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Expression pattern of CRYAB and CTGF genes in two pig breeds
at different altitudes

[Padrao de expressdo dos genes CRYAB e CTGF em duas ragas de suinos em
altitudes diferentes]

S. Liut? @1 L, Xing®? @1, J. Zhang'? ', K. Wang® ', M. Duan'2 &, M. Wei%2 &
B. Zhang* ¥, Z. Chang! ¥, H. Zhang* ', P. Shang?"

College of Animal Science, Tibet Agriculture and Animal Husbandry College,
Linzhi, Tibet, People’s Republic of China
2The Provincial and Ministerial co-founded collaborative innovation center for R & D in Tibet characteristic
Agricultural and Animal Husbandry resources, Linzhi, China
3College of Animal Sciences and Technology, Henan Agricultural University,
Zhengzhou, Henan, People’s Republic of China
“Beijing Key Laboratory for Animal Genetic Improvement, China Agricultural University, No. 2
Yuanmingyuan West Road, Beijing, People’s Republic of China

ABSTRACT

Tibetan pigs are characterized by significant phenotypic differences relative to lowland pigs. Our previous
study demonstrated that the genes CRYAB and CTGF were differentially expressed in heart tissues between
Tibetan (highland breed) and Yorkshire (lowland breed) pigs, indicating that they might participate in
hypoxia adaptation. CRYAB (aB-crystallin) and CTGF (connective tissue growth factor) have also been
reported to be associated with lung development. However, the expression patterns of CRYAB and CTGF
in lung tissues at different altitudes and their genetic characterization are not well understood. In this study,
gRT-PCR and western blot of lung tissue revealed higher CRYAB expression levels in highland and middle-
highland Tibetan and Yorkshire pigs than in their lowland counterparts. With an increase in altitude, the
expression level of CTGF increased in Tibetan pigs, whereas it decreased in Yorkshire pigs. Furthermore,
two novel single-nucleotide polymorphism were identified in the 5’ flanking region of CRYAB
(9.39644482C>T and ¢.39644132T>C) and CTGF (g.31671748A>G and ¢.31671773T>G). The
polymorphism may partially contribute to the differences in expression levels between groups at the same
altitude. These findings provide novel insights into the high-altitude hypoxia adaptations of Tibetan pigs.
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RESUMO

Porcos tibetanos sdo caracterizados por diferengas fenotipicas significativas em relagéo aos porcos de planicie.
Nosso estudo anterior demonstrou que os genes CRYAB e CTGF eram expressos diferentemente nos tecidos do
coraco entre os porcos tibetanos (raca das terras altas) e Yorkshire (raca das terras baixas), indicando que
eles poderiam participar da adaptacédo a hipoxia. CRYAB (aB-crystallin) e CTGF (fator de crescimento do tecido
conjuntivo) também foram relatados como estando associados ao desenvolvimento pulmonar. Entretanto, os
padrdes de expressao do CRYAB e CTGF nos tecidos pulmonares em diferentes altitudes e sua caracterizacio
genética ndo sdo bem compreendidos. Neste estudo, 0 qRT-PCR e a mancha ocidental de tecido pulmonar
revelou niveis de expressdo de CRYAB mais elevados em porcos tibetanos e Yorkshire de altitude e média altitude
do que em seus pares de planicie. Com um aumento na altitude, o nivel de expressdo do CTGF aumentou nos
porcos tibetanos, enquanto diminuiu nos porcos Yorkshire. Além disso, foram identificados dois novos
polimorfismos de um Gnico nucleotideo na regiéo flanqueadora de CRYAB (g.39644482C>T e 9.39644132T>C)
e CTGF (9.31671748A>G e 9.31671773T>G). O polimorfismo pode contribuir parcialmente com as diferencas
nos niveis de expressdo entre grupos a uma mesma altitude. Estas descobertas proporcionam novos
conhecimentos sobre as adaptac6es de hipoxia a alta altitude dos porcos tibetanos.
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INTRODUCTION

