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Hypoxia causes the occurrence of right heart hypertrophy and right heart failure. However, the yak 
living in the hypoxic environment, does not exhibit hypoxia-related pathological features. Therefore, 
It is of great significance to explore the hypoxia adaptation mechanism of yak heart. In this study, 
the yak heart coronary vascular smooth muscle cells (CASMCs) were treated with 21% O2 (normoxic 
group) and 5% O2 (hypoxic group). The results showed that hypoxia could promote the proliferation of 
CASMCs. Subsequently, we sequenced CASMCs in normoxic and hypoxic groups. The analysis revealed 
differential expression of 835 mRNAs, 285 lncRNAs and 126 miRNAs were between the two groups. 
GO and KEGG analysis showed that the differentially expressed genes were predominantly associated 
with extracellular matrix components, transcription factor activity, protein binding, immune system 
processes, metabolic processes and cell development processes and TGF-β, MAPK, cAMP, mTOR, PI3K-
Akt and other signaling pathways. By constructing a network of mRNAs, miRNAs and lncRNAs based 
on the major differentially expressed RNAs, core regulatory elements associated with hypoxic adaptive 
function were identified. Our study may help to prove the potential role of differential genes related to 
hypoxic adaptation, and enhanced understanding of the molecular mechanisms of hypoxic adaptation 
in yak heart.
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In China, the Qinghai-Tibet Plateau, boasting an average altitude exceeding 4000 m, is characterized by severe 
and complex plateau climate conditions, including low atmospheric pressure, low oxygen content and low 
temperature1. The heart serves as the driving force of blood circulation, with the coronary arteries acting as vital 
vessels for heart nutrition. Consequently, the coronary arteries are particularly susceptible to hemodynamic 
alterations compared to arteries in other organs. Numerous studies have shown that the migration of typical 
lowland animals to plateau environments often leads to symptoms such as pulmonary hypertension and right 
heart hypertrophy2,3. Yaks, as a representative animal living in high altitude regions for a long time, despite long-
term exposure to such extreme environments. They exhibit remarkable resilience, avoiding clinical symptoms 
such as right heart hypertrophy and right heart failure through long-term anatomical and physiological 
adaptations in their cardiac system4,5. Therefore, research on the molecular mechanism of its adaptation to 
hypoxia has emerged as a long-term discussion hotspot6,7.

Hypoxia has a complex association with several major human diseases, including cardiovascular and 
cerebrovascular diseases, sleep apnea hypopnea syndrome and altitude sickness8,9. Research have shown that yaks 
and Tibetans have been found to maintain normal hemoglobin levels, distinguishing them from lowland cattle 
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and lowland humans, suggesting the presence of different molecular mechanisms that protect them from high 
altitude polycythemia10,11. Consequently, unraveling the molecular genetic foundations of adaptability stands as 
a central objective in evolutionary genetics. By understanding how plateau animals cope with challenges such as 
hypoxia and cold, we have gained valuable insights into the evolutionary process of adaptability. Recent strides 
in transcriptome sequencing technology have opened up new avenues for exploring the molecular genetic basis 
of adaptive physiological traits.

A growing body of evidence suggests that new mechanisms by which non-coding RNAs interact with mRNAs, 
including long non-coding RNAs (lncRNAs), messenger RNAs (mRNAs) and microRNAs (miRNAs)12–14. 
LncRNAs, comprising hundreds to thousands of nucleotides, emerge as pivotal players in various biological 
processes, spanning cell cycle regulation, epigenetic modifications, and energy homeostasis15. Research has 
shown that lncRNAs act as competitive endogenous RNAs (ceRNAs) and miRNA sponges to regluate the 
expression of target genes16. Furthermore, lncRNA ENST00113 has been implicated in promoting the growth 
and metastasis of atherosclerotic cells through the PI3K/Akt/mTOR pathway17. miRNAs consist of small 
RNA molecules approximately 22 nucleotides in length. Research has shown that miRNAs are involved in the 
hypoxic remodeling of coronary artery smooth muscle cells (CASMCs) by regulating the transcription levels of 
transcription factors and genes18. Previous studies have performed comparative analyses of tissue differences 
between yaks and yellow cattle using genome and transcriptome sequencing techniques. Notably, lung and heart 
emerged as two pivotal organs showing significant differences, with more than 90% of differentially expressed 
genes across altitudes demonstrating nonlinear regulation in lung tissue. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis revealed abundant pathways related to cell survival and proliferation, including 
PI3K-Akt, HIF-1α and ECM-receptor interactions19,20. Those results underscored adaptive transcriptional 
changes in yak heart and lung tissues.

