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Dietary intake of cadmium is inevitable, causing age-related increase in cadmium accumulation in many
organs, including hair, choroid and retinal pigment epithelium (RPE). Cadmium has been implicated in
the pathogenesis of hearing loss and macular degeneration. The functions of cochlea and retina are main-
tained by melanocytes and RPE, respectively, and the differentiation of these pigment cells is regulated by
microphthalmia-associated transcription factor (MITF). In the present study, we explored the potential
toxicity of cadmium in the cochlea and retina by using cultured human melanocytes and human RPE cell
lines. MITF consists of multiple isoforms, including melanocyte-specific MITF-M and widely expressed
MITEF-H. Levels of MITF-M protein and its mRNA in human epidermal melanocytes and HMV-IIl melanoma
cells were decreased significantly by cadmium. In parallel with the MITF reduction, mRNA levels of tyros-
inase, the key enzyme of melanin biosynthesis that is regulated by MITF-M, were also decreased. In RPE
cells, however, the levels of total MITF protein, constituting mainly MITF-H, were not decreased by cad-
mium. We thus identify MITF-M as the molecular target of cadmium toxicity in melanocytes, thereby
accounting for the increased risk of disability from melanocyte malfunction, such as hearing and vision
loss among people with elevated cadmium exposure.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Mammalian pigment cells include the melanocyte of the neural
crest origin and the retinal pigment epithelium (RPE), derived from
the optic cup of the developing brain. Microphthalmia-associated
transcription factor (Mitf) is a key regulator for development of
the melanocyte and the RPE in mice [1-3]. The human MITF gene
contains multiple promoters and consecutive first exons, thereby
generating distinct isoforms, such as a melanocyte-lineage specific
isoform MITF-M and widely expressed MITF-H [4-6]. A loss-
of-function mutation in the MITF gene is associated with a
dominantly inherited auditory-pigmentary disorder, Waardenburg
syndrome type 2, characterized by sensorineural hearing loss and

Abbreviations: AMD, age-related macular degeneration; HO, heme oxygenase;
MITF, microphthalmia-associated transcription factor; NHEMs, normal human
epidermal melanocytes; RPE, retinal pigment epithelium.
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depigmentation of the skin and/or iris [7]. Thus, the amount of
functional MITF is critical for maintaining the functions of melano-
cytes in humans. Likewise, Mitf-M, the mouse counterpart of
human MITF-M, is essential for the development of follicular and
choroidal melanocytes [3,8] and cochlear melanocytes [9,10]. The
blood vessel-enriched choroid is located adjacent to the RPE that
constitutes the blood-retinal barrier that protects the photorecep-
tors against blood-born toxicants [11]. On the other hand, cochlear
melanocytes are responsible for the production of endolymph that
is essential for sensing sound.

Cadmium, an environmental toxicant, has been implicated in
the pathogenesis of various chronic diseases [12,13], including
age-related macular degeneration (AMD) [14-16] and hearing loss
[17,18]. Diet and cigarette smoking are the main sources of cad-
mium in the general population [19]; the estimated amount of cad-
mium intake ranges from 10 to 30 pg/day in developed countries.
Because of inevitable cadmium intake via diet and a lack of active
mechanism for its elimination, levels of cadmium accumulation
rise with age in various tissues, including RPE and choroid
[20,21]. Higher levels of cadmium are found in the RPE and the
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choroid from subjects with AMD, compared with those without
AMD [15]. Likewise, cadmium is detected in human scalp hair
[22]. We have therefore hypothesized that the age-related
increases in cadmium accumulation may cause functional impair-
ment of RPE and melanocytes of the choroid, hair follicles, and
cochlea.

In the present study, we analyzed the effects of cadmium expo-
sure on the expression of MITF isoforms in human pigment cells
with differing MITF isoform expression profiles. We, therefore,
used epidermal melanocytes and melanoma cells, which predomi-
nantly express MITF-M [23,24] together with the RPE cell lines,
ARPE-19 and D407, both of which predominantly expressed
MITF-H [5,25] and have been used by us to explore the biochemical
consequences of cadmium exposure [26,27]. This is the first report
of MITF isoform-specific effect of cadmium, which could explain
the increased risk of hearing and vision disability among people
with elevated cadmium exposure.

