Am J Cancer Res 2022;12(11):5019-5028
www.ajcr.us /ISSN:2156-6976/ajcr0144719

Original Article

Calcitriol inhibits arsenic-promoted
tumorigenesis through regulation of
arsenic-uptake in a human keratinocyte cell line

Ichiro Yajima??, Akira Tazaki?#, Nobutaka Ohgami?34, Masashi Kato?3#

1Unit of Molecular and Cellular Toxicology, Department of Bioscience and Engineering, College of Systems
Engineering and Science, Shibaura Institute of Technology, Fukasaku 307, Minuma-ku, Saitama 337-8570, Japan;
2Department of Occupational and Environmental Health, Nagoya University Graduate School of Medicine, 65
Tsurumai-cho, Showa-ku, Nagoya, Aichi 466-8550, Japan; 3Unit of Environmental Health Sciences, Department

of Biomedical Sciences, College of Life and Health Sciences, Chubu University, Kasugai, Aichi 487-8501, Japan;
“Voluntary Body for International Health Care in Universities, 65 Tsurumai-cho, Showa-ku, Nagoya, Aichi 466-
8550, Japan

Received June 13, 2022; Accepted October 9, 2022; Epub November 15, 2022; Published November 30, 2022

Abstract: Chronic arsenic exposure from drinking water causes a variety of diseases and it is now recognized that
at least 140 million people in 50 countries have been drinking water containing arsenic at levels above the WHO
provisional guideline value of 10 pg/L. Long-term exposure to arsenic is associated with various types of cancers in
humans including skin cancers. However, there is limited information on key molecules regulating arsenic-promoted
carcinogenesis, and methods for the prevention and therapy of arsenic-promoted carcinogenesis have not yet been
fully developed. Our in vitro study in human nontumorigenic HaCaT skin keratinocytes showed that calcitriol (acti-
vated vitamin D3, 1,25(0H),D,) inhibited arsenic-mediated anchorage-independent growth with downregulations
of cancer-related activation of MEK, ERK1/2 and AKT and activity of cell cycle. Moreover, calcitriol significantly
repressed arsenic uptake in HaCaT cells with inhibition of expressions of aquaporin genes (AQP7, 9 and 10) which
were modified by arsenic exposure. VDR, a vitamin D receptor, expression was significantly increased by arsenic
exposure whereas calcitriol had no effect on its expression. These results suggest that treatment of calcitriol inhibits
arsenic uptake via suppressions of aquaglyceroporin gene expressions resulting in inhibition of arsenic-promoted
tumorigenesis in keratinocytes.
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Introduction

Inorganic arsenic, a carcinogen in humans, is
one of the major world-wide contaminants of
drinking water [1-4]. There are millions of
arsenicosis patients who are drinking arsenic-
polluted well water in a variety of countries
including Bangladesh [2, 3, 5-7]. Chronic expo-
sure of arsenic causes lung, skin, and urinary
bladder cancers and, as such, arsenic is classi-
fied as a Group | carcinogen by the World Heal-
th Organization (WHO) [2-5, 8-10]. Cutaneous
squamous cell carcinoma (SCC) is a serious
cancer developed by arsenic chronic exposure
[5, 11] and several kinds of molecules inclu-
ding Placental Growth Factor (PIGF), Hypoxia

Inducible Factor 1-Alpha (HIF-1¢) and GLI tran-
scription factor-3 (GLI3) have been reported to
induce arsenic-promoted tumorigenesis [7, 12,
13]. The arsenic toxicity is closely related to the
uptake of arsenic into the cells. Aquaporin (AQP)
7, 9 and 10 proteins, which are encoded by
aquaglyceroporin genes, have been known to
be transporters for water, glycerol and urea
[14], and AQP7 and 9 have been reported to
play arsenic transporters in mammalian cells
[15, 16], suggesting that aquaglyceroporins
may have effects on arsenic-mediated disease.
Clinically available molecular targets for the
prediction, prevention, and treatment of arse-
nic-promoted cancer have not been well esta-
blished.
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To analyze arsenic-mediated diseases at the
molecular level, appropriate cell lines are re-
quired. The HaCaT keratinocyte cell line was a
naturally immortalized-nontumorigenic cell line
established from human skin [17]. HaCaT cells
are often used to elucidate mechanisms of
tumorigenesis induced by environmental fac-
tors such as ultraviolet light and heavy metals
including arsenic [6, 7]. Analysis of the anchor-
age-independent growth activity of arsenic-
treated HaCaT cells is often used to elucidate
the activity of arsenic-promoted tumorigenesis
in vitro [6-8].

