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Abstract
Introduction. To investigate whether the membrane-associated transporter protein SLC45A2 is differentially
expressed in the skin of sheep with different coat colors and to determine its correlation with coat color establishment in sheep.
Material and methods. The expression of SLC45A2 in sheep skin samples with different coat colors was qualitatively and quantitatively analyzed by PCR amplification, RT-PCR, immunohistochemical staining and Western
blotting.
Results. A 193-bp SLC45A2 CDS sequence was successfully amplified from sheep skin samples with diverse coat
colors. RT-PCR analysis revealed that SLC45A2 mRNA was expressed in all sheep skin samples tested, with
relative expression levels of 512.74 ± 121.51 in black skin, 143.38 ± 119.31 and 1.36 ± 0.09 in black dots and
white dots of piebald skin, respectively, and 1.02 ± 0.23 in white skin (p < 0.01**). Positive SLC45A2 protein
bands were also detected in all skin samples by Western blot analysis, with relative expression levels of 0.85 ±
± 0.17** in black skin, 0.60 ± 0.05** and 0.34 ± 0.07 in black dots and white dots of piebald skin, respectively,
and 0.20 ± 0.05 in white skin (p < 0.01**). Immunohistochemical assays revealed that SLC45A2 was expressed
in the hair follicle matrix, the inner and outer root sheath, and the dermal papilla in the skin tissues with different
coat colors. These patterns were quantified by optical density (OD) analysis, which yielded relative expression
levels of 0.23 ± 0.11 in black skin, 0.19 ± 0.09 and 0.10 ± 0.03 in black dots and white dots of piebald skin,
respectively, and 0.08 ± 0.01 in white skin (p < 0.05*).
Conclusion. SLC45A2 is detectably expressed in sheep skin of all coat colors, though at significantly different
levels. SLC45A2 may participate in the establishment of coat color by regulating the synthesis and trafficking
of melanin. (Folia Histochemica et Cytobiologica 2016, Vol. 54, No. 3, 143–150)
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Introduction
SLC45A2 was originally identified as an antigen
recognized by reactive T cells in human melanoma
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and was thus named AIM-1 (antigen in melanoma).
To distinguish this gene from a serine/threonine kinase, it was subsequently called MATP (membrane-associated transporter protein) before finally being
termed SLC45A2. Its expression in melanocytes and
melanoma cell lines has been confirmed [1]. SLC45A2
gene is located on human chromosome 5P13.3, with
a length of approximately 40 kb. SLC45A2 is a protein
consisting of 530 amino acids and 12 transmembrane
domains and localizes to the cell membrane of melanosomes, playing the role of a transporter protein
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during the synthesis of melanin [2, 3]. SLC45A2 is
a member of the putative transporter family 45A,
which includes four members: SLC45A1, SLC45A2
(MATP), SLC45A3 and SLC45-A4 [4]. SLC45A2
encodes a protein with homology to plant sucrose-H+
symporters, but the transport function of SLC45A2 is
not known. SLC45A2 is important for processing and
trafficking tyrosinase to melanosomes [5].
Human disorders caused by disruptions in melanin synthesis in melanosomes (and the associated
causative genes) include oculocutaneous albinism
OCA1 (TYR), OCA2 (P), OCA3 (TRP1) and OCA4
(MATP) [6]. Researchers have determined that mutations in SLC45A2 can abrogate the processing and
trafficking of tyrosinase at the Golgi level, leading
to oculocutaneous albinism type IV, a low pigment
disorder with autosomal recessive inheritance [3, 7, 8].
These mutations not only alter the pigmentation of
medaka fish [9], mice [2, 10], horses [11], chicken
and quail [12] but are also correlated with abnormal
eye and skin color development in humans [13–15].
The membrane-associated transporter protein encoded by the SLC45A2 gene has been recognized as
a sodium-hydrogen exchanger that functions in
melanosomes to regulate the activity of tyrosinase in
human melanocytes [16]. Interestingly, Bin et al. found
that knockout of SLC45A2 significantly reduced the
pH of melanosomes, with further analyses revealing
that SLC45A2 affects the activity of tyrosinase by
adjusting the pH of melanosomes and thus plays an
important role in the regulation of tyrosinase turnover [17]. Baxter et al. reported that SLC45A2 is expressed in pigment precursor cells during embryonic
development and that its protein expression pattern
is similar to those of the melanin-producing enzyme
dopachrome tautomerase (DCT) and tyrosinase-related protein 1 (TYRP1), suggesting that this gene is
like-wise dependent on microphthalmia-associated
transcription factor (MITF), as in the retinal pigment epithelium [18]. However, the expression of
SLC45A2 in early neural crest-derived melanocytes is
similar to that of DCT, but not TYR or TYRP1 [19].
SLC45A2 has thus served as new marker of the migratory melanoblast population, which previously
could only be identified by the co-expression of DCT,
MITF and KIT.
Our study was initiated to investigate whether the
expression and localization of SLC45A2 in sheep skin
of different coat colors was directly associated with the
pigment level, thereby indicating a role for this protein
in regulating the synthesis of melanin and affecting the
establishment of coat color. To date, no studies have
reported the relative expression levels of SLC45A2 in
sheep skin samples of different coat colors.
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SLC45A2 expression in sheep skin was measured
by multiple methods. By determining the correlation
between SLC45A2 and coat color, our results not
only provide insight into the mechanism of coat color
establishment in mammals but also reveal important
genetic information and related experimental evidence for further studies of the coat color forming
pathways.

