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Abstract 

Solute carrier family 7 member 11 (SLC7A11), which is a cystine/glutamate 

exchanger also known as xCT, has been found to play an important role in 

pheomelanin synthesis. Adjusting the cystine content of cells to influence 

pheomelanin synthesis affects the proportion of total melanin, changing mammalian 

coat color. In our previous study, we used RNA-seq to show that SLC7A11 was 

involved in coat color regulation in Rex rabbits. However, the precise role of 

SLC7A11 in rabbit coat color formation has not been investigated. To better 

understand the functions of SLC7A11 in rabbits, we used RNAi to explore the effects 

of siRNA-mediated downregulation of SLC7A11 gene expression on the expression 

of melanogenesis-related genes in rabbit skin fibroblasts (RAB-9). The effects of 

siRNA treatment were measured by quantitative RT-PCR and the efficiency of RNAi 

was calculated. The expression levels of melanogenesis-related genes, including 

MITF, MC1R, Agouti, CREB1 and SLC24A5, were detected at 24h after RNAi 

transfection. The results showed that MITF, MC1R, SLC24A5, Agouti and CREB1 

expression was significantly down-regulated after SLC7A11 inhibition. This 

suggested that changes in SLC7A11 gene expression could directly affect the 

transcription of genes related to melanin production. This provides a scientific basis 

for further study of the role of SLC7A11 in the formation of coat color. 
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Introduction 

In mammals, both hair and skin color are determined by pigment-producing 

melanocytes that are located beneath the epidermis of the skin (Barsh and Cotsarelis 

2007). Melanocytes produce two different types of melanin, one appears as brown to 

black pigments and is termed eumelanin, while the other appears as yellow to 

reddish-brown pigments and is termed pheomelanin (Ito and Wakamatsu 2008). The 

distribution and proportion of these two different pigments are what determine 

mammalian coat color (Cone et al. 1996; Hartmeyer et al. 1997). At the present, more 

than 100 genes appear to regulate pigmentation in mammals (Chintala et al. 2005a), 

however the molecular and cellular mechanisms of coat color formation have not been 

completely elucidated. 

Coat color is an important trait in rabbits. The coat color of rabbits is strongly 

associated with differing habitats and seasons, which can help rabbits hide from 

predators and communicate with each other (Stoner et al. 2003). Wool rabbits have a 

type of coat that is naturally colored and does not need to be dyed when making fur 

products. Therefore, clarifying the genetic mechanism of coat color determination is 

important for the breeding of wool rabbits and their improvement. At present, many 

studies have confirmed that a range of genes, including TYR (tyrosinase), MITF 

(microphthalmia-associaated transcription factor), MC1R (melanocortin-1 receptor), 

and ASIP (agouti signaling protein) are involved in the production of melanin and are 

associated with the formation of mammalian coat color (Mundy and Kelly 2006; 

Bauer et al. 2009; Ren et al. 2009; Song et al. 2016). Previously, we used Illumina 



 

 

sequencing to analyze gene expression in the different colored Rex rabbits and found 

that a number of genes, such as Tyr, Oca2, Dct, SLC24A5 and SLC7A11, were 

potentially related to coat color formation. 

Although multiple genes possibly related to coat color have been detected, little is 

known about the potential role of SLC7A11 in coat color determination. The 

SLC7A11 gene encodes the cystine/glutamate exchanger xCT, which is the light chain 

of system xc− and is a cystine/glutamate transporter. SLC7A11 has been shown to 

play an important role in increasing levels of cysteine in melanin synthesis. Mutations 

in SLC7A11 lead to decreased levels of pheomelanin, but invariant levels of 

eumelanin, resulting in coat color changes in mice (Chintala et al. 2005b). Using a 

testicular injection transgenic method, sxCT-transgenic sheep with patches of 

brown/yellow in their coats were obtained (Xin et al. 2012). 

According to our earlier studies, significant differences in SLC7A11 gene 

expression exist in the skin rex rabbits with different coat colors, meaning that 

SLC7A11 might be closely related to coat color phenotype. In this study, we used 

RNA interference technology to inhibit the expression of the SLC7A11 gene and 

measured the expression of SLC7A11 and genes related to melanin synthesis by 

qRT-PCR (quantitative reverse transcriptase PCR) in rabbit skin fibroblasts. The 

results provide evidence for the role of SLC7A11 in melanogenesis. 

Materials and methods 

RAB-9 cell culture 

EMEM containing 10% fetal bovine serum was used to culture RAB-9 cells after 



 

 

recovery at 37℃ and 5% CO2. Logarithmic growth phase cells were used to carry out 

the following experiment. 