Calcitriol (activated vitamin D3, 1,25(0H),D,) is
rendered from vitamin D3 by several enzymes
expressed in the liver and kidney, and bind to
the vitamin D3 receptor (VDR) protein, one of
the 48 members of the ligand-activated tran-
scription factor superfamily of nuclear hormone
receptors [18]. The binding of calcitriol with a
specific nuclear vitamin D3 receptor (VDR),
which is present in all target tissues, starts
compounding necessary proteins to initiate
gene transcription. Vitamin D3 influences ex-
pressions of the hundreds of genes through the
activation of VDR. VDR activation by calcitriol
negatively and/or positively regulates several
signaling pathways including the MEK/ERK
pathway and PI3K/AKT pathway [19-22], which
are strongly associated with tumor develop-
ment.

Several kinds of studies have been performed
to elucidate correlations between calcitriol and
the tumor development, indeed, some types of
tumor development have been reported to be
correlated with vitamin D3 [23]. In many types
of cancer cells, calcitriol treatments induce the
downregulation of cyclin-dependent kinases
including Cyclin D1 and upregulation of cyclin-
dependent kinase inhibitors including p21°**
and p27%P1 resulting in cell cycle arrest [24,
25].

In this study, we analyzed suppressive activi-
ties of calcitriol on arsenic-mediated anchor-
age-independent growth, a characteristic phe-
notype of cancer formation, focusing on can-
cer-related molecules and mechanism of ar-
senic uptake to clarify the therapeutic poten-
tial of calcitriol against arsenic-promoted skin
cancer.
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Materials and methods
Reagents

Sodium arsenite (SIGMA) and calcitriol (1,25-
Dihydroxyvitamin D3, Wako) were used in this
study. Rabbit polyclonal antibodies against
ERK1/2 (Cell Signaling), phpspho-ERK1/2 (Cell
Signaling), AKT (Cell Signaling), phospho-AKT
(Cell Signaling), and mouse monoclonal anti-
bodies against MEK (Cell Signaling Technology),
phosphor-MEK (Cell Signaling Technology),
Cyclin D1 (Cell Signaling), p21°* (Cell Signaling),
and alpha-TUBULIN (SIGMA) were used as pri-
mary antibodies for immunoblotting.

Cell culture

A human nontumorigenic skin keratinocyte cell
line (HaCaT), supplied from Cell Line Service
(Germany) and a human normal lung epithe-
lial cell line (Beas-2b), supplied from Health
Science Research Resources Bank (Japan)
were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) and RPMI-1640, respectively,
supplemented with 10% Fetal Bovine Serum
(FBS) and 1% Penicillin/Streptomycin (WAKO)
at 37°C in 5% CO,. The level of arsenic was
undetectably low in DMEM with 10% FBS by
ICP-MS.

We examined the phosphorylation levels of
MEK and ERK1/2 during the time course of
arsenic exposure (Figure S1) to decide the bet-
ter timing of arsenic exposure for analysis of
the intracellular signaling pathway. After 24,
48, and 72 hours of arsenic exposure, p-MEK
levels showed an increase at 24- and 48-hours
post-exposure and a decrease at 72-hours
post-exposure. On the other hand, an increase
in p-ERK levels was observed from 24 hours
post-exposure and remained high levels at 48
and 72 hours. Based on these results, we con-
clude that arsenic exposure for 48 hours is bet-
ter to verify the intracellular signaling pathway.
According to our conclusion, levels of phos-
phorylation and expression levels of proteins
and genes in cells treated with arsenic after 48
hours were measured.

Anchorage-independent growth assay

Cells (2x10% were added to 1 ml of 1.5% meth-
ylcellulose/DMEM and treated or not treated
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Table 1. Sequences of genes for PCR

Gene name Type Forward Reverse

AQP7 Primer for PCR TCCAAAATGGTCTCCTGGTC GAAGCCAAAACCCAAGTTGA
AQP9 Primer for PCR GGTGGAAAACTGCTGATCGT AATGCGTTCGCCAGAGATAG
AQP10 Primer for PCR ACTCATGCTCCTCACCCAAG AGCACAGAAAGCAGACAGCA
VDR Primer for PCR TGACCCTGGAGACTTTGACC GTTGAAGGGGCAGGTGAATA
TBP Primer for PCR CACGAACCACGGCACTGATT TTTTCTTGCTGCCAGTCTGGAC
with arsenic in 24-well culture plates with Ultra- Realtime-PCR

low attachment surfaces (Corning). After incu-
bation for 7 days, colony size was determined
by analysis of microscopic images [8]. All colo-
nies exceeding 50 ym diameter in wells were
counted and presented as an activity of anchor-
age-independent growth according to a previ-
ous paper [7, 26, 27].

