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Objective: Since athletic performance is a most importance trait in horses, most research 
focused on physiological and physical studies of horse athletic abilities. In contrast, the molecular 
analysis as well as the regulatory pathway studies remain insufficient for evaluation and pre­
diction of horse athletic abilities. In our previous study, we identified AXL receptor tyrosine 
kinase (AXL) gene which was expressed as alternative spliced isoforms in skeletal muscle during 
exercise. In the present study, we validated two AXL alternative splicing transcripts (named 
as AXLa for long form and AXLb for short form) in equine skeletal muscle to gain insight(s) 
into the role of each alternative transcript during exercise.
Methods: We validated two isoforms of AXL transcripts in horse tissues by reverse transcrip­
tase polymerase chain reaction (RT-PCR), and then cloned the transcripts to confirm the 
alternative locus and its sequences. Additionally, we examined the expression patterns of 
AXLa and AXLb transcripts in horse tissues by quantitative RT-PCR (qRT-PCR).
Results: Both of AXLa and AXLb transcripts were expressed in horse skeletal muscle and the 
expression levels were significantly increased after exercise. The sequencing analysis showed that 
there was an alternative splicing event at exon 11 between AXLa and AXLb transcripts. 3-dimentional 
(3D) prediction of the alternative protein structures revealed that the structural distance of the 
connective region between fibronectin type 3 (FN3) and immunoglobin (Ig) domain was different 
between two alternative isoforms.
Conclusion: It is assumed that the expression patterns of AXLa and AXLb transcripts would 
be involved in regulation of exercise-induced stress in horse muscle possibly through an NF-κB 
signaling pathway. Further study is necessary to uncover biological function(s) and significance 
of the alternative splicing isoforms in race horse skeletal muscle.
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INTRODUCTION

The racing abilities such as speed are the most important economic traits in race horse and the 
Thoroughbred is a specific breeding strain for racing. Although many studies were focused on 
physical and physiological adaptations, the regulatory pathways and mechanisms of targeted 
genes are still remained to be uncovered in race horse [1].
  In our previous study, the whole transcriptome from blood and muscle tissues before and 
after exercise were analyzed by RNA-sequencing. 32,361 of unigene clusters were identified and 
1,305 of differentially expressed genes (DEGs) were discovered. Among these DEGs, we found an 
alternative splicing forms in cordon-bleu WH2 repeat protein-like 1 (COBLL1), cytoplasmic 
dynein 1 light intermediate chain 2 (DYNC1LI2), pleckstrin homology domain containing, family 
member 1 (PLEKHG1), and AXL receptor tyrosine kinase (AXL) genes [2].
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  AXL belongs to receptor tyrosine kinases (RTKs) as like as Sky 
(also known as Tyro-3) and Mer (also known as Eyk, Nym, and 
tyro12) [3], and generally RTKs are involved in cellular prolifer­
ation, survival, adhesion and cell migration [4-6]. These members 
of subfamily are represented by characteristic of extracellular 
domain. RTKs are composed of two immunoglobulin (Ig)-like 
domains and two fibronectin type 3 domains [7,8]. Main ligand 
of AXL is growth-arrest-specific gene 6 (Gas6) and the crystal 
structure of the AXL/Gas6 complex revealed that Gas6 initiates 
various cascade signalings [9-11]. AXL is activated upon paracrine 
or autocrine binding of Gas6, and the activated AXL is also known 
to be involved in cell proliferation, survival and anti-apoptosis, 
cell migration through the MEK-ERK, PI3K-AKT, Src, and p38-
MAPK signaling pathways [12-15]. Despite of many studies on 
AXL, the specific roles of AXL gene on athletic abilities are still 
unclear. Therefore, in this study, we focused on the analysis of 
the AXL expression analysis which was identified as one of the 
alternatively spliced genes during racing and exercise. We con­
firmed the presence of alternative splicing forms of AXL transcripts 
in skeletal muscle tissue and examined the expression pattern 
of each alternative splicing form in response to exercise, and finally, 
estimated 3-dimentional (3D) protein structure of each alterna­
tive isoform protein. 

MATERIALS AND METHODS

Horse tissue sampling and RNA sequencing analysis
All procedures were conducted by following the protocol that 
had been reviewed and approved by the Institutional Animal 
Care and Use Committee at Pusan National University (protocol 
numbers: PNU-2013-0417, PNU-2013-0411). Horse tissue sam­
pling and RNA sequencing data were described in our previous 
study [2]. The animals performed a combination of different horse 
gaits which included trotting and cantering through lunging and 
long-reining (circular bridge lunging) as their form of exercise. 
Generally, racehorses are subjected to exercise for 17 to 18 min 
per day, however horses in this study followed a combined 30-
min exercise of trotting and cantering. Briefly, the samples were 
obtained from the blood and skeletal muscle samples before and 
30 min after exercise. Whole transcriptome analysis was con­
ducted by RNA sequencing and bioinformatics tools [2]. 

