
Vol.:(0123456789)1 3

Digestive Diseases and Sciences (2023) 68:3043–3058 
https://doi.org/10.1007/s10620-023-07931-3

ORIGINAL ARTICLE

Activation of Vitamin D/VDR Signaling Reverses Gemcitabine 
Resistance of Pancreatic Cancer Cells Through Inhibition of MUC1 
Expression

Daoyan Wei1 · Liang Wang1 · Yi Liu2 · Margarete A. Hafley1 · Lin Tan3 · Philip L. Lorenzi3 · Peiying Yang4 · 
Xiangsheng Zuo2 · Robert S. Bresalier1 

Received: 9 January 2023 / Accepted: 14 March 2023 / Published online: 18 April 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Background  Pancreatic ductal adenocarcinoma (PDA) has a poor prognosis due to its therapeutic resistance. Inactivation of 
vitamin D/vitamin D receptor (VDR) signaling may contribute to the malignant phenotype of PDA and altered expression 
of oncoprotein mucin 1 (MUC1) may be involved in drug resistance of cancer cells.
Aim  To determine whether vitamin D/VDR signaling regulates the expression and function of MUC1 and its effect on 
acquired gemcitabine resistance of pancreatic cancer cells.
Methods  Molecular analyses and animal models were used to determine the impact of vitamin D/VDR signaling on MUC1 
expression and response to gemcitabine treatment.
Results  RPPA analysis indicated that MUC1 protein expression was significantly reduced in human PDA cells after treat-
ment with vitamin D3 or its analog calcipotriol. VDR regulated MUC1 expression in both gain- and loss-of-function assays. 
Vitamin D3 or calcipotriol significantly induced VDR and inhibited MUC1 expression in acquired gemcitabine-resistant 
PDA cells and sensitized the resistant cells to gemcitabine treatment, while siRNA inhibition of MUC1 was associated with 
paricalcitol-associated sensitization of PDA cells to gemcitabine treatment in vitro. Administration of paricalcitol significantly 
enhanced the therapeutic efficacy of gemcitabine in xenograft and orthotopic mouse models and increased the intratumoral 
concentration of dFdCTP, the active metabolite of gemcitabine.
Conclusion  These findings demonstrate a previously unidentified vitamin D/VDR-MUC1 signaling axis involved in the 
regulation of gemcitabine resistance in PDA and suggests that combinational therapies that include targeted activation of 
vitamin D/VDR signaling may improve the outcomes of patients with PDA.
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Introduction

Pancreatic cancer, primarily pancreatic ductal adenocar-
cinoma (PDA), is currently the third leading cause of can-
cer-related death in the USA and is projected to become 
the second leading cause of cancer-related death by 2030. 
The incidence of PDA is increasing [1]. PDA has a dismal 
prognosis, with a median survival duration of 8 months 
from diagnosis and a 5-year survival rate of less than 
10% for all stages [1, 2], which is largely due to its late 
diagnosis and therapeutic resistance. The most effective 
treatment for PDA is curative resection followed by chem-
otherapy, but most PDA patients are unable to undergo 
surgical treatment because the PDA cells have dissemi-
nated to nearby tissues or distant organs by the time of 
diagnosis. Therefore, cytotoxic chemotherapy is the pri-
mary treatment modality for most PDA patients; however, 
the development of chemoresistance is extremely common 
during the course of treatment [3]. New treatments that are 
effective in other malignancies, such as checkpoint immu-
notherapy, have not shown efficacy in PDA. Thus, new 
intervention strategies are urgently needed to improve the 
outcomes of patients with PDA.

Gemcitabine (dFdC or 2′,2′-difluoro-deoxycytidine) is 
a deoxycytidine analog that is active through incorpora-
tion of its triphosphate (dFdCTP) into DNA, leading to 
inhibition of DNA replication and arrest of tumor growth 
[4]. Gemcitabine has been widely used as an anti-cancer 
chemotherapeutic agent for various solid tumors, including 
PDA. Gemcitabine plus nab-paclitaxel is the standard first-
line treatment option for locally advanced and metastatic 
pancreatic cancer [5, 6], and gemcitabine continues to be a 
common component of PDA chemotherapy. Nevertheless, 
gemcitabine does not provide a significant clinical patient 
survival benefit because tumors frequently develop resist-
ance within weeks of onset of treatment. A large number 
of studies have attributed this lack of response to poor 
penetration of gemcitabine into the hypo-vascularized 
and extensively desmoplastic PDA tumors [7]; however, 
it could not fully explain why tumors initially respond to 
gemcitabine treatment. Little is known, however, about 
the mechanisms by which tumor cells acquire gemcitabine 
resistance.

Vitamin D is a fat-soluble vitamin that is naturally 
present in foods, available as a dietary supplement, and 
produced endogenously in the skin after exposure to sun-
light. Through binding to the vitamin D receptor (VDR) 
transcription factor, the biologically active form of vitamin 
D, 1,25-dihydroxyvitamin D3 (vitamin D3), has pleiotropic 
functions beyond its activity as a hormone regulating cal-
cium phosphate homeostasis, including suppression of 
cell proliferation, induction of cell differentiation and 

apoptosis, and regulation of the microbiome and immune 
response [8]. The effects of vitamin D may differ during 
early and late stages of tumorigenesis (affecting efficacy 
as a preventive agent) and its effects on later stage and 
metastatic disease alone or in combination with other 
drugs remains to be clinically determined. Studies sug-
gest that vitamin D may have survival benefits in patients 
with PDA [9–11]. Additionally, in a genome-wide screen 
of genes associated with overall survival, VDR was iden-
tified as a novel determinant of survival in patients with 
advanced pancreatic cancer. Patients who carried the 
rs2853564 VDR variant in G/G allele survived longer; 
and the interaction between this specific VDR variant 
with high pre-treatment levels of 25-dihydroxyvitamin D 
or with gemcitabine treatment was associated with longer 
overall survival [10]. VDR has been reported to be a mas-
ter transcriptional regulator of pancreatic stellate cells, 
blocking their activation, reducing fibrosis, and increasing 
intratumoral gemcitabine and its activation resulted in a 
reduction in tumor volume in a mouse model of pancreatic 
cancer [12]. VDR activation and photodynamic priming 
enabled durable low-dose FDA-approved nanoliposomal 
irinotecan chemotherapy without compromising tumor 
control in mouse model of pancreatic cancer [13]. We 
previously found that activation of VDR signaling down-
regulates the expression of nuclear FOXM1 protein and 
suppresses pancreatic cancer cell stemness and tumorigen-
esis [14]. These findings suggest the potential application 
of activation of vitamin D/VDR signaling as a component 
of PDA therapy. It remains unknown whether vitamin D/
VDR signaling plays a role in gemcitabine resistance par-
ticularly in acquired gemcitabine resistance in PDA cells 
and whether activation of vitamin D/VDR signaling can 
sensitize pancreatic cancer cells to gemcitabine treatment 
or reverse gemcitabine resistance.

