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INTRODUCTION 
 
For mammals, coat color is not only a quality trait of a 

hereditary basic, but also main phenotypic trait, and 
economic trait, especially for sheep (Fan et al., 2013), rabbit 
(Jiang et al., 2002), alpaca (Bai et al., 2010; Tian et al., 
2015; Yu et al., 2015), and other wool-producing animals. 
In mammals, melanocytes produce eumelanin (black 
pigment) and pheomalanin (yellow pigment) (Ito and 
Wakamatsu, 2003), and coat color is determined by the 
distribution and ratio of the two types of melanin. Melanin 
is formed by gene action, gene interaction, and 
environmental factors (Sturm et al., 2001; Ma et al., 2013). 
Different coat colors of mammal are formed by mutant or 
interaction of many genes (Van Raamsdonk et al., 2009; 

Dong et al., 2012; Haase et al., 2013; Yu et al., 2015). 
Melanocytes are distributed in the epidermis, dermis and 
hair follicle. In adult animals, coat color is dependent on 
melanin produced by melanocytes at the base of hair 
follicles. In studying signal transduction of hair follicle, 
researchers have mainly focused on the melanocortin 
receptor 1/protein kinase A (MC1R/PKA) signaling 
pathways (Våge et al., 2014; Dorshorst et al., 2015), Wnt/β-
catenin signaling pathways (Enshell-Seijffersa et al., 2010), 
mitogen-activated protein kinase signaling pathways 
(Eriksson et al., 2008; Feng et al., 2014), and other 
signaling pathways, which are involved the growth and 
development stages of hair follicles and control the 
proliferation and differentiation of the hair follicle epithelial 
cells (Tian and Fan, 2006). Recently, some subunits of G 
protein-couple signaling pathway have been found to 
regulate and control coat color formation by mutation (Van 
Raamsdonk et al., 2004; 2009). As a result, the G protein-
couple signaling pathway captures has attracted research 
attention.  

G protein-coupled signaling pathways consist of seven 
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transmembrane receptors associated with a heterotrimeric G 
protein. Heterotrimeric G protein has high molecular weight, 
and is a signal transduction molecule, which are regulated 
by guanine nucleotide (Oldham and Hamm, 2008). 
Heterotrimeric G proteins contain three subunits, i.e., alpha, 
beta, and gamma. The four classes of alpha subunits, 
namely Gαs, Gαq, Gαi, Gα12, and Gα13, are distinguished 
by the type of downstream effectors (Oldham and Hamm, 
2008; Van Raamsdonk et al., 2009). The melanocortin and 
endothelin signaling pathway are two G protein-coupled 
pathways. Gαs is involved in the melanocortin signaling 
pathway and produces eumelanin in melanocytes (Van 
Raamsdonk et al., 2009). Guanine nucleotide-binding 
protein subunit alpha-s (Gnαs) is closely related to the alpha 
subunits of the s class. We speculate that Gnαs is associated 
with coat color formation. We selected white and black skin 
of 21 day-old mice and analyzed the Gnαs expression level 
and distribution in mice skins tissues to explore the relation 
between Gnαs and pigmentation in G protein-couple 
signaling pathway. 

 
MATERIALS AND MEDTHODS 

 
Animals and tissue collection 

Skin samples were collected and mice were maintained 
in accordance with the International Guiding Principles for 
Biomedical Research Involving Animals (http://www. 
cioms.ch/frame1985textsofguidelines.html). Six healthy 21-
day-old white and black female mice (three mice per color) 
were selected from Peking University Health Science 
Center (Beijing, China) for sample collection (Figure 1). 
Hair at the back of the mice was carefully trimmed using 
fine dissecting scissors (Tian et al., 2012) to avoid bleeding. 
Each piece of skin (8 mm×8 mm) from the back was 
collected through punch skin biopsy under local anesthesia 
and immediately placed in liquid nitrogen for further 
experiments. Six additional white and black skin tissues 
(three mice per color) were fixed in 4% paraformaldehyde 
and analyzed through immunohistochemistry. 

 
Reverse transcription and quantitative real-time–
polymerase chain reaction assay 

Total RNA was extracted from white and black skin 
tissues by using RNAiso Plus (TaKaRa, Dalian, China). 
RNA integrity was evaluated on the basis of OD260/OD280, 
which was between 1.8 and 2.0 for the next experiment. 

Subsequently, 1 μg of DNase-treated RNA of each sample 
was transcripted into cDNA by using 5×PrimeScript RT 
Master Mix (Perfect Real Time) (TaKaRa, China) in 
accordance with the manufacturer’s instructions. 

Gnαs gene primers were designed on the basis of a 
specific sequence by using an online Primer 3 program 
(Table 1), and β-actin was used as internal control (primers 
are listed in Table 1). Quantitative real-time–polymerase 
chain reaction (qPCR) was performed using a SYBR 
Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa, China) 
implemented in MXPro-3000P (Stratagene, La Jolla, CA, 
USA). The 25 μL PCR reaction mixtures contained 12.5 μL 
of SYBR Premix Ex Taq II, 0.5 μL of forward primer (10 
pM), 0.5 μL of reverse primer (10 pM), 0.5 μL of ROX 
reference dye, 2.0 μL of template, and 9 μL of water. The 
PCR conditions were as follows: 95°C held for 30 s, 
followed by 40 cycles of 95°C for 5 s, 60°C for 34 s, and 
72°C for 15 s. Gnαs mRNA abundance was quantified using 
the comparative threshold cycle (CT) method established by 
(Livak and Schmittgen, 2001). 

