression and localization of the calcium-sensing
receptor (CaSR) in patients with (CP) and pancreatic ductal
adenocarcinoma (PDAC)

Expression of the vitamin D target gene, CaSR, was strongest in
the endocrine islets in all samples. CaSR protein was expressed also
in the acinar and duct cells, however at much lower level (Fig. 5).
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Fig. 2. Protein expression of VDR in CP and PDAC. VDR is highly expressed in endocrine islets compared with other parts of the pancreas. (A) IHC of an endocrine islet in a
region of chronic pancreatitis is shown. Black bar equals 50 wm. (B) Protein expression was determined using IHC, percentage of VDR positive cells is shown. Median,
interquartile range and whiskers according to Tukey are shown. Wilcoxon signed ranks test was applied to compare protein expression in patients with CP and PDAC, and
Mann-Whitney U-test to compare between disease groups. Both tests were followed by Bonferroni-Holm correction for multiple comparisons. Asterisks above boxes indicate

statistically significant difference from stroma (*p < 0.05).

(2014), http://dx.doi.org/10.1016/j.jsbmb.2014.07.011
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Fig. 3. Expression of CYP24A1 in pancreatic ductal adenocarcinoma compared with non-tumorous regions of the same patient. (A) IHC of CYP24A1 in a patient with PDAC is
shown. Black bar equals 50 wM. (B) Protein expression of the CYP24A1 is increased in ductal adenocarcinoma compared with other regions of pancreatic tissue. Protein
expression was determined using IHC, percentage of CYP24A1 positive cells is shown. Median, interquartile range and whiskers according to Tukey are shown. Wilcoxon
signed ranks test was applied to compare protein expression in patients with CP and PDAC, and Mann-Whitney U-test to compare between disease groups. Both tests were
followed by Bonferroni-Holm correction for multiple comparisons. Asterisks above boxes indicate statistically significant difference from stroma (*p < 0.05). Hashtags
indicate statistically significant difference between patients with CP and PDAC (#p < 0.05, ##p < 0.01).

Table 3 Table 4
VDR expression correlates with CYP24A1 expression in CP but not in PDAC patients. Ki67 expression correlates with CYP24A1 expression in PDAC but not in CP patients.
VDR Ki67
CcP PDAC CP PDAC
CYP24A1 Correlation coefficient 0.715** 0.206 CYP24A1 Correlation coefficient -0.377 0.409*
p-value <0.001 Not significant p-value <0.001 Not significant
Staining intensity of ducts and acini was comparable between same cells as the CaSR (Fig. 6B), implying a co-expression of CaSR
non-tumorous and cancerous tissue, consistent with previous with synaptophysin. Thus, we show that the cells expressing the
findings [29]. VDR and the CaSR are the synaptophysin expressing endocrine

cells of the islets.
3.6. Co-expression of VDR and CaSR protein in endocrine cells

4. Discussion

In order to assess whether the VDR and CaSR were expressed in

the same cells of the endocrine islets, we performed dual In this study, we investigated the expression of VDR,
immunofluorescence staining. We stained VDR/synaptophysin CYP24A1 and the vitamin D target gene CaSR in diseased pancreatic
and CaSR/VDR in combination and were able to show that VDR tissue. We show for the first time that the expression of the vitamin
co-localizes with synaptophysin (Fig. 6A) and is expressed in the D degrading enzyme, CYP24A1 is increased both during

T IF A

Fig. 4. Expression of Ki67 in chronic pancreatitis and pancreatic ductal adenocarcinoma. CP patients have low expression of the proliferative marker Ki67. In PDAC patients Q4

Ki67 expression is increased in tumor compared with non-tumorous regions of the same patient. Immunostaining of Ki67 (dark brown) in patient with CP (left) and PDAC
(right) is shown.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. CaSR expression is high in endocrine islets compared with other parts of the
pancreas. [HC of an endocrine islet with surrounding acinar and duct cells is shown.
Black bar equals 50 pm.

inflammation (as in chronic pancreatitis) and during malignant
transformation (as in pancreatic ductal adenocarcinoma). In all
regions of the pancreas CYP24A1 expression is generally higher in
CP patients than in PDAC patients. By comparing expression of the
studied proteins in the various cell types of the pancreas, we are
the first to show that during ductal adenocarcinoma development,
the islet cells lose CYP24A1 expression while the transformed
ductal cells up-regulate CYP24A1 expression.