Mucin 1 (MUC1), also known as epithelial membrane 
antigen (EMA), encodes a transmembrane glycosylated pro-
tein. The alpha and beta subunits of this protein form a het-
erodimeric complex: the N-terminal alpha subunit functions 
in cell adhesion and the C-terminal beta subunit is involved 
in cell signaling. In normal epithelial cells, MUC1 is highly 
glycosylated and tightly aligned on the apical surface, form-
ing a mucous barrier to protect cells and maintain homeosta-
sis. Cellular transformation is associated with loss of polar-
ity, and underglycosylated MUC1 is overexpressed on the 
cell surface, often associated with growth factor receptors, 
which facilitates growth signal transduction and the aggres-
siveness of cancer cells [15, 16]. In the pancreas, MUC1 is 
expressed in the apices of centroacinar cells, intercalated 
and intralobular ducts, and focally in the interlobular ducts 
in normal pancreatic tissue [17]. Overexpression of MUC1 
has been observed in intraepithelial neoplasia lesions, with 
a subsequent increase in expression associated with disease 
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progression in human and in mouse models of pancreatic 
cancer [18–20]. Muc1 knock-out mice demonstrate slower 
tumor progression and fewer metastases compared with 
muc1 wild-type KrasG12D; P48-Cre mice [21], whereas 
transgenic expression of human MUC1 enhances tumor 
progression and immune suppression [20], defining MUC1 
as an oncoprotein. MUC1 was also reported to be involved in 
pancreatic cancer drug resistance through regulation of mul-
tidrug resistance gene expression, affecting glucose metabo-
lism and dCTP biosynthesis [22–24]. It remains unclear how 
MUC1 is dysregulated in acquired gemcitabine resistance 
and whether targeting altered MUC1 expression can improve 
the sensitivity of gemcitabine-resistant pancreatic cancer 
cells to gemcitabine treatment.

In the present study, we sought to determine whether vita-
min D/VDR signaling regulates the expression and function 
of MUC1 in gemcitabine-resistant pancreatic cancer cells. 
We demonstrate that gemcitabine-resistant pancreatic can-
cer cells often exhibit reduced VDR but increased MUC1 
expression and that activation of vitamin D/VDR signaling 
negatively regulates MUC1 expression and sensitizes pan-
creatic cancer cells to gemcitabine treatment. The results 
of this study provide new insights into the mechanisms of 
gemcitabine resistance, support a beneficial effect of vita-
min D as an adjunct to treatment of patients with pancreatic 
cancer and suggest that vitamin D or its analogs could play 
a role in PDA therapy.

Materials and Methods

Cell Lines and Cell Culture

Human pancreat ic  cancer  cel l  l ines  AsPC-1 
(RRID:CVCL_0152), Capan-2 (RRID:CVCL_0026), 
C F PA C - 1  ( R R I D : C V C L _ 1 1 1 9 ) ,  PA N C - 1 
(RRID:CVCL_0480), HPAC (RRID:CVCL_3517), Hs 766 T 
(RRID:CVCL_0334), Mia PaCa-2 (RRID:CVCL_0428), and 
mouse 266-6 (RRID:CVCL_3481) acinar cells were pur-
chased from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). PaTu 8902 (RRID:CVCL_1845) cell 
line was purchased from DSMZ-German Collection of 
Microorganisms and Cell Cultures (Braunschweig, Ger-
many). COLO 357 (RRID:CVCL_0221) and MDA-Panc-28 
(RRID:CVCL_3917) cell lines were described previously 
[25]. Mouse PDA cell lines PKC-mL3 and PKC-mL1 were 
obtained from David Tavion’s laboratory at Cold Spring 
Harbor Laboratory. PKC-118 is a cell line derived from the 
PKC mouse model. Human pancreatic stellate cell (HPSC-
TERT) (RRID:CVCL_SA58) line was a gift from Rosa F. 
Hwang at The University of Texas MD Anderson Cancer 
Center. All of these cell lines were maintained in 5% CO2 
at 37 °C as an adherent monolayer in Dulbecco’s modified 

Eagle medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) and penicillin/streptomycin. Addition-
ally, the following components were added to DMEM as 
supplements: nonessential amino acids, a multi-vitamin 
solution (Flow Laboratories), sodium pyruvate, and l-glu-
tamine. The immortalized normal human pancreatic ductal 
epithelial HPDE-1/E6E7 (RRID:CVCL_S973) cell line 
(obtained from Dr. Tsao, Ontario Cancer Institute, Toronto, 
ON, Canada) was maintained in keratinocyte serum-free 
medium supplemented with epidermal growth factor and 
bovine pituitary extract (Invitrogen). All human cell lines 
were authenticated using STR profiling within the last 
6 months (available on request) and all experiments were 
performed with mycoplasma-free cells.

Transient Transfection of Plasmids and siRNAs

JetPRIME reagent (Polyplus, Life Technologies) was used 
to transfect plasmid DNA or siRNA oligos according to the 
manufacturer’s instructions. Briefly, plasmid DNA or siRNA 
was diluted and mixed well in jetPRIME buffer; JetPRIME 
reagent was then added to the DNA or siRNA solution and 
mixed by vortexing and briefly spinning down. The transfec-
tion mixture was added to single-cell suspensions of pancre-
atic cancer cells and then plated into wells of 96- or 6-well 
plates for continuing growth. Cell samples were processed 
for analysis according to different purposes as described.