Immunoblotting

Cells were washed twice with ice-cold PBS and
lysed in 0.3 ml of lysis buffer (20 mM HEPES
[pH 7.4], 150 mM NaCl, 12.5 mM b-glycero-
phosphate, 1.5 mM MgCl,, 2 mM EGTA, 10 mM
NaF, 2 mM DTT, 1 mM Na,Vo,, 1 mM phenyl-
methylsulfonyl fluoride, 20 mM aprotinin, and
0.5% Triton X-100). Whole cell lysates were
resolved on SDS-PAGE and transferred to
Hybond-P membranes (GE Health Sciences).
The membranes were immunoblotted with vari-
ous antibodies, and the bound antibodies were
visualized with horseradish peroxidase-conju-
gated antibodies against rabbit or mouse IgG
(Calbiochem) using an ImmunoStar Zeta and
ImmunoStar LD (WAKO). Densitometric evalua-
tion was performed using the software program
WinROOF (MITANI Corporation).

Measurements of arsenic in HaCaT cells

Levels of arsenic in HaCaT cells were measur-
ed by an inductively coupled plasma-mass
spectrophotometer (ICP-MS; 7500cx, Agilent
Technologies, Inc.) following the method previ-
ously described [28]. In brief, HaCaT cells were
collected 1.5 ml tubes by centrifuge, and then
the samples were incubated with 100 pl of
nitric acid (61%) at 80°C for 3 h, followed by
cooling for 1 h to room temperature. After cool-
ing, 100 pl of hydrogen peroxide (30%) was
added to each tube, followed by incubation at
80°C for 3 h. After suitable dilution of the
digested materials with water, arsenic level was
determined by ICP-MS.
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Total RNA was prepared from culture cells using
a High Pure RNA Purification Kit (Roche) acc-
ording to the manufacturers’ protocol. cDNA
was then synthesized by reverse transcription
of total RNA using Supercript Ill reverse tran-
scriptase included in the RT enzyme mix and
RT reaction mix (Invitrogen) according to the
manufacturers’ protocol. Real-time quantita-
tive RT-PCR with SYBR green was performed
using Thermal Cycler Dice Real Time System
(TaKaRa). The expression levels of human
AQP7, AQP9, AQP10 and VDR transcripts mea-
sured by quantitative RT-PCR (real-time PCR)
were adjusted through the transcript expres-
sion level of human TATA-box-binding protein
(TBP). Sequences of primers for these genes
were described in Table 1.

Statistics

The JMP Pro (version 16.0) software package
(JMP Statistical Discovery) was used for statis-
tical analyses by Student’s t-test and Tukey-
Kramer test, and the significance level was set
at P<0.05.

Results

Inhibition of arsenic-promoted tumorigenesis
of calcitriol-treated HaCaT cells

To elucidate effects of calcitriol on arsenic-pro-
moted tumorigenesis, anchorage-independent
growth assays [7] were performed in HaCaT
cells (Figure 1), whereas arsenic strongly in-
duced anchorage-independent growth of Ha-
CaT without calcitriol (Figure 1A, 1D), 10 and
100 nM calcitriol inhibited arsenic-mediated
anchorage-independent growth (Figure 1B, 1C,
1E, 1F). Arsenic-mediated anchorage-indepen-
dent growth of calcitriol-treated HaCaT cells
was suppressed by 49.3-73.1% (Figure 1G),
suggesting that calcitriol may regulate arsenic-
promoted cancer development.
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Figure 1. Inhibition of arsenic-mediated anchorage-dependent growth of calcitriol-treated HaCaT cells. A-F. Colonies
derived from arsenic-exposed HaCaT cells untreated or treated with calcitriol. Original magnification, x20. Scale bar:
100 um. G. Number of colonies per well derived from HaCaT cells untreated or treated with arsenic and/or calcitriol
are presented as ratios (mean + SD; n=5) relative to untreated HaCaT cells. Significantly different from untreated

HaCaT cells (**, P<0.01) by Tukey-Kramer test.

Inhibition of cancer-related signal transduc-
tions of calcitriol-treated HaCaT cells

As previous studies revealed that mitogen-acti-
vated protein kinase (MAPK) signal transduc-
tion including MEK/ERK and/or PI3K/AKT path-
ways are aberrantly activated in most of all
kinds of human cancers [29-32], we next exam-
ined the influence of calcitriol on phosphorylat-
ed levels of MEK, ERK1/2 and AKT in arsenic-
promoted tumorigenesis of HaCaT cells (Figure
2). Arsenic-induced phosphorylation of MEK,
ERK1/2 and AKT was suppressed in calcitriol-
treated HaCaT cells, suggesting that calcitriol
inhibits arsenic-mediated cancer-related sig-
naling pathways in HaCaT cells (Figure 2).