The pancreas is a very complex organ, consisting of an
endocrine and exocrine part. Therefore, we examined the
expression pattern of the two of most-relevant genes for vitamin
D metabolism and signaling (VDR and CYP24A1) and also included
one vitamin D target gene (CaSR) in the different morphological
structures of the pancreas, such as acinar cells, ducts, endocrine
cells, and stroma as well as tumor regions from patients with PDAC.
mRNA levels of the vitamin D activating enzyme, 25-hydroxyvi-
tamin D3-1-alpha hydroxylase (CYP27B1) was unchanged in our
patient cohort (data not shown).

A

In CP patients, we found highest CYP24A1 levels in the
endocrine cells. Interestingly, in PDAC patients, the tumor cells
expressed more CYP24A1 than any other cell type, even more than
the endocrine cells. It seems that during malignant transformation,
the untransformed endocrine cells lose their CYP24A1 expression,
while the transformed ductal cells accumulate CYP24A1. Whether
this is causally linked with the transformation process or it is a
consequence of this process, needs to be determined.

The vitamin D degrading enzyme CYP24A1 is the main target
gene of the hormonally active form of vitamin D, 1,25(0H),D3 and
is most abundant in the kidney, but it is also expressed in several
other tissues [30-33]. The expression of CYP24A1 is increased in
several malignancies, such as colon, ovary, breast, lung, and
esophageal tumors [34-37]. This overexpression probably leads to
an immediate degradation of the locally available 1,25(0H),Ds,
impairing its antitumorigenic action in the tumor tissue. CYP24A1
gene transcription is initiated upon binding of the VDR/1,25
(OH);D3-complex to the VDREs in the gene promoter. The
simultaneous up-regulation of CYP24A1 and VDR mRNA in PDAC
could lead to the assumption of a VDR-dependent CYP24A1 mRNA
enhancement. This seems to be the case in CP patients, where
CYP24A1 expression correlates with VDR significantly. However,
this correlation is lost in PDAC patients where VDR protein levels
are highest in the endocrine cells while the CYP24A1 is highest in
tumor cells.

From these data we speculate that up-regulation of CYP24A1 in
the tumor is uncoupled from VDR, and therefore is independent of
the local levels of 1,25(0H),D3, as it has been suggested for benign
and malignant tumors of the colon [25]. The high CYP24A1 levels
would degrade the locally available 1,25(0H),D3, preventing its
antitumorigenic action. One reason leading to
CYP24A1 overexpression in pancreatic tumors could be an
activating mutation of K-ras. K-ras mutations occur in almost all
advanced PDAC cases [38,39]. Zhang et al. have shown that lung
cancer cell lines harboring a K-ras mutation express high
CYP24A1 levels, while VDR expression is low [40]. Anderson

Fig. 6. VDR and the CaSR are expressed in the endocrine cells of the pancreas. (A) Immunofluorescence staining of the endocrine marker synaptophysin (SYN, green) and the
VDR (red) and the merged picture. (B) Immunofluorescence staining of the CaSR (white) and the VDR (red) and the merged picture. White bar equals 50 wM.(For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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et al. have shown recently that single nucleotide polymorphisms in
CYP24A1 correlate with risk of pancreatic cancer [11]. Whether this
particular modification has any effect on the activity or expression
of CYP24A1 is not known.