Antibodies, Plasmids, siRNAs, and Compounds

Anti-VDR (#12,550), Anti-FoxM1 (#5436), and anti-
GLUT1 (#12,939) antibodies were purchased from Cell 
Signaling Technology. Anti-MUC1 monoclonal antibody 
(clone E29, #M0613) was purchased from Dako, while a 
second anti-MUC1 antibody (clone CT2, #MA511202) and 
Ki67 Ab (#14-5698-82) were purchased from Invitrogen. 
Anti-CD44 (SC-9960) antibody was purchased from Santa 
Cruz Biotechnology. VDR expression plasmid was pur-
chased from Origene. siRNAs targeting VDR and MUC1 
were purchased from Dharmacon. Gemcitabine was pur-
chased from Eli Lilly. Standard gemcitabine triphosphate 
(dFdCTP) was purchased from Toronto Research Chemicals. 
1,25-dihydroxyvitamin D3 and calcipotriol were purchased 
from Sigma. Paricalcitol was manufactured by AbbVie, Inc.

Western Blot Analysis

Standard Western blotting was done using whole-cell 
lysates, primary antibodies listed in 2.3, and peroxidase-
linked, species-specific, anti-rabbit, anti-mouse, anti-goat, 
or anti-hamsterIgG F(ab’)2 fragments. For the detection of 
MUC1 protein, two monoclonal antibodies that recognize 
epitopes of MUC1 (clones E29 and CT2) with advanced 



3046	 Digestive Diseases and Sciences (2023) 68:3043–3058

1 3

verification were used to facilitate the detection of multiple 
markers while using the same blot membrane for internal 
control proteins (GAPDH, α-tubulin, or β-actin). Protein 
bands were detected using the Pierce™ enhanced chemi-
luminescence system. Protein bands were quantitated using 
ImageJ software; protein expression was normalized to 
GAPDH, α-tubulin, or β-actin, and the ratio to control was 
presented under individual blots as fold changes.

Quantitative Real‑Time PCR (qRT‑PCR) Assay

Total RNA was extracted from cultured or treated cells using 
the RNeasy Mini Kit (QIAGEN) according to the manufac-
turer’s instructions. SuperScript IV First-Strand Synthesis 
System (Invitrogen) was used to reversely transcribed mes-
senger RNAs into cDNAs. Real-time PCR was performed 
on a StepOnePlus Real-Time PCR System (ABI) in triplicate 
using the Taqman method. The PCR primers and probe sets 
purchased from Life Technologies were as follows: VDR 
(Hs01045843_m1), MUC1 (Hs00904316_g1), HPRT1 
(Hs99999909_m1), and β-actin (4352341E). The relative 
quantitation of gene expression was determined using the 
comparative threshold cycle (ΔΔCt) method and normalized 
to HPRT1 or ACTB (β-actin gene) and a calibrator sample 
that was run on the same plate.

In Vitro Cell Viability Assay

Human or mouse PDA cells were seeded into 96-well plates 
with 3000 cells per well. The drugs (gemcitabine, calci-
potriol, or paricalcitol) or vehicle control were diluted in 
DMEM medium to indicated concentrations supplemented 
with 5% FBS, and 200-μL DMEM with drug or vehicle con-
trol was added to each well 12 h after cell plating. Cells were 
cultured at 37 °C for indicated times as described in indi-
vidual experiments. After incubation, Cell Counting Kit-8 
(Dojindo Molecular Technologies) was used to determine 
the cell viability, and the IC50 of each drug was calculated 
using Prism 8 software (GraphPad Software, Inc.). The via-
bility of the vehicle control treated cells was set as 100%. 
Cell viability treated at each drug concentration was assayed 
in triplicate. In some experiments, cells in suspension were 
transfected with MUC1 siRNA or control siRNA mediated 
by JetPRIME reagent and seeded into 96-well plates. DEME 
Medium combined with gemcitabine or vehicle control was 
added to each well at 12 h after cell plating and incubated 
for the indicated times in related experiments. Cell viability 
and IC50 were determined as described above.

Reverse‑Phase Protein Array

AsPC-1 cells treated with vitamin D3 (0, 0.1 µM/L) or cal-
cipotriol (0, 0.1, 1.0 µM/L) for 48 h were harvested, and cell 

lysates were subjected to reverse-phase protein array (RPPA) 
analysis according to the standard protocol at the Functional 
Proteomics RPPA Core Facility at MD Anderson Cancer 
Center, as described previously [26]. Heatmaps of the dif-
ferentially expressed proteins were generated by ‘pheatmap’ 
package in R4.0.3. Information about the RPPA antibodies is 
available at https://​www.​mdand​erson.​org/​resea​rch/​resea​rch-​
resou​rces/​core-​facil​ities/​funct​ional-​prote​omics-​rppa-​core/​
antib​ody-​infor​mation-​and-​proto​cols.​html. The RPPA data 
were deposited into TCPA database with accession number 
#TCPA00000010.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was performed using EZ-ChIP kit (Cat#17-371, 
Millipore) according to the manufacturer’s instructions 
and as described previously [27]. Control IgG or anti-VDR 
antibody was used for immunoprecipitation. The resulting 
immunocomplexes were purified and used as templates for 
qPCR amplification of three fragments in the MUC1 pro-
moter region with PowerUp SYBR Green Master 34 Mix 
(Applied Biosystems) using the corresponding primers as 
described in Supplementary Table S1.

Immunofluorescence Assay

Cells grown in Falco four-well chambered cell culture slides 
were fixed with 4% paraformaldehyde in phosphate-buffered 
saline (PBS) for 10 min. Fixed cells were then blocked by 
incubation with 5% bovine serum albumin (BSA) solution 
containing 0.2% Triton X-100 for 30 min. After briefly 
washing with PBST once, diluted VDR antibody (1:500) 
and MUC1 antibody (1:1000) were mixed in 5% BSA solu-
tion and incubated with cells overnight at 4 °C. After three 
washes with PBST, cells were incubated with Alexa Fluor 
594-labeled or Alexa Fluor 488-labeled secondary antibod-
ies (Thermo Fisher Scientific) for 2 h at room temperature. 
Cells were washed, mounted with prolong gold antifade 
reagent with DAPI (Thermo Fisher Scientific), viewed, and 
photographed under a fluorescence microscope (Leica).