Material and methods
Animals. Three approximately one-year-old healthy smalltailed Han sheep were randomly selected from breeds
with white, black and piebald coat colors (provided by the
Hunyuan sheep farm, China). After shaving and then disinfection, three pieces of dorsal skin tissue, approximately
1 cm across, were collected from each sheep using a skin
collector, of which two samples were frozen and stored in
liquid nitrogen for total RNA and total protein extraction.
The remaining piece of skin was fixed in Bouin’s solution to
prepare paraffin sections for immunohistochemical staining.
Materials. The main reagents in this study included TRIzol
(Invitrogen, Carlsbad, CA, USA), a reverse transcription PCR
kit (Takara, Dalian, China), SYBR® Premix Ex TapTM II
(Takara, Dalian, China), RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China), Protein Marker
(Thermo Scientific, Grand Island, NY, USA), a SLC45A2
rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), a GAPDH rabbit polyclonal antibody
(Proteintech Group, Wuhan, China), horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Beijing Com-Win
Biotech, Beijng, China), and an ECL Western Blot Kit
(Beijing ComWin Biotech).
RNA extraction and cDNA synthesis. Total RNA was extracted from the sheep skin samples by the TRIzol method.
The integrity of the obtained RNA sample was preliminarily
determined by 1% agarose gel electrophoresis, and then,
the RNA concentration was measured using a nucleic acid/
/protein analyzer. Complementary strand cDNA was synthesized following the instructions of the reverse transcription
kit from Takara. The reverse transcription reaction included
1 μL of oligo dT primer, 1 μL of dNTP mix, £ 5 μg of total
RNA and water to a total volume of 10 μL. After mixing
thoroughly, the reaction was performed at 65° for 5 min,
followed by rapid cooling on ice. Subsequently, 4 μL of 5×
PrimeScript II Buffer, 0.5 μL of RNase inhibitor, 1 μL of
Primer Script II RTase and water were added to reach a total
volume of 20 μL. After mixing, the reaction was incubated
at 42° for 45 min and 70° for 15 min. After the completion
of the reaction, the concentration was measured using
a nucleic acid/protein analyzer, and the samples were stored
at –20° for later use.
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Table 1. Primers used to amplify the target genes and PCR amplification conditions
Target gene
SLC45A2