Effects of calcitriol on arsenic-mediated
regulations of cell cycle-related molecules in
HacCar cells

We next examined the effects of calcitriol on
arsenic-mediated regulations of cell cycle-relat-
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ed molecules (Figures 3 and 4). Previous stud-
ies have shown that the expression of cell
cycle-related positive regulators such as Cyclin
D1 are upregulated whereas negative regula-
tors such as p21°** are downregulated in vari-
ous types of cancers including arsenic-promot-
ed skin cancer [33-35]. Expressions of Cyclin
D1 and p21°"* mRNAs were significantly up-
regulated and downregulated in arsenic-treat-
ed HaCaT cells, respectively, whereas those
were significantly downregulated and upregu-
lated in calcitriol-treated HaCaT cells, respec-
tively (Figure 3). Protein levels of Cyclin D1 and
p21°"* were also similarly regulated by calcitriol
on the dose-dependent manner (Figure 4).

Effects of calcitriol on arsenic uptake in HaCaT
cells

As our results provided evidence that calcitriol-
mediated inhibition of cancer-related mole-
cules could be an important mechanism on
inhibition of arsenic-promoted tumorigenesis,
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Figure 2. Calcitriol-induced modification of tumorigenesis-related signaling activities mediated by arsenic. A. Phos-
phorylation and protein levels of MEK and ERK in HaCaT cells untreated or treated with arsenic and/or calcitriol for
48 h are presented. B. Intensities of bands are presented as percentages (mean + SD; n=4) relative to untreated
HaCaT cells. * and **, Significantly different (*, P<0.05; **, P<0.01) by Tukey-Kramer test.
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Figure 3. mRNA levels of cell cycle-related molecules in arsenic-exposed
HaCaT cells treated with calcitriol. A. Expression levels of Cyclin D1 mRNAs
evaluated by real-time PCR in HaCaT cells untreated or treated with arsenic
and/or calcitriol for 48 h are presented. The results are presented as ratios
(mean = SD; n=4) of Cyclin D1 mRNA relative to non-exposed HaCaT cells
without calcitriol. B. Expression levels of p21°"* messenger RNA (mRNA)
evaluated by real-time PCR in arsenic-exposed HaCaT cells untreated or
treated with calcitriol are presented. The results are presented as ratios
(mean * SD; n=4) of p21°"* mRNA relative to untreated HaCaT cells. * and
**, Significantly different (*, P<0.05; **, P<0.01) by Tukey-Kramer test.

5023

we investigated the point of
action of calcitriol in arsenic-
promoted tumorigenesis of
HaCaT cells. The arsenic to-
xicity is closely related to
arsenic uptake, which is regu-
lated by several kinds of chan-
nels including the aquaporin
family [36]. Aquaporin 7 and 9
(AQP7 and AQP9), members
of the aquaglyceroporin fami-
ly, have been reported to play
arsenic transporters in mam-
malian cells, resulting in regu-
lating cellular toxicity [15, 16,
37]. To elucidate the relation-
ship between arsenic uptake
and calcitriol treatment, arse-
nic levels in HaCar cells treat-
ed with calcitriol were mea-
sured by an inductively cou-
pled plasma-mass spectro-
photometer (ICP-MS). Arsenic
levels in HaCaT cells cultured
with arsenic were significantly
decreased by calcitriol treat-
ment with the dose-depen-
dent manner, whereas there

Am J Cancer Res 2022;12(11):5019-5028
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Figure 4. Protein levels of cell cycle-related molecules in arsenic-exposed
HaCaT cells treated with calcitriol. A. Expression levels of Cyclin D1 and
p21°P* proteins in HaCaT cells untreated or treated with arsenic and/or cal-
citriol for 48 h are presented. The results are presented as ratios (mean

in the family, and activated
vitamin D3, such as calcitriol,
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genes expression to regulate
arsenic uptake.

+ SD; n=4) of these proteins relative to non-exposed HaCaT cells without

calcitriol. B. Intensities of bands are presented as percentages (mean + SD;

Discussion

n=4) relative to untreated HaCaT cells. * and **, Significantly different (*,

P<0.05; **, P<0.01) by Tukey-Kramer test.

was no detection of arsenic in HaCaT cells with-
out arsenic (Figure 5). These results suggest
that calcitriol inhibits arsenic uptake, resulting
in inhibition of arsenic-mediated cell toxicity.