We found the highest expression of VDR and CaSR in the
endocrine cells of the pancreas while the exocrine pancreas
expressed much lower levels. The up-regulation of VDR in
pancreatic cancer cells compared with normal cells has been
shown in vitro in primary tumor cells, supporting our present
results on mRNA level [41]. Pancreatic cancer cells responded to
treatment with an 1,25(0H),D3; analogue by inhibition of
proliferation [42,43]. Whether up-regulation of the VDR in
pancreatic cancer can be seen as a defense mechanism to make
use of the locally available 1,25(0OH),D3 more efficiently remains to
be investigated. Interestingly, single nucleotide polymorphisms in
the VDR gene are associated with a higher risk for pancreatic cancer
[11,44]. These results emphasize the possible impact of the vitamin
D receptor in malignant transformation of the pancreas.

In our samples, VDR protein is expressed much higher in the
endocrine islets compared with all other regions in CP as well as in
PDAC samples. These results suggest that VDR, and consequently
vitamin D, play a pivotal role in the endocrine function of the
pancreas; however, it might be less important in exocrine
secretion.

It has been shown previously that mice lacking the VDR have
impaired insulin secretion [45]. The role of vitamin D and
involvement of the VDR in the pathogenesis of insulin-dependent
diabetes mellitus (diabetes type 1) has been studied extensively
[46]. A link between type 1 diabetes and VDR in the (3-cells of the
endocrine islets has been suggested previously [47,48].
Wolden-Kirk et al. showed recently that 1,25(0H),D3 protects
B-cells from cytokine induced apoptosis and impaired insulin
secretion [49]. Moreover, the promoter of the human insulin gene
harbors a VDRE [50]. It seems that 1,25(OH),Ds increases both
synthesis and secretion of insulin [51] therefore 1,25(0OH),D5 levels
in the endocrine cells are tightly regulated by CYP24A1. At the
same time, insulin promotes pancreatic cancer in both epidemio-
logic and animal studies either directly or indirectly [52,53].

In the endocrine cells of PDAC patients, CYP24A1 expression
was significantly lower than in the patients with CP (and probably
in the normal pancreas), while it was increased in the tumor cells.
We speculate that the tight regulation of 1,25(0OH),Ds levels,
needed in these cells for a balanced vitamin D-dependent
regulation of insulin secretion is lost. As a consequence, higher
vitamin D levels in patients with low CYP24A1 levels in the
endocrine cells would lead to enhanced insulin secretion. This
could then promote growth of neighboring tumor cells in a
paracrine manner. Additionally, in the tumor itself, the high
CYP24A1 levels would catabolize 1,25(0OH),D3 immediately,
impairing its anti-tumorigenic effects. Indeed, in PDAC patients
CYP24A1 levels correlated significantly with Ki67 expression,
suggesting that tumors overexpressing CYP24A1 are highly
proliferative. This hypothesis might explain the positive associa-
tions observed in some studies between vitamin D and pancreatic
cancer, however it needs further proof.

It seems that vitamin D and calcium could co-regulate
production of insulin. Faure-Dussert et al., in a study using vitamin
D-deficient rat islets, demonstrated increased [3-cell sensitivity to
1,25(0OH),D3-dependent insulin secretion under hypocalcemic
conditions [54]. Furthermore, Squires et al. have shown that the
CaSR negatively modulates secretion of insulin in the pancreas [9].
In our patients we show co-expression of VDR and CaSR in the
endocrine islets leading us to speculate a cross talk between these
molecules in the pancreatic islets.

The main limitations of this descriptive pilot study are the small
patient number and the lack of normal tissue. Its strength is that

we examined the expression of the vitamin D system in the
different cell types of the pancreas and found a cell type-
dependent deregulation of the vitamin D pathway in ductal
adenocarcinoma development.

5. Conclusions

In this study, we show for the first time that CYP24A1l
is overexpressed in pancreatic tumors on mRNA as well
as on protein level. In chronic pancreatitis patients the significant
correlation of CYP24A1 and VDR suggests that high
CYP24A1 expression in the islets is a physiological
up-regulation of CYP24A1. This correlation is lost during
malignant transformation. Further, our data suggest that during
ductal adenocarcinoma development the vitamin D system in the
pancreas becomes deregulated on two levels: In the islets
CYP24A1 expression decreases weakening the negative feedback
regulation of the vitamin D-dependent insulin synthesis and
secretion. The higher insulin levels could promote tumor growth.
In the transformed ducts CYP24A1 expression increases, impair-
ing the antiproliferative effect of vitamin D in these cells.