Immunohistochemical Analysis

VDR, MUC1, and Ki67 expression in pancreatic tumor tissues 
were analyzed. The pancreatic tissue samples were purchased 
from US Biomax, Inc. (Derwood, MD) or obtained from xeno-
graft and orthotopic mouse models of pancreatic cancer and 
their use was approved by the Institutional Review Board of 
MD Anderson Cancer Center. Tissue sections (4 µm thick) 
of formalin-fixed, paraffin-embedded tumor specimens were 
deparaffinized in xylene and rehydrated in graded alcohol. 
Standard immunohistochemical procedures were performed on 
the tissue sections using anti-VDR, anti-MUC1, or anti-Ki67 

https://www.mdanderson.org/research/research-resources/core-facilities/functional-proteomics-rppa-core/antibody-information-and-protocols.html
https://www.mdanderson.org/research/research-resources/core-facilities/functional-proteomics-rppa-core/antibody-information-and-protocols.html
https://www.mdanderson.org/research/research-resources/core-facilities/functional-proteomics-rppa-core/antibody-information-and-protocols.html
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antibody. A positive reaction was indicated by brown mem-
brane, cytoplasmic, and/or nuclear staining, depending on the 
antibody used. The staining result was determined by the per-
centage of positive cells and staining intensity and scored as 
described previously [28].

Xenograft Mouse Model of Human Pancreatic 
Cancer

Pathogen-free athymic BALB/c nude mice were purchased 
from the National Cancer Institute. The animals were main-
tained in MD Anderson animal facilities, which are accred-
ited by the Association for Assessment and Accreditation of 
Laboratory Animal Care International in accordance with 
the current regulations and standards of the U.S. Depart-
ment of Agriculture and Department of Health and Human 
Services. The mouse experiments were approved by the 
Institutional Animal Care and Use Committee. Established 
gemcitabine-resistant AsPC-1 cells (AsPC-1-GemR) in 
exponential growth phase were prepared for inoculation, 
and 100-μL single-cell suspensions (1 × 106 cells) in Hank’s 
balanced salt solution were injected subcutaneously into the 
abdominal flanks of the mice.

Orthotopic Mouse Pancreatic Tumor Model

C57BL/6 J mice were anesthetized with isoflurane, and 
a small incision (< 5 mm) was made in the abdomen to 
allow access to the spleen and pancreas. The pancreas was 
retracted through the incision, and gemcitabine-resistant 
mouse PKC-118 cells (100 μL, 4 × 105 cells) were injected 
into the pancreas within a period of 10 s using a 28-gauge 
needle. The pancreas was then reinserted into the abdominal 
cavity, the muscle layer sutured, and the skin stapled.

Drug Treatment of Tumor‑Bearing Mice

Tumor-bearing xenograft and orthotopic mice were ran-
domly divided into four groups: PBS control, gemcitabine 
alone (20 mg/kg in PBS), paricalcitol alone (2.5 μg/kg in 
PBS), and combined treatment (gemcitabine plus paricalci-
tol in PBS). Beginning on the third day after tumor inocula-
tion, 100-μL PBS or drug solutions was injected intraperi-
toneally once every 3 days for 29 days. At the end of the 
experiment, the tumor-bearing mice were euthanized, and 
the tumors were removed and weighed. Tumor tissues were 
further processed for related analyses.

Analysis of dFdCTP by Ion Chromatography Mass 
Spectrometry

To determine the relative abundance of intracellular dFdCTP 
in tumor tissue samples, extracts were prepared and analyzed 

by ultra-high-resolution mass spectrometry at the Metabo-
lomics Core Facility using previously published methods 
[29]. Briefly, tumor tissue samples collected from the mice 
within 2 h after the last gemcitabine and/or paricalcitol 
injection were flash frozen in liquid nitrogen. Approximately 
30 to 100 mg of tissue was then homogenized using the 
Precellys tissue homogenizer (Bertin Instruments). Metabo-
lites were extracted using 1-mL ice-cold 0.1% ammonium 
hydroxide in 80/20 (v/v) methanol/water. Extracts were cen-
trifuged at 17,000×g for 5 min at 4 °C, and supernatants 
were transferred to clean tubes and evaporated to dryness 
under nitrogen.

The dried extracts were reconstituted in deionized water, 
and 5 μL was injected into the spectrometer for analysis. 
Ion chromatography (IC) mobile phase A (MPA; weak) was 
water, and mobile phase B (MPB; strong) was water con-
taining 100-mM KOH. A Thermo Scientific Dionex ICS-
5000 + IC system that included a Thermo IonPac AS11 
column (4 µm particle size, 250 × 2 mm) kept at 30 °C was 
used. The autosampler tray was chilled to 4 °C. The mobile 
phase flow rate was 360 µL/min, and the gradient elution 
program was 0–5 min, 1% MPB; 5–25 min, 1–35% MPB; 
25–39 min, 35–99% MPB; 39–49 min, 99% MPB; and 
49–50, 99–1% MPB. To improve sensitivity, methanol was 
delivered by an external pump and combined with the elu-
ent via a low dead volume mixing tee. A Thermo Orbitrap 
Fusion Tribrid Mass Spectrometer was used to acquire data 
in the ESI-negative ionization mode.

Raw data files were imported into Thermo Trace Finder 
software for final analysis. The relative abundance of metab-
olite was normalized by tissue weight.

Statistical Analysis

All in vitro and in vivo experiments were performed in tripli-
cate or as indicated. The data from independent experiments 
were presented as mean ± SD, mean ± SEM, or as indicated 
otherwise. Statistical significance was determined by the 
Student t test or one-way ANOVA depending on the experi-
ment. Data were analyzed using SPSS Statistics 24 (IBM, 
Armonk, New York) or GraphPad Prism 9.0 (GraphPad 
Software, La Jolla, CA). All significance was defined at the 
P < 0.05.

Results

Identification of MUC1 as a Vitamin D3/VDR 
Downstream Protein in Pancreatic Cancer Cells 
by RPPA Analysis

To elucidate the molecular mechanisms of vitamin D’s 
anti-tumor effects in pancreatic cancer, we performed an 
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unbiased RPPA analysis using protein samples extracted 
from human pancreatic cancer AsPC-1 cells treated with 
vitamin D3 or different doses of calcipotriol, a potent 
and nonhypercalcemic vitamin D analog [30], to activate 
VDR signaling for 48 h. RPPA analysis identified 112 and 
91 differentially expressed proteins (P < 0.05) affected 
by vitamin D3 and calcipotriol treatment, respectively 

(Fig. 1A, B), and among them 66 proteins overlapped 
between the two treatments (Fig. 1C), indicating that vita-
min D3 and calcipotriol treatment affected similar signal-
ing pathways. MUC1 was identified as one of the proteins 
significantly downregulated by vitamin D3 or calcipotriol 
treatment (Fig. 1D), with quantitative results presented in 
Fig. 1E and F.