2. Materials and methods
2.1. Human epidermal melanocytes and cell lines

Normal human epidermal melanocytes (NHEMs) were obtained
from KURABO (Osaka, Japan) and cultured in Medium 154S
(KURABO) containing human melanocyte growth supplement and
0.5% fetal bovine serum (FBS). NHEMs used were established from
the abdominal skin of a 22-year-old Caucasian female (Strain num-
ber: 01179). Every two days, the medium was changed to maintain
the growth of NHEMs. HMV-II human melanoma cells [28] were
obtained from RIKEN Bio-Resource Center, Japan and were cultured
in Ham'’s F-12 medium supplemented with 10% FBS (Gibco, Invitro-
gen, Mexico). Human RPE cell lines, ARPE-19 [29] and D407 [30],
were cultured in 1:1 mixture of Dulbecco’s Modified Eagle’s Med-
ium (DMEM) and Ham’s F-12 and DMEM, respectively [26,27,31].

2.2. Chemicals and antibodies

Cadmium chloride (CdCl,2H,0) was from Sigma-Aldrich (St.
Louis, MO). Mouse monoclonal anti-MITF antibody (MS-771-P1
clone C5) and mouse monoclonal anti-o-tubulin antibody were
from NeoMarkers (Fremont, CA). Mouse monoclonal anti-tyrosi-
nase antibody (clone T311) was purchased from Santa Cruz (Dallas,
TX, USA). Rabbit polyclonal anti-heme oxygenase 1 (HO-1) anti-
body (ADI-SPA-896) and anti-heme oxygenase 2 (HO-2) antibody
(SPA-897) were from Enzo Life science (Farmindale, NY) and from
StressGen Biotechnologies (Victoria, BC, Canada), respectively.
Mouse monoclonal IgG1 anti-B-actin antibody (A-5441 clone
AC-19) was from Sigma-Aldrich (St. Louis, MO). Horseradish per-
oxidase (HRP)-conjugated donkey anti-rabbit immunoglobulin
(NA9340) and HRP-conjugated sheep anti-mouse immunoglobulin
(NA931) were from GE Healthcare (Buckinghamshire, UK).

2.3. Cadmium exposure experiments

The culture medium of NHEMs (about 80% confluent) was chan-
ged with the fresh medium and incubated for 8 h, and a same vol-
ume of vehicle solution or cadmium stock solution was added to
the medium (0 time). NHEMs were then incubated in the absence
or presence of cadmium (1, 2.5 or 5 uM) for up to 24 h. Note that
higher concentrations of cadmium (>10uM) killed NHEMs.
HMV-II melanoma cells or RPE cells were grown to 70-80% conflu-
ent, before addition of cadmium stock solution or vehicle solution.
Final Cd?* concentrations in culture medium were between 1 and
40 pM. Cells were maintained in culture under 5% CO, for various
times and subjected to preparation of RNA or whole cell lysates.

2.4. Western blot analysis

Collected cells were immediately dissolved in ice-cold lysis buf-
fer, containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS and 0.1% protease inhib-
itor cocktail (Sigma). Each cell-lysate sample (10-30 pg protein per
lane) was loaded for separation, using SDS-PAGE with 10% or 12%
gel concentration (AE-6500 ATTO, Japan). Following electrophore-
sis, proteins were transferred to a polyvinylidene fluoride (PVDF)
membrane (Immobilon™-P, Millipore Corporation), as detailed
previously [31]. Blotted membranes were incubated at room tem-
perature for 2 h with each primary antibody at a specified dilution
shown in parentheses: MITF (1:1000), tyrosinase (1:1000),
B-catenin (1:5000), HO-1 (1:1000), HO-2 (1:1000), B-actin
(1:5000), and o-tubulin (1:5000). Blotted membranes were then
incubated with the secondary antibody, HRP-conjugated donkey
anti-rabbit immunoglobulin at a 1:5000 dilution for B-catenin,
HO-1 and HO-2 proteins. For detecting MITF, tyrosinase, B-actin,
and o-tubulin, membranes were incubated with HRP-conjugated
sheep anti-mouse immunoglobulin (1:1000-5000). Immunoreac-
tive proteins were detected, according to the manufacturer’s
protocol (Immobilon™ Western, Millipore).