The Tibetan pig (TP) mainly lives on the Qinghai-
Tibet Plateau, which has an average elevation of
2500-4300-m above sea level. The TP has
adapted to harsh conditions such as hypoxia,
which makes it a good model for investigating
molecular mechanisms of hypoxia adaptation (Liu
et al., 2018). Our previous study showed that the
genes CRYAB and CTGF were differentially
expressed in the heart tissue of Tibetan pigs (TPs;
highland breed) and Yorkshire pigs (YYs;
lowland breed). In highland, both CRYAB and
CTGF expression were more significant in TP
than that in Y'Y, while in lowland CRYAB mRNA
level is significantly higher in TP than that in Y'Y
(Zhang et al., 2017). Besides the altitude
increasing, both CRYAB and CTGF is
significantly increased in TP, while only CRYAB
is significantly increased in YY based on RNA-
seq evidence (Zhang et al., 2017). CRYAB (aB-
crystallin, also known as HspB) is a small heat
shock protein that acts primarily as a chaperone to
block the aggregation of denatured proteins and
prevent cells from stress injury (Bellaye et al.,
2014; Christopher et al., 2014; Reddy and Reddy,
2016). CRYAB was also reported to function in
mitochondrial pathway of apoptosis during
myocardial infarction. (Mitra et al., 2013).
Connective tissue growth factor (CTGF), also
known as CCNZ2, is a connective tissue growth
factor that is expressed downstream of TGF-41; it
leads to the differentiation of mesenchymal cells,
formation of collagen, repair of epithelial damage
caused by environmental stress, and promotion of
angiogenesis and cell proliferation (Allen and
Spiteri, 2002; Kosmider et al., 2011). CTGF was
also found to be associated with hypoxia
adaptation possibly limiting VEGF activation and
inhibiting tissue angiogenesis in TPs hearts (Tang
et al., 2011). Additionally, CRYAB and CTGF are
strongly expressed in patients with idiopathic
pulmonary fibrosis (Bellaye et al., 2014; Chen et
al., 2018). The lung is the main organ to resist
environmental stress, and hypoxia inducible
factor (HIF-1) is involved in the pathogenesis of
pulmonary fibrosis (Ueno et al., 2011).
Combining the functional evidence of CRYAB
and CTGF in heart under hypoxia and their role in
lung function, we consider they are likely to
participate in lung physiological process under
hypoxia. However, the expression patterns of
CRYAB and CTGF in the lung tissue at different
altitudes and their genetic characterizations are
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not well understood. In this study, the mMRNA and
protein expression levels of CRYAB and CTGF in
the lung tissue of TPs and YYs in lowland,
middle-highland, and highland regions were
investigated. Further, genetic variations in the 5’
flanking region of these two genes were identified
and their potential binding transcription factors
were predicted. The results of this study will
provide novel insights into the high-altitude
hypoxia adaptations of TPs.

MATERIALS AND METHODS

The present study was performed in 2020, in the
Provincial and Ministerial co-founded
collaborative innovation center for R & D in Tibet
characteristic Agricultural and Animal Husbandry
resources, Tibet, China.

Genomic DNA was extracted from ear tissues of
TPs (n = 55) and YYs (n = 45) (Tibet Linzhi,
China). Eighteen pigs—TP (n =9) and YY (n =
9)—from the lowland, Beijing (100-m above
mean sea level), eighteen pigs—TP (n = 9) and
YY (n = 9)—from the middle-highland, Linzhi of
Tibet (2900-m above mean sea level), and
eighteen pigs—TP (n=9) and YY (n = 9)—from
the highland, Gongbujiangda of Tibet (3700-m
above mean sea level), were used. The pigs used
in this experiment were all 7-month-old healthy
boars, and TPs and Y'Ys were randomly selected
for slaughter and sampling. The pigs in the group
were unrelated and in the same feeding
environment (except for altitude, the temperature
and humidity were kept the same), and they were
guaranteed to use the same feed and immunization
steps. Lung tissue was collected from each
individual, immediately frozen in liquid nitrogen
upon collection, and stored at —80 °C until use. All
procedures were performed in strict accordance
with the protocol approved by the Animal Welfare
Committee of Tibet Agriculture and Animal
Husbandry University (Permit Number: TPLAB-
2016-08-10).

Genomic DNA was extracted from the ear tissue
of pigs using the phenol-chloroform extraction
method (Sambrook and Fussell, 2001). DNA was
dissolved in an appropriate amount of Tris-EDTA
buffer solution (pH 8.0) and stored at -20 °C.
Total RNA was extracted using the Trizol method
(Takara Bio Lnc, China). The concentration and
integrity of the RNA samples were determined
using agarose gel electrophoresis and measured
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using the Nanodrop 2000 Biophotometer (Thermo
Fisher Scientific Inc., West Palm Beach, FL,
USA). Total protein was isolated in RIPA lysis
buffer (Beyotime Ltd., Shanghai, China), stored at
-80 °C, and quantified using a BCA protein
quantity kit (Beyotime Ltd., Shanghai, China).