Therefore, to investigate the regulatory changes of genes associated with hypoxic adaptation in yak heart 
vessels in depth, we conducted microarray analysis on CASMCs of yak heart under hypoxic (5% O2) and 
normoxic (21% O2) conditions. Gene Ontology (GO) and KEGG analysis, we identified differentially expressed 
genes and enriched signaling pathways. Subsequently, we constructed differential gene expression networks for 
mRNAs, miRNAs and lncRNAs to pinpoint RNA markers linked to hypoxic adaptation in yak heart vessels. This 
study not only advances our understanding of the molecular mechanisms of hypoxic adaptation in yaks but also 
facilitates the scientific exploitation of yak material resources.

Results
Culture and identification of yak heart CASMCs
Primary CASMCs were isolated and cultured in vitro. As shown in Fig. 1A, the cultured cells began to adhere 
to the extension at the bottom of the culture flask within 5 days of the initial culture, and after confluence (7–8 
days of culturing) they exhibited a typical “hills and valleys” appearance. The purification of primary cells was 
confirmed through strongly positive staining for α-smooth muscle actin (green) and calponin-1 (green), but 
negative staining for CD31 (Fig. 1B). Therefore, IF staining confirmed that more than 98% of the isolated cells 
were indeed smooth muscle cells.

Effects of hypoxia on the proliferation of CASMCs
The CCK-8 cell proliferation kit was used to measure cell proliferation showed that compared with the normoxic 
group, the rate of the hypoxic group was significantly higher, and the difference was significant after 48  h 
(Fig. 2A). In addition, the expression of Proliferating Cell Nuclear Antigen (PCNA) in CASMCs under hypoxic 
and normoxic conditions was examined by western-blot. The results showed that compared with normoxic 
condition, hypoxic promoted the expression of PCNA protein (Fig. 2B, C).

Quality detection of total RNA in CASMCs
The RNA extracted from cells of both the normoxic and hypoxic groups underwent agarose electrophoresis, 
with the results depicted in Fig. 3A. All RNA samples exhibited three distinct bands, 28 S, 18 S and 5 S from top 
to bottom. Respectively, signifying the absence of notable RNA degradation. This observation indicates that all 
samples successfully passed quality inspection, meeting the criteria for database construction.

Whole transcriptome sequencing results
This study involved the successful construction of six cDNA libraries using Illumina sequencing technology. 
Three libraries were derived from the hypoxic group (5% O2 CASMCs), labeled as 5% O2 CASMC-1, 5% 
O2 CASMC-2 and 5% O2 CASMC-3, while the remaining three originated from the normoxic group (21% 
O2 CASMCs), denoted as 21% O2 CASMCs-1, 21% O2 CASMCs-2 and 21% O2 CASMCs-3. These libraries 
underwent high-throughput sequencing analysis, yielding a total of 35.92  g of clean data. Following quality 
control and data screening procedures, 79,468,573 reads of high quality were obtained. The clean data derived 
from the six libraries were further processed. High-quality clean reads were aligned to the ribosomal RNA of 
the target species and subsequently removed, resulting in 77,704,626 valid reads. The average Q30 score was 
92.8%, indicating high sequencing accuracy, and the average GC content was 50.013%, consistent with the 
expected genome distribution. Subsequently, after the quality control of the raw data were compared with the 
yak reference genome (Bos mutus) (Ensembl_release100, ​h​t​t​p​s​:​​/​/​f​t​p​.​​e​n​s​e​m​b​​l​.​o​r​g​/​​p​u​b​/​r​​e​l​e​a​s​e​​-​1​0​0​/​g​​t​f​/​b​o​s​​_​g​r​u​n​
n​i​e​n​s​/), achieving an average alignment rate of 90.584%. This robust alignment rate emphasizes the reliability of 
the comparison results, affirming their suitability for subsequent data analysis.

Scientific Reports |         (2025) 15:9165 2| https://doi.org/10.1038/s41598-025-85483-4

www.nature.com/scientificreports/

https://ftp.ensembl.org/pub/release-100/gtf/bos_grunniens/
https://ftp.ensembl.org/pub/release-100/gtf/bos_grunniens/
http://www.nature.com/scientificreports


Fig. 1.  Culture characteristics of yak heart coronary smooth muscle cells (CASMCs). (A) Morphological 
observation of primary CASMCs for 5 and 7 days of in vitro culture. The cultured cells were spindle-like and 
exhibited a typical “hills and valley” appearance on day 7. Magnification: × 10, Bar = 200 μm. (B) Positive 
staining for α-SMA and calponin-1, CD-31 exhibited no expression, and the cells were identified as CASMCs. 
Magnification: × 10, Bar = 200 μm.
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Differential expression analysis of DElncRNAs, DEmRNAs and DEmiRNAs
A total of 285 DElncRNAs were identified from the six libraries, of which 212 were up-regulated and 73 were 
down-regulated (Fig. 4A). These DElncRNAs are visually represented in a heatmap based on their gene expression 
patterns (Fig. 4B). Additionally, 835 DEmRNAs were identified, of which 608 were up-regulated and 227 were 
down-regulated (Fig. 4C), and their expression patterns are depicted in a heatmap (Fig. 4D). Furthermore, 126 
DEmiRNAs were identified, of which 61 were up-regulated and 65 were down-regulated (Fig. 4E), and their gene 
expression heatmap is presented (Fig. 4F).