Conflict of interest
The authors have no conflicts of interest to declare.
Funding

This study was funded by the Stiftung Aktion Osterreich-
Ungarn 820U16, the Austrian Science Fund, Project #P22200-B11,
and the EU Marie Curie ITN #264663.

Acknowledgments

The anti-CYP24A1 antibody was kindly provided by Dr. Pamela
Hershberger (Roswell Park Cancer Institute, Buffalo, NY). We
would like to thank Dr. Julia Hobaus for critical review of the
manuscript and Krisztina Tari (1st Department of Surgery,
Semmelweis Budapest, Hungary) for the support with the surgery
material.

References

[1] M. Hidalgo, Pancreatic cancer, New Engl. J. Med. 362 (2010) 1605-1617.

[2] CJ. Rosen, J.S. Adams, D.D. Bikle, D.M. Black, M.B. Demay, J.E. Manson, M.H.
Murad, C.S. Kovacs, The nonskeletal effects of vitamin D: an endocrine society
scientific statement, Endocr. Rev. 33 (2012) 456-492.

[3] A.W. Norman, From vitamin D to hormone D: fundamentals of the vitamin D
endocrine system essential for good health, Am. J. Clin. Nutr. 88 (2008) 491S-
499S.

[4] K. Townsend, K.N. Evans, M.]. Campbell, KW. Colston, J.S. Adams, M. Hewison,
Biological actions of extra-renal 25-hydroxyvitamin D-1alpha-hydroxylase
and implications for chemoprevention and treatment, J. Steroid Biochem. Mol.
Biol. 97 (2005) 103-109.

[5] JW. Pike, M.B. Meyer, The vitamin D receptor: new paradigms for the
regulation of gene expression by 1,25-dihydroxyvitamin D3, Rheum. Dis. Clin.
North Am. 38 (2012) 13-27.

[6] L. Schuster, Cytochromes P450 are essential players in the vitamin D signaling
system, Biochim. Biophys. Acta 1814 (2011) 186-199.

[7] J. Hobaus, U. Thiem, D.M. Hummel, E. Kallay, Role of Calcium, vitamin D, and Q3

the extrarenal vitamin D hydroxylases during carcinogenesis, Anticancer
Agents Med. Chem. (2012).

[8] L. Canaff, G.N. Hendy, Human calcium-sensing receptor gene. Vitamin D
response elements in promoters P1 and P2 confer transcriptional responsive-
ness to 1,25-dihydroxyvitamin D, ]. Biol. Chem. 277 (2002) 30337-30350.

[9] P.E. Squires, T.E. Harris, S.J. Persaud, S.B. Curtis, A.M. Buchan, P.M. Jones, The
extracellular calcium-sensing receptor on human beta-cells negatively
modulates insulin secretion, Diabetes 49 (2000) 409-417.

[10] M. McCullough, R. Bostick, T.L. Mayo, Vitamin D gene pathway polymorphisms
and risk of colorectal, breast, and prostate cancer, Ann. Rev. Nutr. 29 (2009)
111-132.

[11] L.N. Anderson, M. Cotterchio, J.A. Knight, A. Borgida, S. Gallinger, S.P. Cleary,
Genetic variants in vitamin d pathway genes and risk of pancreas cancer;

(2014), http://dx.doi.org/10.1016/j.jsbmb.2014.07.011

Please cite this article in press as: D. Hummel, et al., The vitamin D system is deregulated in pancreatic diseases, ]. Steroid Biochem. Mol. Biol.