Primers were designed for amplification of the 5’
flanking region of the pig CRYAB (NC_010451.4)
and CTGF (NC_010443.5) genes (Table 1) using
Primer Premier 5.0 software (Premier Biosoft
International, CA, USA). The PCR protocol
included an initial denaturation step (95 °C for 3

min) followed by 36 cycles of denaturation at 95
°C for 10 s, annealing at a specific temperature for
30 s (56 °C-60 °C for the different primers listed
in Tab. 1), and extension at 72 °C for 1 min. The
PCR products from 10 random samples of both TP
and YY were pooled and sequenced to identify
SNPs between the two breeds using Chromas Pro
software 2.1.3 (Technelysium Pty Ltd., Brishane,
Australia). The SNP genotypes were identified via
PCR sequencing of each individual. Transcription
factor binding sites were predicted using the
webserver http://jaspar.binf.ku.dk/.

Table 1. Primers for screening the 5’ flanking region of CRYAB and CTGF genes

Annealing
Primer name Target region  Primer sequence (5'-3") Product size (bp)  temperature
(°9
. siroraees T AAGGTTACTGGGCGGATTCA .
RYAB-1 -3479)- R: TCCACTGAAAATGGTCTCCG 78l 57
F: GCATTTAGTCTTGGATTGGC
CRYAB-2 -28931-1794 B CAGATGAGGTGACCGTGAG 1099 57
CRYAB-3 2011/-1463 - ACCTCTGTGTCCAAATGTCG 548 57
R: ATTTCCCTTCTCAGTCCCCT
F: TCATCATAAAGCCCCAACCT
CTGF-1 -2936/-2202 b GGGAAGCCACAGTGAAATCT 733 57
F: GCGTCACTCAACTGTAACCCG
CTGF-2 BT AR A As 850 57
F: TGATGTGGTCTGTGCTGAAG
CTGF-3 -1921-1181 B GGTTTCTTTGGGAGAGGTG 740 57
F: GGGGTTCAGTGTTCTTGTTA
CTGF-4 -1307/-290 R: CCTACACAAACAGGGACATT 1017 57
— 506749 F: AATCAGGAGTGGTGCGAAGA 555 -

R: CGAGCAGGAGCACGAAG

cDNA was synthesized using a cDNA Synthesis
SuperMix Kit (Transgen, Beijing, China)
according to the manufacturer’s instructions. The
mMRNA  expression levels of CRYAB
(XM_021062778.1) and CTGF (NM_213833.2)
in lung tissues were determined using quantitative
real-time PCR (qRT-PCR). There were eight
biological replicates for each group (n=8). The
primers used to quantify CRYAB and CTGF were
as follows: CRYAB-forward, GAG ATG CGT
CTG GAG AAG GA; CRYAB-reverse, ATC TCC
CAA CAC CTT GAC CT and CTGF-forward,
GCT TAC CGA CTG GAA GAC AC; CTGF-
reverse, AGA AAG CGT TGT CAT TGG TA.
Further, p-actin (AJ312193) was used as an
internal reference gene with the following
primers: forward, TCT GGC ACC ACA CCT TCT
A and reverse, AAG GTC TCG AAC ATG ATC
TG. gRT-PCR was performed in triplicate using
20uL reaction volumes containing 1.0puL of
cDNA, 0.5uL of the respective forward and

178

reverse primers (10.0 nmol/uL), and 10.0uL of 2x
SYBR Green Mix (Transgen Ltd., Beijing,
China). The procedure for gRT-PCR included an
initial denaturation step at 95°C for 30 s, followed
by 45 cycles at 95°C for 5 s and at 58°C for 20 s.
The mRNA expression levels of the target genes
were calculated using the 24T method.