Some clustered genes(all passed t-test P<0.05) 
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Fig. 1   Identification of MUC1 as a vitamin D3/VDR downstream 
protein in pancreatic cancer cells by RPPA analysis. Protein samples 
extracted from AsPC-1 cells after vitamin D3 (VD3) or calcipotriol 
(Cal) [0.1  μM/L (Cal-L) or 1.0  μM/L (Cal-H)] treatment for 48  h 
were used for RPPA analysis. Heatmaps (A, B) and Venn diagram 
(C) of the differentially expressed proteins (P < 0.05 by t test) for Ctr 

vs VD3, Ctr vs Cal-L, and Cal-H samples are also shown in (B). P 
values distribution of the proteins in Ctr vs VD3 and Ctr vs Cal-L 
comparison, thresholds of P = 0.05 are marked and MUC1 protein is 
highlighted in (D). MUC1 protein was significantly downregulated by 
the treatments, with quantitative data (Normalized log2 values) pre-
sented in (E and F). **P < 0.01, and ****P < 0.0001 vs vehicle Ctr
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Validation of RPPA Findings and Demonstration 
of a Vitamin D‑VDR Positive Signaling Loop

To further validate the RPPA findings, we examined the 
effects of vitamin D3 and calcipotriol treatment on MUC1 
expression by Western blot analysis using the same anti-
body (E29) as in the RPPA assay. Significant inhibition of 
MUC1 protein expression by vitamin D3 or calcipotriol was 
observed not only in AsPC-1 cells but also in MIA PaCa-
2, PaTu 8902, and HPAC pancreatic cancer cells. MUC1 

is highly polymorphic and several alternatively spliced 
variants exist, accounting for multiple bands on Western 
blotting [16] (Fig. 2A–C). Paricalcitol, another vitamin D 
analog, is currently used to prevent or treat hyperparathy-
roidism in patients with chronic kidney diseases [31]. We 
found that paricalcitol treatment dose dependently inhibited 
MUC1 protein expression in AsPC-1 and COLO 357 cells 
(Fig. 2D). Similarly, vitamin D3, calcipotriol, and paricalci-
tol treatment also significantly inhibited MUC1 expression 
in PKC-118 mouse PDA cells (Fig. 2E). Interestingly, we 
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found that treatment with vitamin D3 or its analogs signifi-
cantly induced both endogenous and exogenous VDR protein 
expression in several pancreatic cells tested (Fig. 2C–G). 
These results suggest that vitamin D-VDR signaling activa-
tion may also increase VDR protein stability and a positive 
feedback loop between vitamin D and VDR signaling exists 
in pancreatic epithelial cells. We also found that treatment 
with vitamin D3 or its analogs significantly inhibited the 
expressions of CD44, FoxM1, and GLUT1 (Fig. 2H). CD44 
and FoxM1 molecules play critical roles in the regulation of 
pancreatic cancer stemness and aggressiveness [25, 28, 32], 
while elevated GLUT1 expression is essential for oncogenic 
KRAS-mediated anabolic glucose metabolism, a hallmark 
of PDA and required for biosynthesis of nucleotide to sup-
port pancreatic tumor [33, 34]. In addition, vitamin D3 or 
calcipotriol treatment or VDR gene transduction significantly 
inhibited the growth of pancreatic cancer cells in vitro (Fig. 
S1A-F). Together, these results provide a molecular basis for 
using vitamin D3 or its analog(s) for PDA therapy.

Correlation Between VDR and MUC1 Expression 
in Human Pancreatic Tissue Samples

Previous studies have shown that vitamin D-VDR signaling 
is inactive in pancreatic cancer cells [11, 14, 35]. Altered 
and elevated MUC1 expression has been found in several 
types of cancer including pancreatic cancer, but the clinical 
significance and underlying molecular mechanisms between 
VDR and MUC1 dysregulation in PDA remain unclear. 
We therefore performed IHC analyses of VDR and MUC1 
expression in consecutive tissue microarray (TMA) sections 
containing human pancreatic cancer tissue samples (Fig. 
S2A). Analysis of the quantitative staining results showed 
a negative correlation between VDR and MUC1 expression 
(Fig. S2B). We also found that VDR expression tended to 
decrease or be lost with increasing histological PDA grade, 
whereas MUC1 expression was in the opposite direction 
(Fig. S2C, D) (representative images are shown in Fig. S2E). 
These findings are in keeping with the function of VDR and 
MUC1 in regulating differentiation of cancer cells [36, 37]. 
We did not observe significant association of VDR/MUC1 
expression with tumor stage (Tables S2-S3), but the sample 
size was small and the majority of the cases were early stage.

Regulatory Effects of Vitamin D/VDR Signaling 
on MUC1 Expression in Pancreatic Cancer Cells

To causally define the regulatory role of VDR in MUC1 
expression, we first examined the expression of MUC1 and 
VDR protein in a panel of pancreatic cancer cell lines and 
found that pancreatic cancer cells differed in their expression 
of VDR, but that reduced or lost VDR expression tended to 
be associated with higher levels of MUC1, while normal 

pancreatic epithelial cells had no or very low levels of 
MUC1 expression (Fig. 3A, B). This was in line with TMA 
analysis (Fig. S2) and further confirmed by additional IHC 
analyses using both human and mouse pancreatic tissues 
(Fig. S3).

Next, we performed gain- and loss-of-function assays. 
We found that overexpression of VDR dose dependently 
inhibited MUC1 expression in both human and mouse pan-
creatic cancer cells (Fig. 3C, D), whereas knockdown of 
VDR expression by siRNA resulted in increased MUC1 
expression (Fig. 3E, F), which could be reversed by vitamin 
D3 treatment (Fig. 3G). Similarly, transduction of the VDR 
gene or treatment of cells with vitamin D3 or calcipotriol 
significantly reduced MUC1 expression at the mRNA level 
(Fig. 3H–I). Given that VDR is a nuclear transcription fac-
tor, we performed bioinformatic analysis and identified three 
potential VDR binding sites in the MUC1 promoter region 
(Fig. 3J). The results of ChIP analysis using the cellular sam-
ples transfected with VDR-expressing vector and siRNA, 
respectively, indicated that VDR overexpression or knock-
down differentially affected the binding of VDR protein to 
the VDR response elements in the MUC1 promoter region 
and that binding site number 2 may play a more important 
role in the regulation of MUC1 expression (Fig. 3K, L). 
Together, these results suggest that VDR plays an important 
role in the regulation of MUC1 expression and that acti-
vation of vitamin D-VDR signaling significantly inhibits 
MUC1 expression through a transcriptional mechanism.