396
397
398
399

400

401
402
403
404
405
406
407
408
409
410
411
412
413
414

415

416

417

418
419
420

421

422
423
424
425
426
427

428

429
430

431
432

433
434
435

436
437

438

439
440

441
442

443
444

445
446

447


http://dx.doi.org/10.1016/j.jsbmb.2014.07.011

448
449

450
451

452
453

454
455

475
476

477
478
480
481
483
484
485
486
487
489
490
492
493
494
495
496
497
498
499

500

G Model
SBMB 4230 1-8

8 D. Hummel et al./Journal of Steroid Biochemistry & Molecular Biology xxx (2014) Xxx—xXX

results from a population-based case-control study in Ontario, Canada, PLoS
One 8 (2013) e66768.

[12] S.B. Mohr, C.F. Garland, E.D. Gorham, W.B. Grant, F.C. Garland, Ultraviolet B
irradiance and vitamin D status are inversely associated with incidence rates
of pancreatic cancer worldwide, Pancreas 39 (2010) 669-674.

[13] Skinner HG, Michaud DS, Giovannucci E, Willett WC, Colditz GA, Fuchs CS
2006 Vitamin D. intake and the risk for pancreatic cancer in two cohort
studies. Cancer epidemiology, biomarkers & prevention: a publication of the
American Association for Cancer Research, cosponsored by the American
Society of Preventive Oncology 15:1688-1695.

[14] L.B. Zablotska, Z. Gong, F. Wang, E.A. Holly, P.M. Bracci, Vitamin D calcium, and
retinol intake, and pancreatic cancer in a population-based case-control study
in the San Francisco Bay area, Cancer Causes Control:CCC 22 (2011) 91-100.

[15] R.Z. Stolzenberg-Solomon, EJ. Jacobs, A.A. Arslan, D. Qi, A.V. Patel, KJ.
Helzlsouer, S.J. Weinstein, M.L. McCullough, M.P. Purdue, X.O. Shu, K. Snyder, J.
Virtamo, L.R. Wilkins, K. Yu, A. Zeleniuch-Jacquotte, W. Zheng, D. Albanes, Q.
Cai, C. Harvey, R. Hayes, S. Clipp, R.L. Horst, L. Irish, K. Koenig, L. Le Marchand, L.
N. Kolonel, Circulating 25-hydroxyvitamin D and risk of pancreatic cancer:
cohort consortium vitamin D pooling project of rarer cancers, Am. J. Epidemiol.
172 (2010) 81-93.

[16] R.Z. Stolzenberg-Solomon, R. Vieth, A. Azad, P. Pietinen, P.R. Taylor, ]. Virtamo,
D. Albanes, A prospective nested case-control study of vitamin D status and
pancreatic cancer risk in male smokers, Cancer Res. 66 (2006) 10213-10219.

[17] R.Z. Stolzenberg-Solomon, R.B. Hayes, R.L. Horst, K.E. Anderson, B.W. Hollis, D.
T. Silverman, Serum vitamin D and risk of pancreatic cancer in the prostate,
lung, colorectal, and ovarian screening trial, Cancer Res. 69 (2009) 1439-1447.

[18] S.L.Liu, Y.P.Zhao, M.H. Dai, L. You, Z. Wen, J.W. Xu, Vitamin D status and the risk
of pancreatic cancer: a meta-analysis, Chin. Med. ]. 126 (2013) 3356-3359.

[19] B.M. Wolpin, K. Ng, Y. Bao, P. Kraft, M.J. Stampfer, D.S. Michaud, ]. Ma, J.E.
Buring, H.D. Sesso, .M. Lee, N. Rifai, B.B. Cochrane, J. Wactawski-Wende, R.T.
Chlebowski, W.C. Willett, J.E. Manson, E.L. Giovannucci, C.S. Fuchs, Plasma 25-
hydroxyvitamin D and risk of pancreatic cancer, Cancer Epidemiol. Biomarkers
Prev. 21 (2012) 82-91.

[20] Y. Bao, K. Ng, B.M. Wolpin, D.S. Michaud, E. Giovannucci, C.S. Fuchs, Predicted
vitamin D status and pancreatic cancer risk in two prospective cohort studies,
Br. J. Cancer 102 (2010) 1422-1427.