Expression levels of aquaporins and VDR
genes in HaCaT cells treated with arsenic and
calcitriol

To address mechanisms of calcitriol-mediated
inhibition of arsenic uptake, expression levels
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In this study, our anchorage-

independent growth assays
demonstrated calcitriol-induced inhibition of
arsenic-mediated anchorage-independent gr-
owth of HaCaT cells. We also demonstrated the
molecular mechanism by which calcitriol may
regulate expression patterns of aquaglyceropo-
rin genes in keratinocyte cells, resulting in inhi-
bition of arsenic uptake and arsenic-mediated
cellular proliferation via MEK/ERK and/or AKT
signaling pathways and cell cycle-related mo-
lecules including Cyclin D1 and p21°*i. Our
results suggest that calcitriol treatment pre-

Am J Cancer Res 2022;12(11):5019-5028
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Figure 5. Calcitriol-mediated decrease of arsenic levels in HaCaT cells. Con-
centrations of arsenic in HaCaT cells untreated or treated with arsenic and/
or calcitriol are presented (n=5). HaCaT cells were treated with arsenic for
120 minutes after treatment of calcitriol for 3 days. The results are present-
ed as ratios (mean + SD; n=4) of arsenic relative to untreated HaCaT cells. *
and **, Significantly different (*, P<0.05; **, P<0.01) by Tukey-Kramer test.

vent arsenic-induced skin cancer development
through inhibition of arsenic uptake.

The anchorage-independent growth assay is
useful for analysis of arsenic-promoted tumori-
genesis and has been used to identify and ana-
lyze molecules related to arsenic-promoted
tumorigenesis, including Placental growth fac-
tor (PIGF) [7, 8]. Strong correlations between
calcitriol and the tumor development have
been reported in several types of tumors [23],
and calcitriol treatments induce cell cycle
arrest in many types of cancer cells [24, 25].
Our results, the inhibition of anchorage-inde-
pendent growth by calcitriol treatment, sug-
gest that calcitriol may be effective in the pre-
vention and treatment of arsenic-promoted
tumorigenesis.

We further analyzed the molecular mechanism
of calcitriol-induced inhibition for arsenic-medi-
ated cancer promotion in HaCaT cells. Since
previous studies showed calcitriol-mediated
decrease of phosphorylation levels of ERK1/2
and our study showed those of MEK and
ERK1/2 in HaCaT cells, calcitriol may inhibit
upper stream molecules, such as MEK in MEK/
ERK signaling pathway. Previous studies also
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and AKT. The developmental
process of various cancers
including skin cancer caused
by chronic exposure to arse-
nic is triggered by various
molecular mechanisms such
as activation of ERK and AKT
[38]. Arsenic-mediated acti-
vation of ERK and/or AKT signaling pathways
induces increase of Cyclin D1 expression and
decrease of p21°™* expression [38-40]. There-
fore, we next examined whether calcitriol
affects expression levels of Cyclin D1 and
p21°Pt, The results showed that Cyclin D1
expression was decreased and p21°™ expres-
sion was increased in HaCaT cells treated
with calcitriol on both mRNA and protein levels.
Our results suggest that calcitriol suppresses
cell cycle through regulation of ERK and AKT
signaling pathways resulting in inhibition of
tumorigenesis.

We finally analyzed relationships between cal-
citriol and arsenic uptake. The arsenic toxicity
is closely related to the uptake of arsenic into
the cells. Arsenic uptake is directly involved in
cell tumorigenesis and is regulated by a variety
of arsenic transporters, including aquaglyce-
roporins [41]. AQP7 and 9, members of aqua-
glyceroporins have been reported to be associ-
ated with arsenic uptake [15, 16]. Therefore,
we assumed that effect to arsenic-promoted
tumorigenesis by calcitriol treatment would be
associated with levels of arsenic uptake via
aquaglyceroporins. In our results, calcitriol
reduced concentrations of arsenic in HaCaT

Am J Cancer Res 2022;12(11):5019-5028
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Figure 6. MRNA levels of aquaglyceroporin family genes in arsenic-exposed
HaCaT cells treated with calcitriol. Expression levels of AQP7 (A), AQP9 (B),
AQP10 (C) and VDR (D) mRNAs evaluated by real-time PCR in HaCaT cells un-
treated or treated with arsenic and/or calcitriol for 48 h are presented. The
results are presented as ratios (mean + SD; n=4) of these proteins relative to

non-exposed HaCaT cells without calcitriol.

cells treated with arsenic. Our results also
showed that calcitriol inhibited expressions of
aquaglyceroporin genes including AQP7, AQP9,
and AQP10 in HaCaT cells treated with arse-
nic. Moreover, arsenic strongly increased the
expression level of VDR whereas calcitriol treat-
ment showed no effect on that in HaCaT cells,
suggesting that sensitivity to calcitriol may be
increased through the VDR overexpression in
arsenic-promoted cancer cells. These results
suggest that calcitriol prevents arsenic-promot-
ed tumorigenesis by suppressing the activation
of cancer-related molecules via inhibiting aqua-
porin expressions in keratinocytes.

Tumorigenesis induced by chronic arsenic
exposure is known to occur not only in the skin
but also in other organs such as the lungs and
bladder [2-5]. To clarify whether calcitriol has
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3 cluding lung epithelial cells.