Total RNA extraction 

Total RNA was extracted from rabbit fibroblasts using the RNAsimple total RNA 

kit (TIANGEN, Beijing, China). 

siRNA and qRT-PCR primer synthesis 

Four fluorescently labelled SLC7A11 siRNAs (modified with 5-FAM 

carboxyfluorescein) and negative control siRNA were purchased from GenePharma 

(Shanghai, China) (Table 1). siRNAs were made up as 20 μM stock solution in 

DEPC-treated water. 

SLC7A11, MITF, MC1R, SLC24A5, Agouti, CREB1 and GAPDH gene sequences 

were obtained from NCBI. Primers were designed by oligo 7 and synthesized by 

Sangon biotech company (Shanghai, China) (Table 2). 

Transfection 

RAB-9 cells were added to cell culture plates (24 well) at a minimum of 1×105 

cells per well, using antibody-free and serum-free media and were cultured to over 65% 

confluence per well before transfection. 

The following transfection method was used for each sample to make the siRNA 

oligo-LipofectamineΤΜ2000 complex: 1 μL of LipofectamineΤΜ2000 and 2 μL of 

siRNA oligo were diluted in 50 μL of antibody-free and serum-free EMEM, slowly 

shaken and then placed at room temperature for 5 min. Cells were mixed with the 

siRNA complex and incubated for 20 min at room temperature. In order to prevent a 



 

 

decline in activity, incubation time was limited to a maximum of 25 min. According to 

the experimental design, 100 μL of siRNA oligo-LipofectamineΤΜ2000 complex was 

placed in wells of a 24 well cell culture plate. The culture plate was incubated at a 

constant temperature with 5% CO2 for 4 h, and then the culture medium was replaced 

with 10% antibody-free fetal bovine serum culture medium and incubation continued 

at a constant temperature. Fluorescence microscopy was used to inspect transfection 

efficiency 24h after transfection, and cells were harvested for subsequent real-time 

PCR detection. 

Quantitative Real-time PCR (qRT-PCR)  

Total RNA was extracted from each sample. 1 μg of DNase-treated RNA was 

converted to cDNA using FastQuant RT Kit (with DNase) (TIANGEN®, Beijing, 

China). The cDNA was then used for qRT-PCR with gene specific forward and 

reverse primers. GAPDH was used as an endogenous control (primers listed in Table 

2) and all reactions were performed in triplicate on a Quant StudioΤΜ 5 (Thermo 

Fisher Scientific). The 20 μL PCR reaction included 10.0 μL AceQ® qPCR SYBR® 

Green Master Mix (Vazyme, Nanjing, China), 0.4 μL of each specific forward and 

reverse primer (10 μM), 0.4 μL of ROX Reference Dye 1, 2.0 μL of cDNA and 6.8 μL 

of water. The following cycling parameters were used for real time PCR: 95 °C held 

for 5 min followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. The comparative 

cycle threshold (CT) method was used to calculate expression levels. The 2-△△Ct 

method was used to calculate relative expression of the target gene the siRNA 

inhibition rate of was calculated as 1-2-△△Ct.  



 

 

Statistical analysis 

Experimental data were expressed as mean ± standard deviation. SPSS 21.0 

statistical software was used for data analysis. A paired t test was used to test for 

significance, with P < 0.05 considered statistically significant. 

 

Results 

Delivery of siRNAs to rabbit skin fibroblasts  

The morphology of RAB-9 rabbit skin fibroblasts was observed before and 24h 

after transfection, using fluorescence microscopy. RAB-9 cells were photographed 

and the transfection efficiency was determined by observation of cell morphology and 

fluorescence intensity (Fig. 1). RAB-9 cell morphology had altered 24h after 

transfection compared with the NC group and blank group. After transfection, the 

RAB-9 cells showed an uneven distribution with interspace, meaning that some cells 

had died, however, transfection of the cells was confirmed by fluorescence 

microscopy. Although there was a certain amount of cell death (before total RNA 

extraction, the dead cells were be removed after being washed with 

phosphate-buffered saline), overall the RAB-9 cells grew well. 

Detection SLC7A11 mRNA expression after RNAi 

Quantitative RT-PCR analysis showed that, using GAPDH as reference, siRNA-1, 

siRNA-2, siRNA-3 and siRNA-4 decreased the expression of SLC7A11 mRNA at 

different degrees compared with NC control group and the blank control group (Fig. 