Acquired Gemcitabine‑Resistant Pancreatic Cancer 
Cells Exhibit Reduced VDR and Increased MUC1 
Expression

Acquired gemcitabine resistance is one of the main rea-
sons for the lack of chemotherapeutic response and poor 
prognosis of patients with pancreatic cancer. To explore 
the relationship between acquired gemcitabine resistance 
and altered VDR and MUC1 expression in pancreatic can-
cer cells, we first established two acquired gemcitabine-
resistant pancreatic cancer cell lines, AsPC-1-GemR and 
COLO 357-GemR, by culturing the relatively sensitive 
AsPC-1 and COLO 357 cells in cell culture medium con-
taining gemcitabine and gradually increasing the gemcit-
abine concentration for a period of greater than 4 months 
(Fig. 4A). Compared with their parental cells (AsPC-1-
Ctr), the AsPC-1-GemR cells (Fig. 4B) displayed altered 
morphology, with pile-up growth in two-dimensional 
culture (Fig. 4C, right panel) and exhibited significantly 
reduced VDR but increased MUC1 protein expression, 
as determined by Western blot analysis (Fig. 4D). Immu-
nofluorescent staining revealed that relatively high lev-
els of VDR protein expression, predominantly located 
in the nuclear compartment, in the parental cells, which 
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exhibited relatively low MUC1 expression. In sharp con-
trast, decreased expression of VDR protein distributed 
in both the cytoplasm and nucleus characterized AsPC-
1-GemR cells, along with significantly increased MUC1 
staining predominantly distributed in the cytoplasm 
(Fig. 4E). We also found that VDR knockdown by siRNA 
transfection reduced the sensitivity of AsPC-1 cells to 
Gem treatment (Fig. S4), again suggesting that inacti-
vation of VDR signaling contributes to Gem resistance. 

Both vitamin D3 and calcipotriol treatments significantly 
induced VDR and suppressed MUC1 expression in AsPC-
1-GemR cells (Fig. 4F), suggesting a molecular basis for 
using vitamin D3 or its analogs to treat gemcitabine-resist-
ant pancreatic cancer cells. Similar results were observed 
in COLO 357-Ctr and -GemR cells, with the differences 
in VDR and MUC1 protein expressions more striking 
between the control and Gem-resistant cells (Fig. 4G–K).
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Fig. 3   Regulatory effects of vitamin D3/VDR signaling on MUC1 
expression in pancreatic cells. Differential expression of MUC1 and 
VDR protein in a panel of human pancreatic cancer cell lines (A 
Note: two different MUC1 antibodies recognized different epitopes 
and showed similar MUC1 expression patterns) and in mouse pan-
creatic cancer cells and human normal pancreatic cells (B). The 
effects of VDR gene transduction (C, D) or VDR siRNA (0, 25, 
100  pM/well, 6-well plate) knockdown (E, F) on MUC1 expres-
sion in pancreatic cancer cells were determined by Western blot 
assay. Rescue experiment was performed in MDA-Panc-28 cells by 
transfection of control or VDR siRNA and followed by VD3 treat-

ment (0, 0.1 μM/L) at 12 h after transfection. Protein samples were 
extracted at 48 h after transfection for Western blot analysis of VDR 
and MUC1 expression (G). qRT-PCR analysis of MUC1 mRNA 
expression in MDA-Panc-28 cells at 48 h after VDR gene transduc-
tion (H) or receiving VD3 (0.1 μM/L) or Cal (0.1 μM/L) treatment 
(I). Bioinformatic analysis predicted 3 potential VDR binding sites 
in the MUC1 promoter region (J) and measured by chromatin immu-
noprecipitation-quantitative PCR in AsPC-1 cells at 48 h after trans-
fection of VDR gene expressing vector or VDR siRNA (K, L). Data 
presented as Mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001
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Fig. 4   Acquired gemcitabine-resistant pancreatic cancer cells display 
altered MUC1 and VDR protein expression. Diagram illustrating the 
approach to establish acquired gemcitabine-resistant pancreatic can-
cer cells by exposing the originally sensitive AsPC-1 and COLO 357 
cells to an increasing concentration of gemcitabine for a period of 
over 4 months (A). IC50 assay of the sensitivities of parental (AsPC-
1-Ctr) and acquired gemcitabine-resistant (AsPC-1-GemR) AsPC-1 
cells exposed to different doses of gemcitabine for 72  h (B); repre-
sentative images of AsPC-1-Ctr and AsPC-1-GemR cells (C). West-
ern blot analysis of VDR and MUC1 protein expression in AsPC-1-
Ctr and AsPC-1-GemR cells (D). Immunofluorescent staining of VDR 

and MUC1 protein expression and subcellular distribution in AsPC-
1-Ctr and AsPC-1-GemR cells (E). Western blot analysis of VDR and 
MUC1 protein expression in AsPC-1-GemR cells treated with differ-
ent doses of Cal and VD3 for 48 h (F). Similarly, COLO 357 cells 
acquired gemcitabine resistance after long-time exposure to increas-
ing concentrations of gemcitabine in culture medium (G); representa-
tive images of COLO 357-Ctr and COLO 357-GemR cells (H). West-
ern blot analysis of VDR and MUC1 protein expression in COLO 
357-Ctr and COLO 357-GemR cells (I) and in COLO 357-GemR cells 
treated with VD3 (0.01 µM/L) or Cal (0.1 µM/L) (J) or with indicated 
doses of PA (K) for 48 h
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Sensitization of Pancreatic Cancer Cells 
to Gemcitabine by Vitamin D Analog Treatment

Next, we determined whether activation of VDR signal-
ing can improve the sensitivity of pancreatic cancer cells 
to gemcitabine treatment and performed IC50 analysis of 
gemcitabine with or without vitamin D analog treatment in 
several pancreatic cancer cell lines. We found that sensitiv-
ity to gemcitabine increased almost tenfold in MIA PaCa-2, 
MDA-Panc-28, PaTu 8902, and PKC-118 cells when it was 
combined with calcipotriol (Fig. 5A–D) and by more than 
twofold in established COLO 357-GemR and AsPC-1-GemR 
cells treated with calcipotriol or paricalcitol, respectively 
(Fig. 5E, F). To further understand the mechanism by which 
VDR signaling sensitizes pancreatic cancer cells to gem-
citabine treatment, we used MUC1 siRNA to knock down 
MUC1 expression (Fig. 5G) and found that MUC1 siRNA 
transduction significantly increased sensitivity to gemcit-
abine treatment in COLO 357-GemR and PaTu 8902 cells 
(Fig. 5H, I). When the cells were treated with both MUC1 
siRNA and paricalcitol, the sensitivity to gemcitabine treat-
ment was not substantially improved compared with parical-
citol or MUC1 siRNA alone in AsPC-1-GemR cells (Fig. 5J). 
These results suggest that while the action of vitamin D and 
its analog may be exerted on MUC1, the hormone may also 
act by additional mechanisms in Gem-resistant PDA cells.