2.5. Real-time RT-PCR

RNA was subjected to cDNA synthesis with PrimeScript RT
reagent Kit (TAKARA, Japan). RNA, prepared from NHEMs, was
purified prior to RT-PCR using OneStep™ PCR Inhibitor Removal
Kit (Zymo Research, Alameda, CA), because of contaminated mela-
nin. The real-time RT-PCR was performed in triplicate, using SYBR
Premix Ex Taq I (TAKARA, Japan) and a real-time PCR system
ABI7500 (Applied Systems, CA). The conditions of the real-time
PCR were initial enzyme activation at 95 °C for 30 s, followed by
40 cycles of reaction profiles: denaturation at 95 °C for 5 s, anneal-
ing at 55 °C for 5 s, and extension at 60 °C for 60 s for MITF-H, -D,
and -M; denaturation at 95 °C for 5 s, annealing and extension at
60 °C for 60 s for total MITF, tyrosinase, HO-1, HO-2, and 18S rRNA;
and denaturation at 95 °C for 5 s, annealing and extension at 62 °C
for 60 s for MITF-A. The PCR for MITF isoform mRNAs was per-
formed, based on the reported procedures [32]. The locations of
primers for MITF isoforms are schematically shown in Fig. 1A.
For normalization, the cDNA for 18S rRNA was also amplified.
The primer sets used are shown below: tyrosinase, Fp 5-TTGGCA-
GATTGTCTGTAGCC-3' and Rp 5'-AGGCATTGTGCATGCTGCTT-3';
18S rRNA, Fp 5-GATATGCTCATGTGGTGTTG-3’ and Rp 5-AATC
TTCTTCAGTCGCTCCA-3'. HO-1, Fp 5-GGGGGCCAGGTGCTCAAA
AAGATT-3' and Rp 5-GGAGCCTGGGAGCGGGTGTTGAGTG-3'; and
HO-2, Fp 5-AGCACACGACCGGGCAGAAAACAC-3' and Rp 5-CA
AAGGGGCAAAGGCTGGATGGTC-3'.

3. Results and discussion

3.1. Cadmium decreases the expression level of MITF-M in human
epidermal melanocytes

The MITF gene encodes distinct isoforms that differ in the
amino-termini, such as MITF-M, MITF-A and MITF-H (Fig. 1A)
[4,5,23]. To explore the cadmium toxicity in melanocytes, we ana-
lyzed the effect of cadmium exposure on the expression levels of
MITF-M and tyrosinase proteins in NHEMs, in which MITF-M
mRNA constitutes about 80% of total MITF mRNAs, as judged by
S1-nuclease protection assay [24]. Tyrosinase is the rate-limiting
enzyme for melanin biosynthesis and its gene expression is regu-
lated by MITF-M [33]. By Western blot analysis we detected only
MITF-M protein in NHEMs, based on its molecular mass (Fig. 1B).
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Fig. 1. Decreased expression of MITF-M in human epidermal melanocytes after cadmium exposure. (A) Schematic representation of the MITF gene. Open boxes and closed
boxes indicate the 5- and 3’-untranslated exons and the protein-coding exons, respectively. The promoter region upstream from exon 1M is the melanocyte-specific
promoter [4]. Exon 1 M encodes the amino-terminus of MITF-M. Exon B1b, coding for domain B1b, is used as a second exon for generation of MITF-A and MITF-H mRNAs [5].
Representative MITF isoforms are shown beneath the gene. Small arrows indicate primer sets that were used to amplify the isoform-specific regions. The primer set beneath
exon 3 and exon 4 were used for total MITF isoform mRNAs. (A) Activation domain; bHLH-LZ, basic helix-loop-helix leucine zipper structure; and Ser, Ser-rich domain. (B)
Western blot analysis of MITF-M and tyrosinase (TYR) proteins. NHEMs were treated with vehicle or cadmium at indicated concentrations for indicated hours. Other proteins
are shown as positive or negative control. (C) Real-time RT-PCR analysis of MITF isoform and tyrosinase mRNAs, showing the time-dependent changes in their relative
expression levels. Each symbol represents the mean of three normalized values. The data for HO-1 mRNA, shown as inset, represent the fold change that was normalized with
the value of NHEMs without cadmium exposure, and are shown as Log scale, because of large magnitudes of induction.