2). The relative expression of siRNA-1, siRNA-2 and siRNA-3 groups was 



 

 

significantly lower than those of the blank group and the negative control group (P < 

0.05), but siRNA-4 did not have a significant impact on SLC7A11 expression (P > 

0.05), and the inhibition ratios were 81.22%, 80.56%, 91.94%, 43.62%, respectively 

(Table 3). siRNAs acting on the secondary structure of SLC7A11 mRNA at different 

target locations were able to regulate the expression of SLC7A11 and siRNA-3 had 

the greatest effect (Fig. 2 and Table 3). 

Expression of melanogenesis-related genes after SLC7A11 interference  

siRNA-3 was used to transfect RAB-9 cells and the expression of MITF, MC1R, 

SLC24A5, Agouti, CREB1 gene were measured 24 h after transfection by qRT-PCR. 

We found that the expression of genes related to melanin production was also 

significantly lower (P < 0.01), and that they were inhibited to the same degree as 

SLC7A11 (Fig. 3). 

Discussion 

The SLC7A11 gene encodes a cystine/glutamate transporter, which belongs to the 

family of solute transport proteins. SLC7A11 is located on the surface of the cell 

membrane and imports cystine and exports glutamate. An antiporter functions with a 

one-to-one counter-transport ratio, which is when one substance is transported across 

the membrane at the same time as another substance is transported across the 

membrane in the opposite direction. Therefore, SLC7A11 plays an important role in 

maintaining cysteine and glutamate balance (Patel et al. 2004; Conrad and Sato 2012). 

SLC7A11 can alter the synthesis of pheomelanin in mice and sheep skin tissue 

(Chintala et al. 2005b; Xin et al. 2012). No other reports exist on the role of SLC7A11 



 

 

in melanin synthesis, except in mice and sheep. 

In our previous study, where we used gene chip technology to screen black, white 

and chinchilla rabbit skin tissue for differences in gene expression, we have found that 

SLC7A11 gene was significantly different in differently colored rabbit skin (Qin et al. 

2016). Significant differences in SLC7A11 gene expression levels were found in the 

skin of Kazakh lambs with different coat colors, meaning that SLC7A11 gene 

expression is closely related to coat color formation in Kazakh lambs (Li et al. 2012). 

SLC7A11 transgenic sheep obtained by intratesticular injection transgenic technology 

showed brown/yellow patches, meaning that SLC7A11 has a regulatory effect of 

sheep coat color (Xin et al. 2012). 

RNAi technology has been widely used to explore gene function and gene therapy 

in malignant tumors, as it can inhibit specific gene expression or translation. A 

double-stranded RNA (dsRNA) molecule homologous to the target gene sequence is 

cleaved into a small interfering RNA (siRNA) composed of 21-25 nucleotide RNAs 

by the dsRNA specific nuclease Dicer. Subsequently, these siRNAs are then separated 

into single strands and integrated into an active RNA-induced silencing complex 

(RISC) and they guide that complex to homologous substrates. Finally 

siRNA-mediated recognition cleaves the target mRNA (Hannon 2002). Studies have 

shown that siRNA and RISC can easily enter target mRNA lysis sites when siRNA 

target lysis sites located on the surface of the target genes mRNA secondary structure. 

On the contrary; however, when siRNA target lysis sites are located on the a complex 

region of mRNA secondary structure of the target genes, it is difficult for the siRNA 



 

 

and RISC to attack the target mRNA lysis sites, causing a failure of interference 

(Elbashir et al. 2002; Holen et al. 2002). Comparing the four pairs of siRNA that we 

designed, we propose that siRNA-1, siRNA-2 and siRNA-3 are located in the surface 

of SLC7A11 mRNA secondary structure, and therefore they can easily attack the 

SLC7A11 mRNA lysis sites leading to a strong interference effect. 

The results of the qRT-PCR experiment showed that all siRNAs decreased 

SLC7A11 mRNA expression; however, siRNA-3 had the greatest effect. Subsequently, 

we determined the expression of MITF, MC1R, Agouti, SLC24A5, CREB1 genes and 

found that, compared with the negative control group and blank group, the expression 

of melanin related genes was also significantly decreased. In vertebrates, MITF 

regulates the development of melanocytes (Bauer et al. 2009). Several studies have 

shown that MC1R and Agouti participate in the formation of different animal hair 

colors (Flanagan et al. 2000; Maudet and Taberlet 2002; Fontanesi et al. 2011). 