Enhanced Suppression of Tumorigenicity 
by Gemcitabine When Combined with a VDR Agonist

Next, we established a xenograft mouse model of human 
pancreatic cancer by subcutaneous injection of acquired 
gemcitabine-resistant AsPC-1-GemR cells into nude mice. 
Tumor-bearing mice were received four different treatments: 
vehicle control, gemcitabine or paricalcitol alone, or gemcit-
abine and paricalcitol combination, as depicted in Fig. 6A. 
Compared with the control group, the combination treatment 
significantly inhibited tumor growth (P = 0.016), while treat-
ment with gemcitabine or paricalcitol alone was associated 
with only modest tumor growth inhibition that did not reach 
statistical significance (Fig. 6B, C). Single or combined 
treatments were not associated with significant changes in 
body weight or systemic toxicities (Fig. S5). Consistently, 
the expression of VDR was significantly induced, while 
expression of MUC1 and Ki67 was significantly reduced, as 
determined by immunohistochemical staining, in tumor tis-
sues treated with gemcitabine and paricalcitol combination 
treatment compared with single-agent therapy (Fig. 6D, E). 
To mimic human disease, gemcitabine-resistant PKC-118 
cells were used to establish an orthotopic model of pancre-
atic cancer in syngeneic C56BL/6 J mice, and the tumor-
bearing mice were treated as described above (see Fig. 6A). 
In keeping with the previous experiment, the combination of 

gemcitabine and paricalcitol had better therapeutic efficacy 
than paricalcitol or gemcitabine alone (Fig. 6F, G). Immu-
nohistochemical analysis confirmed that in the tumor tissues 
from mice treated with combination therapy, Ki67 stain-
ing was significantly reduced compared with single-agent 
treatment (Fig. 6H, I). LC-Mass Spectrometry analysis of 
PKC-118 tumor tissues demonstrated that the intratumoral 
concentration of dFdCTP was increased by more than two-
fold in the gemcitabine and paricalcitol combination group 
compared with gemcitabine treatment alone (Fig. 6J), sug-
gesting that paricalcitol improves gemcitabine metabolism 
in tumor tissues.

Discussion

Despite tremendous efforts, the 5-year survival rate for 
pancreatic cancer has not changed substantially for dec-
ades, in part because of resistance to therapy of this can-
cer. Understanding the molecular mechanisms underlying 
resistance is necessary for the development of novel and 
effective therapeutic modalities to improve the outcomes of 
patients with PDA. In the present study, we made the fol-
lowing findings. First in an unbiased RPPA analysis, MUC1, 
which was previously reported to be involved in gemcitabine 
resistance in pancreatic cancer, was identified as a down-
stream target gene of vitamin D3 and calcipotriol. Second we 
demonstrated that VDR negatively correlates with MUC1 
expression in human pancreatic cancer tissues and regulates 
MUC1 expression in PDA cells through a transcriptional 
mechanism. Third acquired gemcitabine-resistant pancreatic 
cancer cells exhibit increased MUC1 and decreased VDR 
protein expression, and VDR ligand/agonist treatment leads 
to significant upregulation of VDR and downregulation of 
MUC1 protein expression. Fourth VDR signaling activation 
with a known agonist significantly enhances the sensitivity 
of pancreatic cancer cells to gemcitabine treatment, and sup-
pression of MUC1 expression plays an important role in the 
potentiation of gemcitabine sensitivity by the VDR agonist. 
Fifth the combination of gemcitabine with a VDR agonist 
significantly inhibits tumor growth in vivo and is associ-
ated with an increased intratumoral concentration of gem-
citabine bioactive metabolite. Taken together, our in vitro 
and in vivo data suggest the following model of vitamin D3/
VDR-MUC1 signaling in gemcitabine resistance in pancre-
atic cancer (Fig.S6), activation of vitamin D3/VDR signal-
ing may be a promising approach to enhance therapeutic 
efficacy or reverse gemcitabine resistance in patients with 
pancreatic cancer.

Gemcitabine-based chemotherapy continues to be a 
standard therapy for patients with unresectable pancreatic 
tumors, but most of these tumors eventually develop resist-
ance to gemcitabine [38, 39]. The molecular mechanisms 
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underlying acquired gemcitabine resistance remain to be 
determined, but several lines of evidence have linked poor 
therapeutic response and poor prognosis of pancreatic can-
cer with dysregulated vitamin D-VDR signaling [9–11]. 

Pancreatic cancer is characterized by severe desmoplasia, 
which is believed to be responsible for its resistance to 
gemcitabine therapy. A recent study suggested that VDR-
mediated signaling can negatively regulate inflammation 
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Fig. 5   Activation of VDR signaling sensitizes the response of pancre-
atic cancer cells to gemcitabine. IC50 analysis of cell sensitivities to 
gemcitabine without or with Cal (0.1 µM/L) or PA (0.1 µM/L) treat-
ment for 72  h in MIA PaCa-2 (A), MDA-Panc-28 (B), PaTu 8902 
(C), PKC-118 (D), AsPC-1-GemR (E), and COLO 357-GemR (F) 
cells. Western blot analysis of the effect of MUC1 siRNA transfection 
on MUC1 and VDR protein expression in COLO 357-GemR cells 