Total RNA isolation
Total RNA samples for investigation of AXL transcript expression 
were collected from three Thoroughbreds. Skeletal muscle tissues 
were extracted for polymerase chain reaction (PCR) analysis. The 
various tissues sampled from the horses (50 to 100 mg, or 3 mL 
in the case of blood) were crushed with a mortar-pestle and mixed 
with 9 mL of red blood cell (RBC) lysis buffer (Solgent Co. Ltd., 
Daejeon, Korea) to remove RBC. The cells were then dissolved 
using 1 mL of TRIzol (Invitrogen, Karlsruhe, Germany), and 200 
μL of chloroform was added to remove cells from the organic 

solvent. The mixture was then shaken for 10 s and left at 4°C for 
5 min. Centrifugal separation was carried out at 4°C for 15 min, 
and then the supernatant was removed to a new test tube and 
mixed with the same amount of isopropanol. The test tube was 
left at 4°C for 15 min to produce RNA pellets. The isopropanol was 
removed by carrying out centrifugal separation at 4°C for 15 min 
and the sample was then sterilized with 85% ethanol and dis­
solved in RNase-free water. The purity of the extracted RNA was 
confirmed by measuring the absorbance at 230 nm and 260 nm 
using a spectrophotometer (ND-100, Nano Drop Technologies 
Inc., Wilmington, DE, USA), and only the extracted RNA with 
purity (optic density value at 230 nm divided by optic density 
value at 260 nm) over 1.8 (found via quantitative analysis) was 
used. The selected RNA was stored at –70°C until the experi­
ment occurred.

cDNA synthesis
In order to synthesize cDNA, 2 μg of RNA, 1 μL of oligo-dT 
(Invitrogen, Germany), and 1 μL of RNase-free water were added, 
the mixture was denatured at 80°C for 3 min, and then the cDNA 
was synthesized using 4 μL of 5× RT buffer, 5 μL of 2 mM de­
oxynucleotide (dNTP), 0.5 μL of RNase inhibitor (Promega 
Corporation, Madison, WI, USA), and 1 μL of moloney murine 
leukemia virus reverse transcriptase (Promega, USA).

Polymerase chain reaction
The nucleotide sequences of horse AXL gene from the National 
Center for Biotechnology Information (http://www.ncbi.nlm.nih.
gov) and the Ensembl Genome Browser (http://www.ensembl.
org) were retrieved to design the primers with PRIMER3 software 
(http://bioinfo.ut.ee/primer3-0.4.0/). The original horse AXL 
transcripts were amplified by the primer pairs which were de­
signed to detect each of alternative variants, AXLa-forward (5’-
GAG CAA GGA CAG CCA ATC CAC CAG CTG-3’) and AXLa-
reverse (5’-TGT TGG TTC AAA CAC CTC TCC-3’) for AXLa, 
and AXLb-foward (5’-GCC CTG GCG CCC AGT GAG TGA-3’) 
and AXLb-reverse (5’-TTC AAG GTG GCT TCA GTG GT-3’) 
for AXLb, were used to specifically detect each isoform. The PCR 
to amplify the target genes on the cDNA was carried out under 
the following conditions: 1.8 μL dNTP, 2 μL 10× buffer, 0.2 μL 
Taq, and 12 μL distilled water were added to 2 μL, 50 ng/μL diluted 
DNA and 5 pmol/μL diluted forward primer and reverse primer. 
The PCR was carried out in a total volume of 20 μL. The PCR 
procedure was: denaturation at 94°C for 10 min, and a second 
denaturation at 94°C for 30 s, followed by annealing at 58°C for 
30 s, and extension at 72°C for 30 s. This was repeated for 40 cycles, 
and then a final extension was performed at 72°C for 10 min. The 
band was confirmed on UV using a 1.5% SeaKem LE agarose gel 
(Lonza, Rockland, MD, USA).

Real time qPCR amplification
To analyze the expression level of AXL alternative splicing isoforms 
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in muscle before and after exercise, quantitative reverse-trans­
cription polymerase chain reaction (qRT-PCR) was conducted 
by using the BioRad CFX-96 machine (BioRad, Hercules, CA, 
USA). Each reaction was executed in a total 25 μL of mixture 
containing 14 μL of SYBR green master mix, 2 μL of forward 
primer (5 pmol), 2 μL of reverse primer (5 pmol), 5 μL of distilled 
water, and 2 μL (50 ng/μL) of cDNA. The PCR conditions were 
at 94°C for 5 min of pre-denaturation step, 39 cycles of 94°C for 
20 s, 56°C for 20 s, and 72°C for 30 s, and followed by 72°C for 10 
min as a final step. All measurements were performed in tripli­
cate for all specimens, and the comparative method used was the 
2–ΔΔCt method [16]. The relevant expression of the target genes 
was calculated using glyceraldehyde-3-phosphate dehydrogenase 
as a normalizer.