[21] M. Cho, PF. Peddi, K. Ding, L. Chen, D. Thomas, J. Wang, A.C. Lockhart, B. Tan, A.
Wang-Gillam, Vitamin D deficiency and prognostics among patients with
pancreatic adenocarcinoma, J. Transl. Med. 11 (2013) 206.

[22] WHO, Pathology and Genetics of Tumours of the Digestive System, IARC Press,
Lyon, 2000.

[23] D.M. Hummel, U. Thiem, J. H6baus, I. Mesteri, L. Gober, C. Stremnitzer, J. Graga,
B. Obermayer-Pietsch, E. Kallay, Prevention of preneoplastic lesions by dietary
vitamin D in a mouse model of colorectal carcinogenesis, J. Steroid Biochem.
Mol. Biol. (2012).

[24] C. Rubie, K. Kempf, J. Hans, T. Su, B. Tilton, T. Georg, B. Brittner, B. Ludwig, M.
Schilling, Housekeeping gene variability in normal and cancerous colorectal,
pancreatic, esophageal, gastric and hepatic tissues, Mol. Cell Probes 19 (2005)
101-109.

[25] H.C. Horvéth, P. Lakatos, J.P. Késa, K. Bacsi, K. Borka, G. Bises, T. Nittke, P.A.
Hershberger, G. Speer, E. Kéllay, The candidate oncogene CYP24A1: a potential
biomarker for colorectal tumorigenesis, ]. Histochem. Cytochem. 58 (2010)
277-285.

[26] LS. Fetahu, D.M. Hummel, T. Manhardt, A. Aggarwal, S. Baumgartner-Parzer, E.
Kéllay, Regulation of the calcium-sensing receptor expression by 1,25-
dihydroxyvitamin D3, interleukin -6, and tumor necrosis factor alpha in
colon cancer cells, ]. Steroid Biochem. Mol. Biol. (2013).

[27] A. Heindl, A.K. Seewald, T. Thalhammer, G. Bises, M. Schepelmann, H. Uhrova,
S. Dekan, I. Mesteri, R. Rogojanu, 1. Ellinger, Automated recognition of tissue-
associated erythrocytes (ARETE)-a new tool in tissue cytometry, Cytometry A
83 (2013) 363-374.

[28] G.Zhang, A. Schetter, P. He, N. Funamizu, J. Gaedcke, B.M. Ghadimi, T. Ried, R.
Hassan, H.G. Yfantis, D.H. Lee, C. Lacy, A. Maitra, N. Hanna, H.R. Alexander, S.P.
Hussain, DPEP1 inhibits tumor cell invasiveness, enhances chemosensitivity
and predicts clinical outcome in pancreatic ductal adenocarcinoma, PLoS One
7 (2012) e31507.

[29] G.Z. Racz, A. Kittel, D. Riccardi, R.M. Case, A.C. Elliott, G. Varga, Extracellular
calcium sensing receptor in human pancreatic cells, Gut 51 (2002) 705-711.

[30] KK. Deeb, D.L. Trump, C.S. Johnson, Vitamin D signalling pathways in cancer:
potential for anticancer therapeutics, Nat. Rev. Cancer 7 (2007) 684-700.

[31] S. Christakos, P. Dhawan, Y. Liu, X. Peng, A. Porta, New insights into the
mechanisms of vitamin D action, J. Cell. Biochem. 88 (2003) 695-705.

[32] G. Jones, S.A. Strugnell, H.F. DeLuca, Current understanding of the molecular
actions of vitamin D, Physiol. Rev. 78 (1998) 1193-1231.

[33] J.W. Pike, N.K. Shevde, The vitamin D receptor, in: D. Feldman, J.W. Pike, F.H.
Gorieux (Eds.), Vitamin D, Elsevier Academic Press, Amsterdam, 2005, pp.167-
191.

[34] K. Townsend, C.M. Banwell, M. Guy, KW. Colston, J.L. Mansi, P.M. Stewart, M.J.
Campbell, M. Hewison, Autocrine metabolism of vitamin D in normal and
malignant breast tissue, Clin. Cancer Res. 11 (2005) 3579-3586.