Treatment with cadmium (1, 2.5 or 5 pM) caused a decrease in the tended to increase after 24-h exposure to the lower cadmium lev-
expression levels of MITF-M and tyrosinase proteins in NHEMs els tested (1 or 2.5 uM). In contrast, the expression level of HO-1
after 12 h in a dose-dependent manner (Fig. 1B). In particular, protein was increased by 6 h after treatment with cadmium even
exposure to 5 pM cadmium resulted in the long-lasting decrease at 1 pM, while the expression level of HO-2 protein remained
in the MITF-M and tyrosinase proteins, while both protein levels unchanged. HO-1 and HO-2 are the rate-limiting enzymes for
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heme catabolism, with distinct expression profiles [34]. The induc-
tion of HO-1 expression is the consequence of transcriptional acti-
vation of the HO-1 gene by cadmium [35]. In this context, the
concentration of aqueous humor cadmium in patients with AMD
was reported to be about 1 pmol/L (1 pM) [16]. Importantly, there
were no noticeable changes in the expression levels of B-catenin
and B-actin proteins over the 24-h treatment with cadmium.
B-Catenin may also function as a coactivator for MITF in melano-
cytes [36]. Moreover, the expression level of a-tubulin protein,
another loading control, was not noticeably changed (data not
shown).

We next measured the relative expression levels of MITF iso-
form and tyrosinase mRNAs in NHEMs using the quantitative
real-time RT-PCR (Fig. 1C). The data at the O time indicate that
MITF-M mRNA represents a major species of total MITF mRNAs
in NHEMs, consistent with our report [24]. The relative abundance
of MITF-A and MITF-H mRNAs is about 17.3% and 6.7% of MITF-M
mRNA, respectively. Unexpectedly, under the basal conditions (no
cadmium), the expression levels of MITF isoform mRNAs were
increased during the 24-h incubation (Fig. 1C), although such
increases did not noticeably influence their protein levels
(Fig. 1B). Likewise, the expression level of tyrosinase mRNA was
increased to the maximum level at 12 h and remained at the high
levels by 24 h. Treatment with cadmium decreased the expression
levels of MITF isoform and tyrosinase mRNAs in a dose-dependent
manner (Fig. 1C). However, the levels of MITF-M, MITF-A, MITF-H

and tyrosinase mRNAs tended to increase after 12-h treatment
with 1 or 2.5 uM cadmium. In particular, the level of MITF-H mRNA
was increased even with 5 uM cadmium. In contrast, the expres-
sion level of HO-1 mRNA was remarkably increased during treat-
ment with cadmium (Inset in Fig. 1C), while the level of HO-2
mRNA remained unchanged (data not shown). In summary, cad-
mium exposure decreased the expression levels of MITF-M and
MITF-A mRNAs and MITF-M and tyrosinase proteins in NHEMs.

3.2. Cadmium decreases the expression level of MITF-M in human
melanoma cells

To further explore the implication of the cadmium-mediated
reduction of MITF-M protein in NHEMs, we repeated the similar
experiments using HMV-II melanoma cells, in which MITF-M
mRNA constitutes about 75% of total MITF isoform mRNAs [23].
In contrast to NHEMs, high-level cadmium (40 pM) did not signif-
icantly decrease the viability of HMV-II melanoma cells (data not
shown), which may be due to the fact that HMV-II melanoma cells
were cultured in the medium containing 10% FBS, unlike NHEMs
cultured in the special medium containing 0.5% FBS.

Western blot analysis showed that the expression level of
MITF-M protein was decreased in HMV-II melanoma cells after
6-h exposure to cadmium (10, 20 or 40 uM), while the induction
of HO-1 expression was apparent (Fig. 2A). In contrast, there were
no noticeable changes in the expression levels of HO-2, B-catenin
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Fig. 2. Decreased expression of MITF-M in human melanoma cells after cadmium exposure. (A) Western blot analysis of MITF-M. HMV-II melanoma cells were treated with
vehicle or cadmium at the indicated concentrations and hours. (B) Real-time RT-PCR analysis of MITF isoform and tyrosinase mRNAs. The data represent the fold change in the
relative expression level, compared to the level in HMV-II cells exposed to vehicle solution. The data shown are one representative of two independent experiments.
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and o-tubulin proteins during the 24-h treatment with cadmium.
We were unable to identify the tyrosinase protein with certainty
due to the presence of multiple bands around the molecular mass
of 60 kDa in melanoma cell extracts (data not shown). The real-
time RT-PCR analysis showed that the treatment with 40 uM cad-
mium reduced the expression levels of MITF-M and tyrosinase
mRNAs in a time-dependent manner (Fig. 2B). In this analysis,
the data are presented as fold change, because the levels of MITF
and tyrosinase mRNAs were only marginally varied in vehicle-trea-
ted HMV-II cells. Importantly, the levels of MITF-A and MITF-H
mRNAs were similar and about 60-fold lower than the level of
MITF-M mRNA. The treatment with 40 pM cadmium decreased
the expression levels of MITF-A and MITF-H mRNAs, but the level
of MITF-H mRNA returned to the control level by 24 h even with
40 pM cadmium, suggesting that MITF-H is less sensitive to cad-
mium toxicity. In contrast, the expression level of HO-1 mRNA
was increased by more than 50 times and that of HO-2 mRNA
remained unchanged (data not shown), as reported previously
[26,27]. Thus, cadmium exposure decreased the levels of MITF-M
mRNA and protein in HMV-II melanoma cells. Moreover, similar
to the NHEMs, cadmium-mediated decrease of MITF-M expression
was associated with the decreased tyrosinase mRNA expression.
Taken together, we propose that MITF-M is the molecular target
of cadmium toxicity in melanocyte-lineage cells.