Primer sequence (5’-3’)

PCR product size (bp)

Annealing temperature (°)

F:ACATTCCCTCACAGCAAGCC

193

60

158

60

R:CTCCTCAATGCCCTCAACAGT
18S rRNA

F:GAAGGGCACCACCAGGAGT
R:CAGACAAATCACTCCACCAA

Primers’ design. The primers for real-time PCR amplification were designed based on the sheep SLC45A2 sequence
in GenBank using Premier 5.0, and the specificity of the
primers was preliminarily checked by NCBI. The primers
were synthesized by Beijing Genomics Institute (BGI). The
primer details are shown in Table 1.
PCR amplification was performed using these specific
primers and an appropriate amount of cDNA as the template. The PCR products were detected by 1% agarose gel
electrophoresis: after running at 220 V for 10 min, the gel
image was acquired using an electrophoresis gel imaging
system. The purified PCR products were submitted to BGI
for bi-directional sequencing.
QRT-PCR amplification. Fluorescence quantitative PCR
was performed using the SYBR® Premix Ex TapTM II kit,
with each 10-μL reaction consisting of 5 μL of SYBR® Premix Ex TapTM II (2×), 0.4 μL of the forward and reverse
primers (10 μM), 0.2 μL of ROX Reference Dye II (50×),
£ 100 ng of cDNA template and ddH2O to a total volume of
10 μL. The reaction conditions were as follows: denaturation
at 95° for 10 s, followed by 40–45 cycles of 95° for 10 s, 60° for
20 s, and 72° for 10 s. The internal reference was amplified
under the same conditions, and each sample was run with
≥ 3 technical replicates. After the reaction was complete,
quantitation was performed using the CT values obtained
by the amplification curve. The relative expression levels of
SLC45A2 in the black skin, black dots in the piebald skin,
white skin, and white dots in the piebald skin were calculated
by the 2–∆∆CT method: ∆CT target gene = CT target gene – CT reference gene,
∆∆CT = ∆CT black sheep group – ∆CT white sheep group. The expression
of SLC45A2 mRNA was represented as the differences in
multiples of 2–∆∆CT.
Western blot. Total protein was extracted from cryopreserved sheep skin tissue using a total protein extraction kit.
For SDS-PAGE electrophoresis, 200 μg of the total protein
sample was applied to each well. The separated proteins
were transferred onto a nitrocellulose membrane, which was
blocked with 5% skim milk at room temperature for 1 h and
then incubated with a SLC45A2 rabbit polyclonal antibody
(1:250 in TBST) and a GAPDH rabbit polyclonal antibody
as the internal reference (1:1000 in TBST) at 4° overnight.
The membrane was then moved to room temperature for
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30 min the next day and washed 3 times in TBST for 10 min
each. HRP-conjugated goat anti-rabbit IgG was then added
to cover the membrane, followed by incubation at 37° with
horizontal shaking for 1 h. The membrane was washed
6 times in TBST for 5 min each and then developed using
the highly sensitive enhanced chemiluminescence solution
(solution A:solution B = 1:1) followed by film exposure. The
resulting images were scanned. The SLC45A2 and GAPDH
immunoblot results were analyzed using Image-ProPlus 6.0
software to measure the area and gray value for each target
band. The target protein and the internal reference were
compared for semi-quantitative analysis. Protein content =
area of the band × average gray scale; semi-quantitative target protein content = target protein content/GAPDH protein content. All data are represented as the means ± SEs.
Univariate analysis of variance was performed using SPSS
19.0 software, and differences with p < 0.05 were considered
statistically significant.
Immunohistochemistry. Paraffin-embedded tissues were
sectioned, dewaxed for hydration, incubated in 3% H2O2 at
37° for 10 min, and then washed 3 times in PBS with shaking
(3 min each wash). Next, 5% goat serum was added dropwise
to block the tissue, with incubation at 37° for 20 min. The
excess liquid was then shaken off, and the SLC45A2 rabbit
polyclonal antibody (1:100 in PBS) was added dropwise,
with no treatment in the negative control. The samples were
placed at 4° overnight, rewarmed at 37° for 30 min the next
day and washed 3 times in PBS (3 min per wash). HRP-conjugated goat anti-rabbit secondary antibody working solution (1:150 in PBS) was then added dropwise, followed by
incubation at 37° for 30 min and 3 washes in PBS (3 min per
wash). 5,5’-diaminobenzidine (DAB) was added to develop
the staining for 1–10 min, followed by 3 final PBS washes
(3 min each); after light hematoxylin counterstaining, dehydration, and clearing, the slices were mounted with neutral
balsam and observed under a microscope.
Analysis of immunohistochemical data. Using DP software,
≥ 4 fields of vision were selected on the hair follicle section
for each coat color sample, and the collected images were
analyzed with Image-ProPlus 6.0 software. The integrated
optical density (IOD) values were measured, and the data
are represented as the means ± standard errors (SEM).
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Figure 1. Analysis of SLC45A2 gene expression in skin samples of sheep with different coat colors. A. Electrophoretic
pattern of SLC45A2 PCR products. M: DL 2000 DNA Marker; 1–4: SLC45A2 PCR products from black skin, black dots
in piebald skin, white dots in piebald skin and white skin, respectively; B. QRT-PCR analysis of SLC45A2 mRNA levels in
sheep skin samples with different coat colors. **P < 0.01 vs. other coat colors.