Crude proteins (40ug) were separated by
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Subsequently, the proteins were
transferred to Immobilon-P transfer membranes
using a Bio-Rad Criterion Blotter (Bio-Rad,
Hercules, CA, USA). The membranes were
blocked overnight in a blocking buffer (Beyotime
Ltd., Shanghai, China) and then incubated at 4°C
for 2 h with anti-B-tubulin rabbit polyclonal
antibody (1:2000 dilution, Abcam, Cambridge,
UK), CRYAB antibodies (1:2,000 dilution,
Abcam), and CTGF (1:2,000 dilution, Abcam)
antibodies. After washing with phosphate-
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buffered saline containing 0.1% Tween 20, the
membranes were incubated with secondary
horseradish peroxidase-labeled goat anti-rabbit
IgG (H + L) (1:5,000 dilution, Abcam) at 37 °C
for 1 h. The immune complexes were visualized
using an eECL Western Blot Kit (CWBIO Ltd.,
Beijing, China) according to the manufacturer’s
instructions. The relative protein levels were
determined using ImageJ v1.51 software (NIH,
https://imagej.nih.gov/ij/).

Data regarding the expression levels were
analyzed using SPSS v18.0 software (SPSS Inc.,
Chicago, IL, USA) through one-way analysis of
variance to determine statistical significance.
Graphs were prepared using SigmaPlot 10.0
(Systat Software, San Jose, CA, USA); data herein
are presented as mean + standard error. A y2 test
was used to analyze the distribution of genotypes
and differences in genotype frequencies.

RESULTS

After screening the 5’ flanking region of CRYAB
and CTGF, four SNPs were identified. Two SNPs,
0.39644482C>T and @.39644132T>C, were
located upstream of the initiation codon of
CRYAB (Fig. 1). Similarly, two other SNPs,
0.31671748A>G and ¢.31671773T>G, were
located upstream of the initiation codon of CTGF
(Fig. 1). The genotype and allele frequencies of
the four SNPs are shown in Table 2. The
distributions of the genotypes of the four SNPs in
the TP and YY populations conformed to the
Hardy—Weinberg equilibrium. Differences in the
genotype frequencies were statistically significant
for .39644482C>T and .39644132T>C
(CRYAB, P < 0.01), as well as for
0.31671748A>G and ¢.31671773T>G (CTGF, P
< 0.01). Evaluation of the predicted transcription
factor binding sites revealed that the probable
transcription factor FOXP2 could be replaced by
GATA4 at the ¢.39644482C>T locus and the
potential transcription factor RXRA could be
substituted by FOXH1 at the §.39644132T>C
locus (Table 2). At the ¢.31671748A>G and
0.31671773T>G loci, the potential transcription
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factors MAFK and PRDML1 could similarly be
replaced by STAT5 and FOSL2, respectively, as
a result of the SNPs (Table 2).

2.39644482C>T 2.39644132T>C
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Figure 1. Identification of SNPs located at the 5’
flanking region of CRYAB and CTGF genes.

Upon investigating the mRNA expression of
CRYAB and CTGF in the lung tissues of TPs and
YYs via qRT-PCR (Fig. 2), it was revealed that
the expression levels of CRYAB mRNA increased
significantly in TPs with an increase in altitude
(P<0.05 or P<0.01). However, in YYs, the
expression level of CRYAB mRNA was higher at
2900 m than at 100 and 3700 m (P<0.05 and
P<0.01, respectively). At 2900 m, the CRYAB
MRNA level was significantly higher in YYs than
in TPs (P<0.05). For CTGF, the mRNA
expression levels increased in TPs as the altitude
increased; the opposite was observed in YYs (i.e.,
the CTGF mRNA levels decreased as the altitude
increased). The CTGF mRNA level was
significantly higher in the YY's than in the TPs at
100 m, whereas it was significantly lower in the
YYs than in the TPs at 3700m.
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Table 2. Genotype and allele frequencies of four SNPs of CRYAB and CTGF genes in two pig breeds

Predicated
. X?value i
Loci Breed  Genotype frequency (Number/Frequenc Allele gene frequencytranscription
type frequency ST (p value) g . yfactor binding
CC CT TT C T
FOXP2—
0.39644482C>T YY 45/1 0/0 0/0 9.014 (0.006) 1 0 GATA4
TP 37/0.673 16/0.291 2/0.036 3.112 (0.207) 0.818 0.182
CRYAB TP vs YY Fisher’s Exact Test=20.386 P=6.94E-6
TT CT CcC C T RXRA
YY 45/1 0/0 0/0 14.567 (2.10E-4)0 1 L
FOXH1
0-39644132T>C TP 28/0.509 22/0.400 5/0.091 5.559 (0.062) 0.291 0.709
TP vs YY Fisher’s Exact Test=34.797 P=4.99E-9
AA AG GG A G MAFK
YY 26/0.867 4/0.1 1 .01 . .067 -
0.31671748AG 6/0.86 /0.133 0/0 8.156 (0.013)  0.933 0.06 STATS
TP 15/0.326 24/0.522 7/0.152 4.556 (0.102) 0.587 0.413
CTGE TP vs YY Fisher’s Exact Test=22.147 P=6.62E-6
TT TG GG T G PROML
YY 30/1 0/0 0/0 26.635 (6.19E-7) 1 0 o
9.31671773T>G ( ) FOSL2
TP 2/0.043 3/0.065 41/0.891 19.047 (3.42E-5) 0.076 0.924