[35] H.S. Cross, E. Kallay, Nutritional regulation of extrarenal vitamin D hydroxylase
expression - potential application in tumor prevention and therapy, Future
Oncol. 1 (2005) 415-424.

[36] H.S.Cross, G. Bises, D. Lechner, T. Manhardt, E. Kallay, The Vitamin D endocrine
system of the gut-its possible role in colorectal cancer prevention, J. Steroid
Biochem. Mol. Biol. 97 (2005) 121-128.

[37] K. Mimori, Y. Tanaka, K. Yoshinaga, T. Masuda, K. Yamashita, M. Okamoto, H.
Inoue, M. Mori, Clinical significance of the overexpression of the candidate
oncogene CYP24 in esophageal cancer, Ann. Oncol. 15 (2004) 236-241.

[38] D.S. Klimstra, D.S. Longnecker, K-ras mutations in pancreatic ductal prolifer-
ative lesions, Am. J. Pathol. 145 (1994) 1547-1550.

[39] E. Rozenblum, M. Schutte, M. Goggins, S.A. Hahn, S. Panzer, M. Zahurak, S.N.
Goodman, T.A. Sohn, RH. Hruban, CJ. Yeo, S.E. Kern, Tumor-suppressive
pathways in pancreatic carcinoma, Cancer Res. 57 (1997) 1731-1734.

[40] Q. Zhang, B. Kanterewicz, S. Shoemaker, Q. Hu, S. Liu, K. Atwood, P.
Hershberger, Differential response to 1c,25-dihydroxyvitamin D3 (10,25
(OH) 2D3) in non-small cell lung cancer cells with distinct oncogene
mutations, J. Steroid Biochem. Mol. Biol. 136 (2013) 264-270.

[41] E. Albrechtsson, T. Jonsson, S. Méller, M. Hoglund, B. Ohlsson, ]. Axelson,
Vitamin D receptor is expressed in pancreatic cancer cells and a vitamin
D3 analogue decreases cell number, Pancreatology 3 (2003) 41-46.

[42] Chiang, C.N. Yeh, S.C. Chen, S.C. Shen, J.T. Hsu, T.S. Yeh, J.H. Pang, LJ. Su, M.
Takano, A. Kittaka, H.H. Juang, T.C. Chen, MART-10, a new generation of vitamin
D analog, is more potent than 1¢,25-dihydroxyvitamin D(3) in inhibiting cell
proliferation and inducing apoptosis in ER+ MCF-7 breast cancer cells, Evid
Based Complement. Alternat. Med. (2012) 310872.

[43] G.G. Schwartz, D. Eads, C. Naczki, S. Northrup, T. Chen, C. Koumenis, 19-nor-
1 alpha,25-dihydroxyvitamin D2 (paricalcitol) inhibits the proliferation of
human pancreatic cancer cells in vitro and in vivo, Cancer Biol. Ther. 7 (2008)
430-436.

[44] L. Li, B. Wu, L. Yang, G. Yin, W. Wei, S. Sui, ]. Liu, Association of vitamin D
receptor gene polymorphisms with pancreatic cancer: a pilot study in a North
China population, Oncol. Lett. 5 (2013) 1731-1735.

[45] U. Zeitz, K. Weber, D.W. Soegiarto, E. Wolf, R. Balling, R.G. Erben, Impaired
insulin secretory capacity in mice lacking a functional vitamin D receptor,
FASEB ]. 17 (2003) 509-511.

[46] M. Chakhtoura, S.T. Azar, The role of vitamin d deficiency in the incidence,
progression, and complications of type 1 diabetes mellitus, Int. J. Endocrinol.
(2013) 148673.

[47] M.F. Holick, Vitamin D deficiency, New Engl. J. Med. 357 (2007) 266-281.