 
Western blot analysis of Gnαs 

Total protein was extracted from skin tissues by using a 
tissue protein extraction kit (Boster, Wuhan, China), and 
protein concentrations were measured by using 
bicinchoninic acid protein assay kit (Boster, China) in 
accordance with the manufacturers’ instructions. Protein 
samples (300 μg) were subjected to 8% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred 
onto Immobilon-PSQ polyvinylidene difluoride transfer 

Table 1. Sequences of primer and PCR amplification of target genes and house-keeping 

Gene Primer sequences (5′-3′) Product (bp) Tm (°C) Accession No. 

Gnαs 
 

F: TGCTTCGGTCTATCCGAGTGT 
R:GTCCATCTTCTCCTCCTCCAGTT 

180 
 

59.8 NM_201618 

β-actin F: TTGCTGACAGGATGCAGAAG 
R: ACATCTGCTGGAAGGTGGAC 

141 60 NM_007393.3 

PCR, polymerase chain reaction; F, sense primers; R, antisense primers. 

Figure 1. The picture of the two colors variant mice. A: The white
mouse. B: The black mouse. 
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membrane (Gnαs, 0.45 µm; β-actin, 0.22 µm; Boster, 
China). The membrane was blocked with 5% non-fat milk 
(Boster, China) in a mixture of TBST (Tris-buffered saline 
and Tween 20; 150 mM NaCl, 10 mM Tris, pH = 7.0, 
0.05% Tween-20) for 1.5 h at room temperature. The 
membrane was incubated at 4°C overnight in polyclonal 
rabbit anti-G protein alpha S antibody (1:1,500 [vol/vol] in 
TBST; Abcam, Cambridge, UK). Goat anti-rabbit IgG (γ-
chain specific) antibody (1:5,000 [vol/vol]; Boster, China) 
was incubated with the membrane for 1 h at 37°C. The 
protein bands were visualized using a super ECL 
Chemiluminescence plus kit (Boster, China). Band 
intensities were scanned and visualized using Image Lab 
software with a Bio-Rad system (Bio-Rad, Hercules, CA, 
USA). Mice anti-β-actin (mice IgG) (1:2,000 [vol/vol]; 
Boster, China) was used as a loading control. The 
horseradish peroxidase-conjugated goat anti-mice IgG (γ-
chain specific) at a dilution of (1:5,000 [vol/vol]; Boster, 
China) was used as secondary antibody, the other steps were 
carried out as described above. Experiments were 
performed in triplicates. 

 
Immunohistochemical analysis 

White and black skin tissues were fixed in 4% 
paraformaldehyde, and then the paraffinized skin tissue 
sections (8 μm) were deparaffinized. The sections were 
dehydrated using graded ethanol (100%, 95%, 90%, 85%, 
80%, and 70%). After washing for three times (5 min each) 
with phosphate-buffered saline (PBS, pH = 7.4), the 
sections were incubated in 3% H2O2 (Boster, China) for 10 
min to eliminate endogenous peroxidase activity. After 
washing for three times (5 min each) with PBS, the sections 
were incubated in 5% bovine serum albumin (Boster, China) 
for 20 min at room temperature to block non-specific 
binding, then incubated with polyclonal rabbit anti-Gnαs 
(1:200 [vol/vol] in PBS; Abcam, USA) at 4°C, overnight. 
Then, after washing for three times (5 min each) with PBS, 
the sections were incubated in biotin conjugated goat anti-
rabbit IgG (Boster, China) at 37°C for 20 min. After 
washing for three times (5 min each) with PBS, the sections 
were incubated in horseradish reddish peroxidase (HRP; 
Boster, China) at 37°C for 20 min. After washing for three 
times (5 min each) in PBS, immunoreactivity was 
visualized by incubating sections in the presence of 3, 3″-
diaminobenzidine (DAB; Boster, China) substrate at room 
temperature for 3 min. The sections were counterstained 
with hematoxylin, and then dehydrated, and clear sealed 
with neutral balsam. Positive results were indicated by 
brown appearance. PBS was used as negative control 
instead of polyclonal rabbit anti-Gnαs (Tian et al., 2015).  

 
Statistical analysis 

Data were analyzed using SPSS statistical software 17.0 

(SPSS Inc., East Lansing, MI, USA), expressed as 
mean±standard deviation, and analyzed via Student’s t-test. 
A one-way analysis of variance testing was used to 
determine statistical differences between data.  