SLC24A5 affects vertebrate pigment deposition(Lamason et al. 2005). Our previous 

research found that CREB1 may be related to rabbit hair color(Shi et al. 2015). The 

expression of all of these genes decreased significantly following the inhibition of 

SLC7A11 gene expression, meaning that SLC7A11 gene may be closely related to 

color formation, but the regulatory mechanism of SLC7A11 requires further research. 

Conclusion 

Three siRNAs (siRNA-1, -2 and -3) showed significant inhibition of SLC7A11 

gene expression, suggesting that the inhibition of SLC7A11 can occur at three 

different siRNA target mRNA sites. As such, siRNA design should fully consider the 



 

 

mRNA target position, but the duration of siRNA effectiveness requires further 

research. 

This study used the most effective SLC7A11 siRNA, siRNA-3, which also led to 

inhibition of melanin synthesis related genes. The results showed that the SLC7A11 

gene play a role in the regulation of melanin synthesis in RAB-9 cells and also plays a 

role in the formation of coat color. 
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Figure Legends 



 

 

 

Fig. 1 RAB-9 cell morphology 24 h after FAM-siRNA transfection. A, B, C, D, E, F 

represent siRNA-1, siRNA-2, siRNA-3, siRNA-4, NC and blank, respectively. 

 

Fig. 2 The expression levels of SLC7A11 mRNA in each group of cells. 

* indicates significant difference compared with the blank group (P < 0.05), otherwise 

there was no significant difference. 



 

 

 

Fig. 3 The influence of SLC7A11 expression on the expression of melanin synthesis 

related genes. 

** indicates a significant difference compared with the blank group (P < 0.01). 

Table 1 The siRNA sequences 

Group S/A Sequences（5’-3’） 

Negative Control 
S 5-FAM-UUCUCCGAACGUGUCACGUTT 

A ACGUGACACGUUCGGAGAATT 

siRNA-1 
S 5-FAM-CCAUUAUCAUUGGCACCAUTT 

A AUGGUGCCAAUGAUAAUGGTT 

siRNA-2 
S 5-FAM-GCAGCGACUGCUGUGAUAUTT 

A AUAUCACAGCAGUCGCUGCTT 

siRNA-3 
S 5-FAM-GCAGUGAUGGUCCUAAAUATT 

A UAUUUAGGACCAUCACUGCTT 

siRNA-4 
S 5-FAM-CCAUGAUUCAUGUCCGCAATT 

A UUGCGGACAUGAAUCAUGGTT 

S, sense strand; A, anti-sense strand 

 



 

 

Table 2 Primer sequences for qRT-PCR 

Genes F/R Sequences of primers（5’-3’） Accession No. 

MITF 

F AGCTTGCCATGTCCAAACCAG 

XM_008260927.1 

R TTCATACTTGGGCACTCGCTCT 

MC1R 

F CCTCGGCACCCCACTTGCAG 

NW_003159591.1 

R CAGCACCTCCTTGAGCGTCCTG 

SLC24A5 

F CTGTCCCTCATGAAGACTACCGTT 

XM_002717863.2 

R ACACCACCTATGTTCAACTGGC 

Agouti 

F CTGTGCTTCCTCACTGCCTATAGCC 

NM_001122939.1 

R TTCAGCGCCACAATGGAGACCGAA 

CREB1 

F CCTCCCCAGCACTTCCTACACA 

XM_008259050.1 

R TTCAGCTCCTCAATCAGCGTCT 

SLC7A11 

F TCACCATTGGCTACGTGCT 

NC_013683.1 

R GCCACAAAGATCGGAACTGCT 

GAPDH  

F CACCAGGGCTGCTTTTAACTCT 

NM_001082253.1 

R CTTCCCGTTCTCAGCCTTGACC 

F, forward primer; R, reverse primer. 

 

 

 

 

 

 

 



 

 

Table 3 SLC7A11 mRNA level detected by qRT-PCR in each group of cells. 

Groups △Ct △△Ct 

Relative 

expression 

inhibition /% 

siRNA-1 6.17±0.58 1.43±0.05 b 0.18 81.22 

siRNA-2 7.42±0.90 1.30±0.39 c 0.19 80.56 

siRNA-3 8.74±0.57 1.46±0.02 a 0.08 91.94 

siRNA-4 4.38±0.15 0.25±0.05 d 0.56 43.62 

NC 3.57±0.47 0.16±0.10 d 0.99 0.24 

Blank 3.64±0.62 0.00±0.20 d 1.00 — 

Values with the same small letters indicate no significant difference (P > 0.05). 

Different lower case letters indicate significant differences (P < 0.05). 