TP vs YY Fisher’s Exact Test=80.048 P=3.84E-19

The protein expression levels of CRYAB and
CTGF were also investigated. Bands of CRYAB,
CTGF, and B-tubulin (as an internal control) were
visualized at 22, 38, and 55 kDa, respectively. A
similar expression pattern was observed in the
protein and mRNA of CRYAB, except in YYs at
2900 m (Fig. 3). There was no significant
difference in CRYAB between YYs at 2900 and
3700 m. The same expression pattern was
observed between the protein and mRNA of
CTGF. No significant difference in CTGF was
observed between TP at 2900 and 3700 m,
whereas significant differences were identified at
the MRNA level. Overall, with increasing altitude,
CTGF increased in TP and decreased in Y.

DISCUSSION

Our previous study demonstrated that CRYAB
expression was significantly higher in the heart
tissue of highland pigs than in lowland pigs and in
highland TPs than in highland YYs but lower in
lowland TPs than in lowland YYs (Zhang et al.,
2017). In this study, based on mRNA and protein
levels, CRYAB was also in the lung tissue of pigs
in highland regions, i.e., 2900 and 3700m above
mean sea level, pigs in the lowland region (Fig. 2
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and Fig. 3). This is consistent with the expression
pattern of CRYAB in heart tissue. CRYAB, also
referred to as HspB5 or aB-crystallin, is a member
of the small heat shock protein family; it plays an
important role in blocking the aggregation of
denatured proteins and is expressed in the heart
and lungs (Parcellier et al., 2005; Xu et al., 2008;
Harakalova et al., 2015; Haslbeck and Vierling,
2015; Rajagopal et al., 2015). As an anti-apoptotic
molecular chaperone protein, it can maintain the
correct balance between intracellular protein
synthesis and degradation and is involved in the
progression of many pathological processes,
including misfolding of proteins caused by stress
as well as by changes in pH and temperature in the
environment (Hartl et al., 2011; Tarone and
Brancaccio, 2014). CRYAB was found to be
downregulated in a mouse model of pulmonary
arterial hypertension induced by chronic hypoxia
(Clumas et al., 2013). Conversely, in this study,
hypoxia induced CRYAB mRNA and protein
expression. Interestingly, the mRNA level of
CRYAB was lower in the lung tissue of TPs than
in that of YYs at 2900-m above mean sea level
(Fig. 2). This implies that TPs could adapt better
to the hypoxic environment than Y'Y’s.
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Figure 2. Relative mMRNA expression level of
CRYAB and CTGF in two pig breeds at different
altitudes.

*represents a significant difference (P < 0.05), **
represents an extremely significant difference (P <
0.01). A"%represents the comparison of the same breed
between altitudes of 2900 and 100 m, *represents the
comparison of the same breed between altitudes of
3700 and 2900 m. TP, Tibetan pig; Y, Yorkshire pig.

Our previous study also revealed that the mRNA
level of CTGF was significantly higher in the
heart tissue of TPs than in that of Y'Y, in lowland
as well as highland conditions (Zhang et al.,
2017). Further, the CTGF mRNA level was higher
in the heart tissue of highland TPs than in that of
lowland TPs, but there was no significant
difference among Y'Ys in this regard (Zhang et al.,
2017). In this study, however, the CTGF mRNA
level in the lung tissue of TPs increased but that
in the lung tissue of Y'Y's decreased as the altitude
increased (Fig. 2 and Fig. 3). CTGF, also referred
to as CCN2, is a member of the CCN (immediate
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Figure 3. CRYAB and CTGF levels in the lung
tissues of two pig breeds at different altitudes