In conclusion, our results indi-
cate that activated vitamin
D3, calcitriol, may contribute
to the prevention and therapy
for arsenic-mediated diseas-
es. Further study should be
carried out to clarify the de-
tails of calcitriol function and the presence of
side effects.

Acknowledgements

This study was supported in part by Grants-in-
Aid for Scientific Research (A) (No. 19H01147),
(B) (No. 19K22907 and 17KT0033), (C) (No.
22506148 and 20K06749) and Grant-in-Aid
for Challenging Research (Exploratory) (No.
19K22907), (B) (16H02962), Fund for the
Promotion of Joint International Research
(22KK0145), HEIWA NAKAJIMA FOUNDATION,
Kobayashi Foundation and KOSE Cosmetology
Research Foundation.

Disclosure of conflict of interest

None.

Am J Cancer Res 2022;12(11):5019-5028



Calcitriol inhibits arsenic-promoted skin tumorigenesis

Address correspondence to: Dr. Ichiro Yajima, Unit
of Molecular and Cellular Toxicology, Department of
Bioscience and Engineering, College of Systems
Engineering and Science, Shibaura Institute of
Technology, Fukasaku 307, Minuma-ku, Saitama
337-8570, Japan. Tel: +81-48-720-6035; Fax: +81-
48-720-6011; E-mail: yajimai@shibaura-it.ac.jp

References

[1] Kato M, Ohgami N, Ohnuma S, Hashimoto K,
Tazaki A, Xu H, Kondo-lda L, Yuan T, Tsuchiyama
T, He T, Kurniasari F, Gu Y, Chen W, Deng Y,
Komuro K, Tong Kand Yajima |. Multidisciplinary
approach to assess the toxicities of arsenic
and barium in drinking water. Environ Health
Prev Med 2020; 25: 16.

[21 NRC. Arsenic in drinking water. Arsenic in
drinking water. Washington (DC); 1999.

[3] NRC. Arsenic in drinking water: 2001 update.
Washington (DC); 2001.

[4] Straif K, Benbrahim-Tallaa L, Baan R, Grosse Y,
Secretan B, El Ghissassi F, Bouvard V, Guha N,
Freeman C, Galichet L and Cogliano V; WHO
International Agency for Research on Cancer
Monograph Working Group. A review of human
carcinogens-part C: metals, arsenic, dusts,
and fibres. Lancet Oncol 2009; 10: 453-454.

[5] IARC Working Group on the Evaluation of
Carcinogenic Risks to Humans. Some drinking-
water disinfectants and contaminants, includ-
ing arsenic. IARC Monogr Eval Carcinog Risks
Hum 2004; 84: 1-477.

[6] Yajima |, Uemura N, Nizam S, Khalequzzaman
M, Thang ND, Kumasaka MY, Akhand AA,
Shekhar HU, Nakajima T and Kato M. Barium
inhibits arsenic-mediated apoptotic cell death
in human squamous cell carcinoma cells. Arch
Toxicol 2012; 86: 961-973.

[71  Yajima I, Kumasaka MY, Ohnuma S, Ohgami N,
Naito H, Shekhar HU, Omata Y and Kato M.
Arsenite-mediated promotion of anchorage-in-
dependent growth of hacat cells through pla-
cental growth factor. J Invest Dermatol 2015;
135: 1147-1156.

[8] Kumasaka MY, Yamanoshita O, Shimizu S,
Ohnuma S, Furuta A, Yajima |, Nizam S,
Khalequzzaman M, Shekhar HU, Nakajima T
and Kato M. Enhanced carcinogenicity by coex-
posure to arsenic and iron and a novel reme-
diation system for the elements in well drink-
ing water. Arch Toxicol 2013; 87: 439-447.

[9] Yajima |, Ahsan N, Akhand AA, Al Hossain MA,
Yoshinaga M, Ohgami N, lida M, Oshino R,
Naito M, Wakai K and Kato M. Arsenic levels in
cutaneous appendicular organs are correlated
with digitally evaluated hyperpigmented skin of
the forehead but not the sole in Bangladesh
residents. J Expo Sci Environ Epidemiol 2018;
28: 64-68.

5027

(10]

(11]

(12]

(14]

(15]

(16]

[17]

[20]

Yajima |, Kumasaka MY, lida M, Oshino R,
Tanihata H, Al Hossain A, Ohgami N and Kato
M. Arsenic-mediated hyperpigmentation in
skin via NF-kappaB/endothelin-1 signaling in
an originally developed hairless mouse model.
Arch Toxicol 2017; 91: 3507-3516.

Lansdown AB. Physiological and toxicological
changes in the skin resulting from the action
and interaction of metal ions. Crit Rev Toxicol
1995; 25: 397-462.