Phylogenetic analysis
The amino acid sequences of AXL of various species were ob­
tained NCBI: Amino sequence of AXL was obtained with cow 
(XP_010813281.1), human (NP_068713.2), horse (XP_005596 
313.1), wild horse (XP_008535825.1), mouse (NP_033491.2), 
rat (NP_113982.1), dog (XP_005616939.1), frog (NP_001090 
657.1), chicken (NP_989958.1). Amino acids were aligned using 
Multiple Sequence Comparison by Log-Expectation (MUSCLE) 
(http://www.ebi.ac.uk/Tools/msa/muscle/). Phylogenetic analysis 
was performed using Neighbor-Joining method [17] with pairwise 
deletion, 1,000 bootstrap replication, and Kimura 2 as described 
previously [18]. 

Homology modelling of AXL protein
The 3D structure of AXL was predicted by web-based homology 
modeling server such as Raptor X [19] and ModWeb [20]. Briefly, 
The templates used for modeling of immunoglobulin domain 

(pdb ID:2C5D), fibronectin type 3 domain (pdb ID:4PBX) and 
protein tyrosine kinase domain (pdb ID:3QUP) was found from 
RCSB protein data bank [21] based on high sequences homology 
and designed individually. Exceptional loop regions and C-termi­
nus regions with no templates due to very low sequence homology 
were designed by ab initio calculation under CHARMM force 
field [22]. Connecting each domains designed independently, 
the initial 3D model was designed by Discovery Studio 2.5 model­
ing program (Studio 2009). Then a completed 3D structure was 
finalized by loop refinement and energy minimization under 
CHARMM force field [22]. The completed 3D structure was 
visualized by Discovery Studio Visualizer (Visualizer 2013).

Statistical analysis
Both T-test and analysis of variance statistical test was conducted 
to determine significance levels. Data were shown by mean± 
standard error of mean.

RESULTS AND DISCUSSION

The horse AXL gene has 21 exons and 20 introns spanning about 
29.91 kb on the chromosome 10, and seven transcriptional vari­
ants had been predicted in NCBI gene database. The genomic 
structure of horse AXLa and AXLb (with skipping of exon 11) 
was shown in Figure 1A. AXLa and AXLb transcript consists of 
20 and 19 exons, respectively (Figure 1A) and the full lengths of 
the AXLa and AXLb transcripts are 3,213 and 3,186 bp, respec­
tively. Length of deleted exon 11 occurred by alternative splicing 
is 27 bp (Figure 1B). Subsequently, the horse AXLa transcript 
encodes 889 amino acids whereas AXLb transcript encodes 878 
amino acids. To investigate the evolutionary relationships of equine 
AXL gene, we obtained gene sequences from eight species of 

Figure 1. Alternative splicing isoforms of equine AXL receptor tyrosine kinase (AXL) gene. (A) Genomic structure of AXL alternative splicing variants. Equine AXL gene has 20 exons 
and two major alternative splicing forms; AXLa as long form and AXLb as short form. AXLb has cassette exon 11 by alternative splicing. Cassette exon is marked by dashed box (B) 
Sequencing of alternative splicing region. Reverse-transcription polymerase chain reaction (RT-PCR) products were sequenced and confirmed that exon 11 was deleted in AXLb by 
alternative splicing. 

(A)

(B)
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vertebrata (human, cow, dog, horse, wild horse, rat, chicken, frog, 
and mouse) from Ensembl 62 and conducted a phylogenetic 
analysis (Figure 2A). When the amino acid sequences of AXL in 

various species, fibronectin type 3 (FN3) domain in AXL showed 
higher identity (solid box in Figure 2B), and the alternative splic­
ing was observed between exon 10 and exon 12 (with skipping 

Figure 2. Analysis of amino acid sequences and phylogenetic tree of AXL receptor tyrosine kinase (AXL) gene among various species. (A) Alignments of fibronectin type 3 (FN3) 
domain of AXL from various species. The sequences were aligned by the MUSCLE method in GENEIOUS program. The FN3 domain is marked by solid box and the sequences deleted 
by alternative splicing are marked by dashed box. (B) Phylogenetic tree of AXL. The phylogenetic tree was made with the full amino acid sequences of each species by Neighbor-
Joining method after aligned by the MUSCLE method in GENEIOUS program. Horse AXL was similar to cow and dog than frog and chicken.