 
RESULTS AND DISCUSSION 

 
Expression of Gnαs in white and black mice skins  

Coat color is particularly important in mammals 
because color affects fiber value (Fan et al., 2013; Li et al., 
2014). Coat color depends on the amounts and types of 
melanin produced by melanocytes in the hair follicles (Ito 
and Wakamatsu, 2008). Previous research showed that the 
quantity and the ratio of eumelanin to pheomelanin are the 
major determinants of coat color; however, coat color is 
white when hair follicles have few melanocytes (Ito and 
Wakamatsu, 2003). The melanocortin pathway signals 
through Gαs to produce pigment by melanocytes in hair 
follicles (García-Borrón et al., 2005; Van Raamsdonk et al., 
2009). MC1R is activated by alpha-melanin stimulating 
hormone in melanocytes, and then stimulates the Gαs to 
produce cAMP in melanocytes by the function of adenylate 
cyclase, resulting in eumelanin production (Robbins et al., 
1993).  

Accordingly, in order to understanding the action of 
Gnαs on regulating melanin synthesis, we detected the 
expression of Gnαs mRNA and protein by qPCR and 
western blot in different skin colors. The expression levels 
of Gnαs mRNA in mice skins with different coat colors 
were shown in Figure 2. The relative expression level of 
Gnαs transcripts in black skin was 3.94 times higher than 
that in white skin. Furthermore, the protein level of Gnαs 
was analyzed by western blot. Figure 3 showed that the 
Gnαs protein level in the skin of black mice was 
significantly increased by as much as 2.85-fold that in white 

 

Figure 2. Relative expression levels of Gnαs mRNA in skin 
samples collected from white and black mice. Relative mRNA 
expression of Gnαs was normalized relative to abundance of β-
actin. Bars in panels represent the mean±standard deviation (n = 
3), ** p<0.01. Gnαs, guanine nucleotide-binding protein subunit 
alpha-s. 
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mice skin. The Gnαs protein level was consistent with the 
mRNA expression level in the two coat colors, which 
suggested that Gnαs expression in the skin of black mice 
was higher than that in white mice. The significant 
expression of Gnαs in black coat color might be due to the 
effect of Gnαs on eumelanin synthesis by MC1R signaling 
in the melanocortin pathway. Many studies have indicated 
that high MC1R signaling results in eumelanin production, 
and thus formation of dark coats in mice (Lai et al., 2007; 
Pérez-Oliva et al., 2009; Våge et al., 2014). We suspect that 
a number of eumelanin was produced by melanocytes 
through Gnαs signaling in hair follicles of black mice; on 
the contrary, fewer melanocytes produced melanin in hair 
follicles of white mice. The activity of eumelanin in black 
mice skins was speculated to be stronger than that in white 
mice. Moreover, previous research demonstrated that the 
amount of MC1R decreases by inhibiting, the expression of 
Gαs (Pérez-Oliva et al., 2009), which implies that Gαs 
expression is positively correlated with MC1R expression. 
Based on our experimental results, we conjectured that 
adequate Gnαs was stimulated by MC1R in mice with black 
coat color, thereby producing eumelanin by melanocytes in 
hair follicles. Conversely, a certain amount of eumelanin is 
not synthesized in skin of white mice.  

 
Distribution of Gnαs in white and black mice skins  

To study the role of Gnαs on the formation of coat color 
further, we detected the location of Gnαs in hair follicles by 
immunohistochemistry. As shown in Figure 4, Gnαs protein 
was detected in hair follicles of both skin colors. No 
positive expression was detected in the negative controls 
(Figure 4C and 4D). As we expected, Gnαs protein was 
mainly expressed in the root sheath and dermal papilla of 
hair follicles (Figure 4A and 4B). Animal coat color 
depends on the pigment-producing melanocytes located in 
the hair follicle matrix (Ohta et al., 2013), and dermal 
papilla (Millar et al., 1995; Slominski et al., 2005). 
Melanoblasts present in root sheath differentiate into 
activated melanocytes in dermal papilla of hair follicles. 
Melanoblasts are precursors of melanocytes and they are 

inactivated in root sheath. Melanocytes are activated in 
dermal papilla, and they produced pigments. Therefore, we 
hypothesize that Gnαs is possibly involved in hair pigment 
production. 

 
CONCLUSION 

 
Black mice skin exhibited significantly higher Gnαs 

mRNA and protein expression levels than white mice skin. 
Gnαs was distributed in the root sheath and dermal papilla 
of hair follicles. Our results provide basic evidence 
supporting that Gnαs may be involved in coat color 
formation. 
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Figure 3. Expression of Gnαs protein analyzed by western blot in white and black mice skins. (A) Western blot results of Gnαs in white
and black mice skins. (B) Gnαs protein expression in white and black mice skins. Bars in panel represent mean±standard deviation (n =
3), ** p<0.01. Gnαs, guanine nucleotide-binding protein subunit alpha-s. 

Figure 4. Immunohistochemical analysis of the location of Gnαs
expression in white and black mice. (A), (B): Positive expression
of Gnαs in white and black mice skins; (C), (D): Negative control
of Gnαs in white and black mice skins. 1: root sheath; 2: dermal
papilla. The black arrow shows melanin grain. Gnαs, guanine
nucleotide-binding protein subunit alpha-s. 
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