Tung JN, Cheng YW, Hsu CH, Liu TZ, Hsieh PY,
Ting LL, Ko HL, Chang YJ, Chiou JF and Wu AT.
Normoxically overexpressed hypoxia inducible
factor 1-alpha is involved in arsenic trioxide re-
sistance acquisition in hepatocellular carcino-
ma. Ann Surg Oncol 2011; 18: 1492-1500.
Fei DL, Li H, Kozul CD, Black KE, Singh S, Gos-
se JA, DiRenzo J, Martin KA, Wang B, Hamilton
JW, Karagas MR and Robbins DJ. Activation of
Hedgehog signaling by the environmental toxi-
cant arsenic may contribute to the etiology of
arsenic-induced tumors. Cancer Res 2010; 70:
1981-1988.

Laforenza U, Bottino C and Gastaldi G. Mam-
malian aquaglyceroporin function in metabo-
lism. Biochim Biophys Acta 2016; 1858: 1-11.
Carbrey JM, Song L, Zhou Y, Yoshinaga M, Ro-
jek A, Wang Y, Liu Y, Lujan HL, DiCarlo SE,
Nielsen S, Rosen BP, Agre P and Mukhopadhy-
ay R. Reduced arsenic clearance and in-
creased toxicity in aquaglyceroporin-9-null
mice. Proc Natl Acad Sci U S A 2009; 106:
15956-15960.

Liu Z, Shen J, Carbrey JM, Mukhopadhyay R,
Agre P and Rosen BP. Arsenite transport
by mammalian aquaglyceroporins AQP7 and
AQP9. Proc Natl Acad Sci U S A 2002; 99:
6053-6058.

Boukamp P, Petrussevska RT, Breitkreutz D,
Hornung J, Markham A and Fusenig NE. Nor-
mal keratinization in a spontaneously immor-
talized aneuploid human keratinocyte cell line.
J Cell Biol 1988; 106: 761-771.
Fernandez-Barral A, Bustamante-Madrid P,
Ferrer-Mayorga G, Barbachano A, Larriba MJ
and Munoz A. Vitamin D effects on cell differ-
entiation and stemness in cancer. Cancers
(Basel) 2020; 12: 2413.

Bernardi RJ, Trump DL, Yu WD, McGuire TF,
Hershberger PA and Johnson CS. Combination
of lalpha,25-dihydroxyvitamin D(3) with dexa-
methasone enhances cell cycle arrest and
apoptosis: role of nuclear receptor cross-talk
and Erk/Akt signaling. Clin Cancer Res 2001;
7:4164-4173.

Chung BH, Kim BM, Doh KC, Cho ML, Kim KW
and Yang CW. Protective effect of lalpha,25-
dihydroxyvitamin D3 on effector CD4+ T cell
induced injury in human renal proximal tu-
bular epithelial cells. PLoS One 2017; 12:
e0172536.

Am J Cancer Res 2022;12(11):5019-5028



[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Calcitriol inhibits arsenic-promoted skin tumorigenesis

Woo SM, Lim HS, Jeong KY, Kim SM, Kim WJ
and Jung JY. Vitamin D promotes odontogenic
differentiation of human dental pulp cells via
ERK activation. Mol Cells 2015; 38: 604-609.
Wang Y, Deb DK, Zhang Z, Sun T, Liu W, Yoon
D, Kong J, Chen Y, Chang A and Li YC. Vitamin
D receptor signaling in podocytes protects
against diabetic nephropathy. J Am Soc Ne-
phrol 2012; 23: 1977-1986.

Markowska A, Antoszczak M, Kojs Z, Bednarek
W, Markowska J and Huczynski A. Role of vita-
min D, in selected malignant neoplasms. Nu-
trition 2020; 79-80: 110964.

Palmer HG, Sanchez-Carbayo M, Ordonez-Mo-
ran P, Larriba MJ, Cordon-Cardo C and Munoz
A. Genetic signatures of differentiation in-
duced by lalpha,25-dihydroxyvitamin D3 in
human colon cancer cells. Cancer Res 2003;
63: 7799-7806.

Salehi-Tabar R, Nguyen-Yamamoto L, Tavera-
Mendoza LE, Quail T, Dimitrov V, An BS, Glass
L, Goltzman D and White JH. Vitamin D recep-
tor as a master regulator of the c-MYC/MXD1
network. Proc Natl Acad Sci U S A 2012; 109:
18827-18832.

Ohgami N, Yamanoshita O, Thang ND, Yajima |,
Nakano C, Wenting W, Ohnuma S and Kato M.
Carcinogenic risk of chromium, copper and
arsenic in CCA-treated wood. Environ Pollut
2015; 206: 456-460.