[48] B.Frederiksen, E. Liu, J. Romanos, A.K. Steck, X. Yin, M. Kroehl, T.E. Fingerlin, H.
Erlich, G.S. Eisenbarth, M. Rewers, ].M. Norris, Investigation of the vitamin D
receptor gene (VDR) and its interaction with protein tyrosine phosphatase,
non-receptor type 2 gene (PTPN2) on risk of islet autoimmunity and type
1 diabetes: the Diabetes Autoimmunity Study in the Young (DAISY), J. Steroid
Biochem. Mol. Biol. 133 (2013) 51-57.

[49] H. Wolden-Kirk, D. Rondas, M. Bugliani, H. Korf, L. Van Lommel, K. Brusgaard,
H.T. Christesen, F. Schuit, P. Proost, M. Masini, P. Marchetti, D.L. Eizirik, L.
Overbergh, C. Mathieu, Discovery of molecular pathways mediating 1,25-
dihydroxyvitamin D3 protection against cytokine-induced inflammation and
damage of human and male mouse islets of Langerhans, Endocrinology 155
(2014) 736-747.

[50] C.Calle, J. Campién, M. Garcia-Arencibia, B. Maestro, N. Davila, Transcriptional
inhibition of the human insulin receptor gene by aldosterone, ]. Steroid
Biochem. Mol. Biol. 84 (2003) 543-553.

[51] J.A. Alvarez, A. Ashraf, Role of vitamin D in insulin secretion and insulin
sensitivity for glucose homeostasis, Int. J. Endocrinol. (2010) 351385.

[52] R.Z. Stolzenberg-Solomon, B.I. Graubard, S. Chari, P. Limburg, P.R. Taylor, J.
Virtamo, D. Albanes, Insulin, glucose, insulin resistance, and pancreatic cancer
in male smokers, JAMA 294 (2005) 2872-2878.

[53] P.B. White, E.M. True, K.M. Ziegler, S.S. Wang, D.A. Swartz-Basile, H.A. Pitt, N.J.
Zyromski, Insulin, leptin, and tumoral adipocytes promote murine pancreatic
cancer growth, J. Gastrointest. Surg. 14 (2010) 1888-1893 discussion 1893-
1884.

[54] A.G. Faure-Dussert, A.P. Delbancut, B.J. Billaudel, Low extracellular calcium
enhances beta cell sensitivity to the stimulatory influence of 1,25-dihydrox-
yvitamin D3 on insulin release by islets from vitamin D3-deficient rats,
Steroids 62 (1997) 554-562.

(2014), http://dx.doi.org/10.1016/j.jsbmb.2014.07.011

Please cite this article in press as: D. Hummel, et al., The vitamin D system is deregulated in pancreatic diseases, J. Steroid Biochem. Mol. Biol.

501
502

503
504

505
506

507
508

509
510

512
513

514

515
516

528
529

530
531

544

545
546

547
548
549
550

552


http://dx.doi.org/10.1016/j.jsbmb.2014.07.011

	The vitamin D system is deregulated in pancreatic diseases
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 RNA extraction, reverse transcription (RT), and quantitative real time RT-PCR
	2.3 Immunohistochemistry
	2.4 Immunofluorescence staining
	2.5 Automated analysis of stained sections
	2.6 Statistical analysis

	3 Results
	3.1 MRNA expression of VDR, CYP24A1, and CaSR in pancreatic ductal adenocarcinoma (PDAC)
	3.2 Protein expression and localization of the VDR in patients with chronic pancreatitis (CP) and pancreatic ductal adenocarci ...
	3.3 Protein expression and localization of CYP24A1in patients with chronic pancreatitis (CP) and pancreatic ductal adenocarcin ...
	3.4 Protein expression of Ki67in patients with chronic pancreatitis (CP) and pancreatic ductal adenocarcinoma (PDAC)
	3.5 Protein expression and localization of the calcium-sensing receptor (CaSR) in patients with (CP) and pancreatic ductal ade ...
	3.6 Co-expression of VDR and CaSR protein in endocrine cells

	4 Discussion
	5 Conclusions
	Conflict of interest
	Funding
	Acknowledgments
	References