Statistical analysis. Univariate analysis of variance was
performed using SPSS 19.0 software (IBM, Armonk, NY,
USA). Data are represented as mean ± standard error
(SEM), differences with p < 0.05 were considered statistically significant.

compared with white dots of piebald skin and white
skin, respectively. Furthermore, SLC45A2 expression
in black dots of piebald skin was 105.4 and 140.6 times
higher than that in white dots of piebald skin and white
skin, respectively (Figure 1B).

Results

Western blot

Electrophoresis for PCR amplification

By 1% agarose gel electrophoresis, the SLC45A2
PCR product was clear, with no nonspecific bands,
and was determined to be approximately 193 bp in
length (Figure 1A). The target band on the gel was
cut out and sent to BGI for sequencing. The correct
sequence was obtained and confirmed, indicating that
SLC45A2 is expressed in normal sheep skin.

QRT-PCR amplification

The QRT-PCR results showed that the melting curves
of the target and reference genes had only one clear
peak. The Tm value of the amplification products
exhibited a high homogeneity, with no non-specific
amplification or primer-dimers in the target or reference gene. In addition, the kinetics of SLC45A2
fluorescence quantitative amplification showed a clear
“S” shape, with no obvious deviation peaks and a clear
starting point of the peak (data not shown) which is in
line with the requirements of a standard curve.
The QRT-PCR results further showed that the
relative expression levels of SLC45A2 mRNA were
512.74 ± 121.51 in black skin, 143.38 ± 119.31 and
1.36 ± 0.09 in black dots and white dots of piebald
skin, respectively, and 1.02 ± 0.23 in white skin (Figure 1B). The differences correspond to 377.0- and
502.7-fold increases in SLC45A2 mRNA in black skin
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Western blot analysis showed that the total proteins
from skin samples of sheep with different coat colors
were positively immunoreactive to the SLC45A2 rabbit polyclonal antibody, with the target band located
at the position of 58 kD (Figure 2A). The protein
band of a mass higher than 58 kD in black sheep
may represent phosphorylated protein. Protein band
analysis showed that the relative expression levels
of SLC45A2 protein were 0.85 ± 0.17 in black skin,
0.60 ± 0.05 and 0.34 ± 0.07 in black dots and white
dots of piebald skin, respectively, and 0.20 ± 0.05
in white skin. These differences correspond to 2.5and 4.2-fold higher expression in black skin relative
to white dots in piebald skin and white skin, respectively, and 1.8- and 3.0-fold higher expression
in black dots in piebald skin compared with white
dots in piebald skin and white skin, respectively. The
differences between SLC45A2 protein expression
in black skin and black dots of piebald skin were
statistically significant (Figure 2B).