Thang ND, Yajima I, Kumasaka MY, Ohnuma S,
Yanagishita T, Hayashi R, Shekhar HU, Wata-
nabe D and Kato M. Barium promotes anchor-
age-independent growth and invasion of hu-
man HaCaT keratinocytes via activation of
¢-SRC kinase. PLoS One 2011; 6: €25636.
Kato M, Kumasaka MY, Ohnuma S, Furuta A,
Kato Y, Shekhar HU, Kojima M, Koike Y, Dinh
Thang N, Ohgami N, Ly TB, Jia X, Yetti H, Naito
H, Ichihara G and Yajima I. Comparison of bar-
ium and arsenic concentrations in well drink-
ing water and in human body samples and a
novel remediation system for these elements
in well drinking water. PLoS One 2013; 8:
e66681.

Song M, Bode AM, Dong Z and Lee MH. AKT as
a therapeutic target for cancer. Cancer Res
2019; 79: 1019-1031.

Wortzel | and Seger R. The ERK cascade: dis-
tinct functions within various subcellular or-
ganelles. Genes Cancer 2011; 2: 195-209.

5028

(31]

(32]

(33]

(34]

(35]

(36]

[37]

(38]

[39]

[40]

[41]

Barbosa R, Acevedo LA and Marmorstein R.
The MEK/ERK network as a therapeutic target
in human cancer. Mol Cancer Res 2021; 19:
361-374.

Roskoski R Jr. Allosteric MEK1/2 inhibitors in-
cluding cobimetanib and trametinib in the
treatment of cutaneous melanomas. Pharma-
col Res 2017; 117: 20-31.

Ouyang W, Ma Q, Li J, Zhang D, Liu ZG, Rustgi
AK and Huang C. Cyclin D1 induction through
lkappaB kinase beta/nuclear factor-kappaB
pathway is responsible for arsenite-induced in-
creased cell cycle G1-S phase transition in hu-
man keratinocytes. Cancer Res 2005; 65:
9287-9293.

Abbas T and Dutta A. P21 in cancer: intricate
networks and multiple activities. Nat Rev Can-
cer 2009; 9: 400-414.

Musgrove EA, Caldon CE, Barraclough J, Stone
A and Sutherland RL. Cyclin D as a therapeutic
target in cancer. Nat Rev Cancer 2011; 11:
558-572.

Calamita G, Perret J and Delporte C. Aquaglyc-
eroporins: drug targets for metabolic diseas-
es? Front Physiol 2018; 9: 851.

Shinkai Y, Sumi D, Toyama T, Kaji T and Kum-
agai Y. Role of aquaporin 9 in cellular accumu-
lation of arsenic and its cytotoxicity in primary
mouse hepatocytes. Toxicol Appl Pharmacol
2009; 237: 232-236.

Hubaux R, Becker-Santos DD, Enfield KS,
Rowbotham D, Lam S, Lam WL and Martinez
VD. Molecular features in arsenic-induced lung
tumors. Mol Cancer 2013; 12: 20.

ChenY, Liu X, Wang H, Liu S, Hu N and Li X. Akt
regulated phosphorylation of GSK-3beta/Cy-
clin D1, p21 and p27 contributes to cell prolif-
eration through cell cycle progression from G1
to S/G2M phase in low-dose arsenite exposed
hacat cells. Front Pharmacol 2019; 10: 1176.

Liu J, Jin P, Lin X, Zhou Q, Wang F, Liu S and Xi
S. Arsenite increases Cyclin D1 expression
through coordinated regulation of the Ca(2+)/
NFAT2 and NF-kappaB pathways via ERK/
MAPK in a human uroepithelial cell line. Metal-
lomics 2018; 10: 486-495.

Liu Z. Roles of vertebrate aquaglyceroporins in
arsenic transport and detoxification. Adv Exp
Med Biol 2010; 679: 71-81.

Am J Cancer Res 2022;12(11):5019-5028



Calcitriol inhibits arsenic-promoted skin tumorigenesis

p-MEK S —
MEK s s s a—

p-ERK  — — — ‘:EEQ

-4ERK1

ERK G S S 3 JERK
exposure (hrs) 0 24 48 72
As (3 M) + + + +

Figure S1. Relationship between arsenic exposure time and MEK/ERK signaling cascade. Phosphorylation and
protein levels of MEK and ERK in HaCaT cells treated with arsenic for O, 24, 48 and 72 h are presented.
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Figure S2. Inhibition of arsenic-mediated anchorage-dependent growth of calcitriol-treated Beas-2b cells. A-F. Colo-
nies derived from arsenic-exposed Beas-2b cells untreated or treated with calcitriol. Original magnification, x20.
Scale bar: 100 um. G. Number of colonies per well derived from HaCaT cells untreated or treated with arsenic and/
or calcitriol are presented as ratios (mean + SD; n=5) relative to untreated HaCaT cells. Significantly different from
untreated HaCaT cells (**, P<0.01) by Tukey-Kramer test.