(A)

(B)
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of exon 11) (dashed box in Figure 2B). Based on the phyloge­
netic analysis, horse AXL was evolutionarily closer to cow AXL 
while largely divergent from frog (Figure 2A).
  Our previous study identified uniquely expressed alternative 
splicing forms of AXL transcripts. Basically, both of alternative 
splicing forms were found in Ensembl (ENSECAT00000012479 
and ENSECAT00000012482) data base. To detect the alternative 
AXL transcripts, in this study, the specific primer sets were de­
signed (Figure 3A). For AXLa transcript, the forward and reverse 
primers were positioned at exon 10-11 and exon 12, respectively 

(Figure 3A). Similarly, for AXLb transcript, the forward and reverse 
primers were positioned at exon 10-12 and exon 12, respectively 
(Figure 3A). 
  For cloning the alternative transcripts, two transcriptional 
variants were amplified by RT-PCR with horse skeletal muscle 
tissue (Figure 3B). Additionally, qRT-PCR was conducted to ex­
amine their expression patterns in horse skeletal muscle before 
and after exercise (Figure 3C). As a result, the expression patterns 
of AXLa and AXLb transcript in skeletal muscle revealed that 
the expression levels of both AXLa and AXLb were up-regulated 

Figure 3. Expression pattern of equine AXL receptor tyrosine kinase (AXL) alternative splicing variants. (A) Primer designs for alternative splicing variants; AXLa and AXLb. For AXLa 
transcript, the forward and reverse primers were positioned at exon 10-11 and exon 12, respectively. (B) Confirmation of AXL alternative splicing variants. The alternative splicing 
variants of AXL gene, AXLa and AXLb, were amplified by RT-PCR. (C) Relative expression of AXL alternative splicing variants was analyzed by quantitative reverse-transcription 
polymerase chain reaction (qRT-PCR) in skeletal muscle before and after exercise. (n = 3, the ** means p<0.05, *** means p<0.005). Quantitative analysis was performed using the 
2–ΔΔCt method. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization.

(A)

(B)

(C)
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after exercise compared to those before exercise (Figure 3C). The 
transcript level of AXLa after exercise was about 11-fold higher 
than that before exercise in skeletal muscle (Figure 3C left panel, 
p<0.005), and the transcript level of AXLb also increased in res­
ponse to exercise (Figure 3C right panel, p<0.05).
  According to a recent genome-wide association study, mouse 
AXL is associated with cellular transformation such as prolifer­
ation, cell survival, and angiogenesis through Gas6-AXL signaling 
pathway [23]. In addition, AXL is involved in stimulation of anti-
apoptosis through NF-κB signaling pathway [24]. These studies 
suggested that AXL may play an important role in wound healing 
and anti-apoptosis to damaged cells during exercise, especially 
in the vascular cell and skeletal muscle. Generally, acute exercise 
stimulates NF-κB signaling pathway in skeletal muscle during 
muscular contraction, presumably due to increased oxidant pro­
duction [25]. Suggesting the importance of relationship between 
apoptosis and exercise, it is reasonable that regulation of AXL 
expression maybe has important role for regulating anti-apoptosis 
and wound healing after exercise through NF-κB signaling path­
way in skeletal muscle. Collectively, the results suggest that AXL 
can be worth as marker for athletic abilities, and also for exercise-
recovery after exercise
  To investigate the protein structural difference between AXL 
alternative splicing variants, we predicted 3D structures of AXLa 
and AXLb with 9 amino acid deletion of exon 11 (Figure 4A). As 

a result of 3D structural analysis, AXLb of 9 amino acid deletion 
isoform showed structural differences in the regions between 
C-terminus of fibronectin type 3 domain and N-terminus of 
transmembrane helices compared to that of full-length AXLa 
isoform (Figure 4B). This structural differences may be explained 
by 9 amino acid deletion. However, our prediction was based on 
only in silico homology. Further experimental crystal structure 
study should be necessary to explain this AXL alternative splicing 
effects. Generally, dynamic kinetics and biological function of 
a specific signaling pathway could be changed depending on in­
teraction between receptor and its ligand as well as their domain 
folding structure [26]. Therefore, the different 3D structures of 
the alternative AXL isoforms may be related to regulatory mecha­
nism of signaling cascade.
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Figure 4. The comparison of amino acid sequences and protein structure between AXLa and AXLb proteins. (A) The amino sequences of AXLa and AXLb protein were aligned. (B) 
3-dimentional (3D) structural analysis between the alternative variants. 3D prediction of the alternative protein structures revealed that the structural distance of the connective 
region between fibronectin type 3 (FN3) and immunoglobin (Ig) domain was different between two alternative isoforms (dashed boxes).
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