Optical density analysis of the immunohistochemical
demonstration of SLC-45A2 protein in skin sections
of sheep with different coat colors

The immunohistochemical staining demonstrated that
SLC45A2 was expressed in dermal papilla, inner and
outer root sheath, and hair follicle matrix in skin of
sheep with different coat colors (Figure 3).
www.fhc.viamedica.pl
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Figure 2. Western blot analysis of SLC45A2 protein expression in skin samples of sheep with different coat colors. A. The
58 kD and 36 kD bands were developed using a SLC45A2 polyclonal antibody and a GAPDH polyclonal antibody, respectively; B. Western blot analysis of SLC45A2 in the sheep skin of different coat colors. **P < 0.01 vs. white dot piebald
skin and white skin.

Figure 3. Distribution and expression of SLC45A2 protein in skin hair follicles of sheep with different coat colors. A1, a1,
A2, a2: hair follicles in black skin; B1, b1, B2, b2: hair follicles in a black dot of piebald skin; C1, c1, C2, c2: hair follicles
in a white dot of piebald skin; D1, d1, D2, d2: hair follicles in white skin. a1, a2, b1, b2: negative controls for black skin
and black dots in piebald skin; c1, c2, d1, d2: negative controls for white dots in piebald skin and white skin, respectively.
Sections of skin were stained by immunohistochemistry as described in Material and methods, negative controls were
obtained by omitting primary antibody. Numbers denote: 1 — hair follicle matrix; 2 — inner root sheath; 3 — outer root
sheath; 4 — dermal papilla; 5 — epidermis.
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2016
10.5603/FHC.a2016.0015

www.fhc.viamedica.pl

148

Figure 4. Average optical density analysis of SLC45A2 protein expression in hair follicles of sheep with different coat
colors. Sections of skin were stained by immunohistochemistry and the analysis of staining’s intensity was performed
as described in Material and methods. *P < 0.05 vs. white
dot piebald skin and white skin.

The average optical density (OD) values for
SLC45A2 were 0.23 ± 0.11 in black skin, 0.19 ± 0.09
and 0.10 ± 0.03 in black dots and white dots of
piebald skin, respectively, and 0.08 ± 0.01 in white
skin. Thus, SLC45A2 is expressed at 2.3- and 2.9-fold higher levels in black skin compared with white
dots in piebald skin and white skin, respectively, and
1.9- and 2.4-fold higher in black dots in piebald skin
compared with white dots in piebald skin and white
skin, respectively. The differences in the intensity of
SLC45A2 protein immunoreactivity in black skin and
black dots of piebald skin were statistically significant
(Figure 4).

Discussion
Sheep is the most important animal for wool production. The diameter, length, and color of wool directly
affect the economic value of the sheep, whose main
traits are affected by both genetic factors [20, 21] and
environmental conditions [22]. Mammalian dorsal
hair color depends on the pheomelanin and eumelanin in melanosomes, with the relative contents of
these two pigments determining the diversity of coat
color [23]. Related studies showed that melanosomal
proteins, membrane-associated transporter protein
(MATP) and P protein, encoded by the MATP and
OCA2 genes, and the melanocortin receptor (MC1R)
help to determine the balance between pheomelanin
and eumelanin in melanocytes [24, 25]. Fan et al.
found that 49 known coat color genes are expressed
in sheep skin, of which 13 genes were highly expressed
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2016
10.5603/FHC.a2016.0015

Haidong Wang et al.