*represents a significant difference (P < 0.05), **
represents an extremely significant difference (P <
0.01). A’Arepresents the comparison of the same breed
between altitudes of 2900 and 100 m, *“represents the
comparison of the same breed between altitudes of
3700 and 2900 m. TP, Tibetan pig; Y'Y, Yorkshire pig.

early gene) family, which plays an important role
in collagen production and lung development
(Riser et al., 2010; Riser et al., 2015). It has been
demonstrated that hypoxia time-dependently
increased CTGF expression in both human lung
fibroblast cell line and primary human lung
fibroblasts (Cheng et al., 2016). CTGF is known
to exacerbate vascular remodeling in the lungs (Pi
et al., 2018). It has also been reported that CTGF
deletion could protect against the development of
pulmonary hypertension secondary to chronic
hypoxia (Gomez et al., 2020). Combining the
function of CTGF in vascular remodeling and
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expression pattern in lung and heart tissue under
hypoxia, we speculated that the function of
vascular remodeling was destroyed in Y'Y caused
by hypoxia condition, whereas hypoxia treatment
did not significantly affect the vascular structure
in YY heart. TPs, originating from the Tibetan
Plateau, have undergone long-term natural
selection in a hypoxic environment (Shang et al.,
2019). Thus, compared with lowland YYs, TPs
should possess adaptations to hypoxia. This might
help us decipher the CTGF expression pattern
under hypoxia in pig lungs and thus deserves
further exploration.

The difference in expression levels could also be
partially explained by genetic differences, such as
the binding of different transcriptional factors. In
this study, two novel SNPs were identified within
2000-bp upstream of the CRYAB and CTGF
initiating codons.  Significant allelic and
genotypic differences were observed between TPs
and YYs for these four SNPs. Mutations at these
four loci were found to be associated with changes
in predicted transcription factor binding sites. As
a result, for the ¢.39644482C>T site, the
transcriptional factor FOXP2 was substituted by
GATA4 (Tab. 2). GATA4, a member of the
GATA family, specifically binds to the structure
of (T/IA)\GATA(A/G), which affects cell
proliferation, angiogenesis, and cardiopulmonary
development (He et al., 2007). The absence of
GATA4 induces endothelial cell differentiation
suppression, lung malformations, and distal
airway dilatation in mice (Cao et al., 2020).
Similarly, the C allele at 9.39644132T>C results
in the preferential binding by the transcription
factor FOXH1 as opposed to RXRA (Tab. 2). The
inactivation of FOXH1 is reported to be
associated with lung development, which includes
the transformation of the one-lobed left lung into
the four-lobed right lung (Hoodless et al., 2001;
von Both et al., 2004). For the g.31671748A>G
site, the transcription factor was changed from
MAFK to STAT5 (Tab. 2). STAT5, a member of
the STAT family, promotes cell cycle
progression,  proliferation, invasion, and
angiogenesis and inhibits apoptosis (Pastuszak-
Lewandoska et al., 2014). The G allele at
0.31671773T>G leads to the preferential binding
of the transcription factor FOSL2 rather than
PRDML1 (Tab. 2). The GG genotype is dominant
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in TPs, whereas TT is dominant in YYs. FOSL2,
a member of the c-Fos transcription factor family,
regulates TGF-B1 signaling in non-small cell lung
cancer, and its inactivation reduces cell viability
in hypoxia (Wang et al., 2014; VVancauwenberghe
etal., 2019).

In conclusion, the expression patterns of CRYAB

and CTGF in highland, middle-highland, and
lowland TPs and Y'Y's were clarified in this study.
These differences in expression patterns at
different altitudes might contribute to their
hypoxia adaptation. Furthermore, four novel
SNPs (g.39644482C>T and g.39644132T>C in
CRYAB; 9.31671748A>G and ¢.31671773T>G in
CTGF) were identified within 2000-bp upstream
of the CRYAB and CTGF initiating codons.
Potential transcriptional factors of the four SNPs
were identified. To some extent, changing of
transcriptional factors may partially contribute to
the expression differences observed between the
TPs and YYs. These findings provide novel
insights into the high-altitude hypoxia adaptations
of TPs. We believe that our analysis of the specific
expression patterns and genetic characteristics of
CRYAB and CTGF genes in TPs will help reveal
the mechanisms by which organisms adapt to low-
oXxygen environments, with an aim to contribute to
the study of species evolution and human
diseases.
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