3.3. Cadmium does not decrease the expression levels of total MITF
proteins in RPE cell lines

We next analyzed the effect of cadmium exposure on the
expression of MITF protein in ARPE-19 and D407 RPE cells, both
of which mainly express MITF-H mRNA [5,32]. In fact, under the
PCR conditions employed, the expression level of MITF-H mRNA
was higher than the level of MITF-A mRNA by about 3-fold in both
ARPE-19 and D407 cells, and the expression levels of MITF-D and
MITF-M mRNAs were more than 100-fold lower than the level of
MITF-A mRNA (data not shown). Western blot analysis showed
that the expression levels of MITF isoform proteins that represent
MITF-H and MITF-A varied within narrow ranges in ARPE-19 and
D407 cells during the 24-h treatment with cadmium at 10 or

W. Chantarawong et al./Biochemical and Biophysical Research Communications 454 (2014) 594-599

20 uM, compared to the levels in vehicle-treated cells (Fig. 3A).
In contrast, cadmium remarkably increased the expression level
of HO-1 protein at 6 h in D407 cells, whereas the induction of
HO-1 was apparent only after 24 h in ARPE-19 cells. Such a time
lag suggests that ARPE-19 cells may be more resistant to cadmium
toxicity. Indeed, increased sensitivity to cadmium toxicity has been
noted in ARPE-19 cells, when they were exposed to cadmium
under low-serum medium conditions [37]. Importantly, cadmium
did not noticeably change the levels of HO-2 and B-catenin
proteins.

The real-time RT-PCR analysis showed that the expression lev-
els of MITF-H and total MITF mRNAs were maintained within nar-
row ranges in ARPE-19 and D407 cells after the 24-h treatment
with cadmium (Fig. 3B). Cadmium decreased the expression level
of MITF-A mRNA in D407 cells, as observed in melanocytes and
melanoma cells, but not in ARPE-19 cells. Such a difference also
supports that ARPE-19 cells may be more resistant to cadmium
toxicity. By contrast, cadmium increased the expression level of
HO-1 mRNA in both RPE cell lines after 24-h cadmium exposure
(data not shown), as reported previously [26,27].

In summary, cadmium exposure did not decrease the expres-
sion level of total MITF proteins in RPE cells, which is different
from the reduced expression of MITF-M seen in melanocytes and
melanoma cells. MITF isoform multiplicity has been evolved to
enable RPE to maintain total MITF protein levels, most likely
MITF-H. This may provide RPE survival advantage because they
are at increased risk for cadmium toxicity due to cumulative life-
time exposure [15,16,21].

3.4. Implications

We have shown that cadmium causes a decrease in MITF-M
expression in melanocytes and melanoma cells. Age-related
increase in accumulation of cadmium may lead to the dysfunction
or the loss of melanocytes located in the hair follicles, stria vascu-
laris and choroid, thereby contributing to the onset of graying,
hearing loss, and/or vision disability. Notably, each of these mani-
festations commonly seen in elderly might have been overlooked
as “normal” outcomes of aging.
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Fig. 3. Effects of cadmium on the expression of MITF in human RPE cells. (A) Western blot analysis of MITF isoform. ARPE-19 or D407 cells were treated with vehicle or
cadmium for the indicated hours. (B) Real-time PCR analysis of MITF-H and MITF-A mRNAs. The data are expressed as fold change, compared to the relative expression level in
RPE cells exposed to vehicle solution. The data shown are one representative of two independent experiments.
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