in black sheep skin. These upregulated genes encode
components of melanosomes and their precursors
such as dopachrome tautomerase (DCT), MATP,
tyrosinase (TYR), and tyrosinase related protein 1
(TYRP1) [26].
It was shown that SLC45A2 is associated with
malignant melanoma (MM). This association has
been unanimously validated in a series of pigmentation diseases and sunburn in children caused by dark
skin, hair, eyes, and sun exposure [27]. Some alleles of
SLC45A2 are associated with melanoma susceptibility in
people with light skin [28]. SLC45A2 helps to regulate
tyrosinase trafficking and pH maintenance in melanosomes [10, 29, 30]. MITF (Microphthalmia-associated
transcription factor) is a transcription factor necessary
for melanocyte development. MITF regulates the
expression of the SLC45A2 gene through the cAMP
signaling pathway. Similar to the main pigmentation
genes, MITF also regulates tyrosinase, TYRP1 and
DCT [12]. SLC45A2 expression may also be affected by polymorphisms in the MITF promoter [31].
Huang et al. introduced a mutation in the structure
of SLC45A2 protein (threonine 32 was replaced with
serine, T32S) to mimic a human ortholog, potentially
changing the function of the corresponding protein
and further affecting the phenotype. SLC45A2 may
also affect the development of melanocytes and cells
of the enteric nervous system [32]. We designed our
study based on the findings of previous investigations
that suggested a link between SLC45-A2 and the
formation of coat color [2, 10, 26].
The relative expression of SLC45A2 mRNA was
significantly higher in black sheep skin than in white
skin or in the black or white dots of piebald skin. The
Western blot results were consistent with the mRNA
expression levels, and positive expression of SLC45A2
was detected in the dermal papilla, the inner and
outer hair root sheaths, and the hair follicle matrix
in skin samples from sheep with different coat colors.
A recent study showed that knockout of SLC45A2 gene
significantly reduced the pH of melanosomes, thereby
reducing melanin content and tyrosinase activity [17].
These results suggest that the observed high expression of SLC45A2 in black skin and the black dots of
piebald skin may be associated with the regulation
of melanosome trafficking and tyrosinase activity,
thereby influencing pigmentation. SLC45A2 may be
localized to melanosomes. Melanin is synthesized and
stored in these organelles and significantly affects their
shape and color. Mutations in SLC45A2 cause the
under-white (UW) phenotype in mice [2]. The melanosomes in these mice contain less melanin, and there
are fewer mature organelles than in wild-type mice.
The melanosomes of the mutant mice are small and
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crenated vs. round or oval in wild-type mice [33–35].
Because the human and mouse SLC45A2 genes are
orthologous, this observation may provide primary
clues into the possible function of the encoded protein
[35, 36]. Furthermore, mutations in SLC45A2 affect
not only the catalytic activity of tyrosinase but also the
secretion of other proteins in melanosomes during
the II stage. For example, melanocytes from mice
with the underwhite mutant phenotype were demonstrated to secrete vesicles containing tyrosinase,
DCT and TYRP1 into the culture medium [5, 10].
The latest study found that SLC-45A2 is involved
in the intracellular trafficking of melanin/lysosomal
components, which provides a basis for understanding
how disruptions in the function of SLC45A2 result in
the mistargeting of tyrosinase and hypopigmentation
in OCA4 (Oculocutaneous albinism type 4) [37]. Our
results, combined with the findings of previous studies,
demonstrate that SLC45A2 can affect pigmentation
by regulating the activity of melanin tyrosinase and
the trafficking of melanosomes, indicating that
SLC45A2 plays an important regulatory role in coat
color pigmentation.
In summary, the relative mRNA and protein expression levels of SLC45A2 in skin samples of sheep
with different coat colors suggest a correlation between SLC45A2 and the establishment of coat color,
with increasing expression observed in order from
white skin, white dots in piebald skin, black dots in
piebald skin and black skin.
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