(G). IC50 analysis of the sensitivities to gemcitabine treatment in cells 
transfected with control siRNA or MUC1 siRNA followed by gem-
citabine treatment for 48 h (H, I). IC50 analysis of the sensitivities to 
gemcitabine in AsPC-1-GemR cells transfected with control siRNA or 
MUC1 siRNA followed with vehicle control or PA (0.1 µM/L) treat-
ment for 72 h (J)
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and fibrosis in pancreatitis; it can also alter tumor stroma, 
which resulted in increased intratumoral gemcitabine and 
decreased tumor volume in a mouse model of pancreatic 
cancer [12]. The presence of desmoplastic stroma cannot, 
however, fully explain why initially sensitive pancreatic 

cancer cells acquire gemcitabine resistance within weeks 
of onset of gemcitabine treatment [39]. Our finding that 
gemcitabine-resistant pancreatic cancer cells exhibit signifi-
cantly reduced VDR and increased MUC1 protein expres-
sion compared to parental cells prompted us to speculate 
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Fig. 6   Activation of VDR signaling enhances the therapeutic effi-
cacy of gemcitabine in animal model of pancreatic cancer. Diagram 
of establishing pancreatic tumor model and treatment strategies (A). 
AsPC-1-GemR cells were used to establish a xenograft mouse model 
of human pancreatic cancer, and tumor-bearing mice received vari-
ous treatments. Representative tumor images upon necropsy (B) and 
average tumor weights (C). Representative images of IHC staining for 
VDR, MUC1, and Ki67 protein expression in tumor tissue sections 
derived from AsPC-1-GemR xenograft tumors (D) and quantitative 
staining scores (E). Relatively gemcitabine-resistant mouse PKC-118 
cells were used to establish an orthotopic model of pancreatic cancer 

in syngeneic mice, followed by different treatments, with representa-
tive pancreatic tumor images upon necropsy (F) and average tumor 
weights (G). Representative images of IHC staining for Ki67 in PKC-
118 tumor tissue sections (H) and the quantitative staining scores 
(I). Measurement of intratumoral concentrations of gemcitabine 
triphosphate (dFdCTP) by LC–MS/MS from Gem- and Gem + PA-
treated mice within 2  h after the final dose of gemcitabine; tumors 
from vehicle control mice served as negative controls in the assay 
(J). Quantitative data presented as Mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, and NS no statistical difference vs Ctr
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that tumor-cell-intrinsic mechanisms likely play a dominant 
role in acquired gemcitabine resistance. This hypothesis is 
supported by the failure of clinical trials aiming at stromal 
depletion despite initially promising experimental studies 
[40–43]. Our results also provide direct evidence that altered 
VDR and MUC1 expression is associated with pancreatic 
cancer gemcitabine resistance and agree with previous find-
ings that VDR expression is reduced or lost in pancreatic 
cancer cells and that insufficient serum levels of 25-hydroxy-
vitamin D in patients with pancreatic cancer is associated 
with poor prognosis [9, 11, 14]. Interestingly, our results 
showed that gemcitabine-resistant pancreatic cancer cells 
with reduced VDR expression may still be responsive to 
VDR ligand treatment, resulting in upregulation of VDR 
and downregulation of MUC1 protein expression, indicating 
intact positive regulation of VDR by its ligands in pancreatic 
cancer cells [44], suggesting that vitamin D supplementation 
or VDR agonist treatment may still be relevant to pancreatic 
cancer patients whose tumors have reduced VDR expression. 
Other factors that affect vitamin D/VDR signaling and tumor 
features should also be considered, including the status of 
tumor differentiation, severity of desmoplastic reaction, level 
of CYP24A1 expression, and the status of p53 mutation and 
VDR SNPs [8]. Several clinical trials that include high-dose 
vitamin D3 or a VDR agonist in combination with gemcit-
abine-based chemotherapy for pancreatic cancer treatment 
are ongoing [8]. It is anticipated that vitamin D, a proven 
safe dietary supplement, may be a cost-effective adjunct to 
current cancer chemotherapy.

Currently, the molecular mechanisms leading to the 
downregulation of VDR in pancreatic cancer cells with 
acquired gemcitabine resistance remain unknown. Since 
mutation and rearrangement of the VDR gene are rare dur-
ing carcinogenesis [45] and gemcitabine-resistant pancre-
atic cancer cells are still responsive to vitamin D3 and VDR 
agonist treatment, epigenetic mechanisms such as promoter 
methylation may be responsible for reduced or lost VDR 
expression in acquired gemcitabine resistance in pancreatic 
cancer cells, further elucidating the underlying mechanisms 
that may inform the development of strategies utilizing tar-
geted and effective activation of VDR signaling for pancre-
atic cancer intervention.

Accumulating evidence suggests that altered expression 
of the MUC1 oncoprotein may affect many aspects of tumor 
biology, which has significant implications for the treatment 
of pancreatic cancer. MUC1 plays an important role in pan-
creatic carcinogenesis and progression through promoting 
cell proliferation, epidermal to mesenchymal transition, 
invasion, metastasis, and immune suppression [16, 46, 47], 
and siRNA-mediated suppression of MUC1 resulted in the 
suppression of the growth and metastasis of PDA cells [48]. 
MUC1 was found to be involved in the regulation of multiple 
metabolic pathways, particularly glycolytic metabolism, and 

to confer resistance of pancreatic cancer cells to gemcitabine 
and radiation treatment [24, 49, 50]. Clinical and experimen-
tal studies indicate that MUC1 is a promising diagnostic 
marker and therapeutic target for pancreatic cancer [51–53]. 
Despite the initiation of numerous clinical trials, however, 
the clinical benefit of targeting altered MUC1 is unproven 
and limited by a lack of knowledge about the mechanisms 
underlying dysregulated MUC1 expression. In the present 
study, we found, for the first time, that vitamin D3 and VDR 
agonist treatment negatively regulates MUC1 expression in 
pancreatic cancer cells and, consequently, can sensitize these 
cells to gemcitabine treatment, leading to enhanced suppres-
sion of tumorigenesis in mouse models when combined with 
gemcitabine treatment. The results from this study provide a 
rationale for the ongoing clinical trials using VDR agonists 
in combination with gemcitabine for pancreatic cancer treat-
ment [8].

In summary, our findings indicate that dysregulated vita-
min D/VDR-MUC1 signaling plays an important role in the 
gemcitabine resistance of pancreatic cancer and that vita-
min D or VDR agonist treatment significantly downregu-
lates MUC1 expression, enhancing the therapeutic efficacy 
of gemcitabine. This provides new insight into vitamin D/
VDR’s anti-tumor actions and a rationale for the develop-
ment of vitamin D/VDR-based combinatorial strategies for 
pancreatic cancer intervention.
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