GO enrichment analysis
To further elucidate the functions of DEmRNAs, DElncRNAs and DEmiRNAs in the hypoxic adaptation of 
yak heart vessels, we conducted GO enrichment analysis of the differential genes using Goatools software. 
This analysis includes three main aspects: cellular component, molecular function and biological process. As 
shown in Fig. 5A-D, the top 20 GO terms of DEGs were significantly enriched. Notably, cellular component 
enrichment primarily involved extracellular matrix components and cellular parts. Molecular function 
enrichment centered around molecular function regulator, transcription factor activity, protein binding and 

Fig. 3.  Agarose gel electrophoresis of total RNA in CASMCs of normoxic and hypoxic groups. (A) 1 to 3 
represent three biological replicates in the normoxic group, and 4 to 6 represent three biological replicates in 
the hypoxic group. M: Marker.

 

Fig. 2.  Normoxia and hypoxia induces the expression of PCNA in CASMCs. (A) CCK-8 proliferation assay 
was used to detect the proliferation of CASMCs under normoxic and hypoxic conditions (n = 4). (B, C) The 
level of PCNA protein in normoxia and hypoxia groups was detected by western-blot (n = 3).
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catalytic activity. Biological process enrichment mainly included immune system processes, metabolic processes 
and cell development processes.

Enrichment analysis of KEGG signaling pathways
Utilizing the KEGG database, we conducted enrichment analysis to classify the DEmRNAs, DElncRNAs and 
DEmiRNAs according to the pathways in which they participate. As shown in Fig. 6A-D, the results revealed that 
the DEGs identified in both the normoxic and hypoxic groups were predominantly enriched in various signaling 
pathways. These pathways include the TGF-β signaling pathway, MAPK signaling pathway, cAMP signaling 
pathway, mTOR signaling pathway and PI3K-Akt signaling pathway.

Regulatory ceRNA network of CASMCs in normoxic and hypoxic groups
To gain deeper insight into the regulatory effects of lncRNAs and miRNAs on CASMCs of yak heart under 
hypoxic and normoxic conditions, we utilized Cytoscape to construct the mRNA-miRNA-lncRNA co-
expression network. In this network, mRNAs are represented by green circles, miRNAs by red circles, 
and lncRNAs by yellow circles. During the analysis, we identified a total of 2660 relationship pairs that met 
specific criteria (negative correlation ≤ –  0.5, positive correlation ≥ 0.7, and p < 0.05), resulting in numerous 
relationship pairs that couldn’t be visualized in the network diagram (Fig.  7A). To illustrate, we selected 
four mRNAs with significant differences and their associated lncRNAs and miRNAs relationship pairs to 
construct the relevant network graph. For instance, DDIT4 (DNA Damage Inducible Transcrip 4), also 
known as REDD1, exhibited regulation of DDIT4 expression by 7 miRNAs and 148 lncRNAs (Fig.  7B). 
Notably, miR-545-x and the lncRNA MSTRG.10328.6, MSTRG.11081.1, MSTRG.1148.1 and MSTRG.11900.1 
were involved in this regulatory network. shows that DDIT4 expression is regulated by 31 miRNAs and 66 
lncRNAs. miR-545-x and MSTRG.10328.6|MSTRG.11081.1|MSTRG.1148.1|MSTRG.11900.1 displayed the 
most significant differences. EGLN3, a member of the hypoxia-inducible factor family encoding EGL-9, was 
found to be regulated by 3 miRNAs and 108 lncRNAs (Fig.  7C). Among them, miR-106-z and the lncRNA 
MSTRG.10002.1|MSTRG.1148.1|MSTRG.1159.1|MSTRG.11900.1 exhibited the most significant differences. 
Adenylate activated protein kinase (AMPK), a crucial sensor of intracellular energy regulation, also known 

Fig. 4.  Histogram and heat map of DEGs in CASMCs of normoxic and hypoxic groups. (A) Histogram of 
DElncRNAs in CASMCs of normoxic and hypoxic groups. (B) Heat map of DElncRNAs in CASMCs of 
normoxic and hypoxic groups. (C) Histogram of DEmRNAs in CASMCs of normoxic and hypoxic groups. 
(D) Heat map of DEmRNAs in CASMCs of normoxic and hypoxic groups.(E) Histogram of DEmiRNAs 
in CASMCs of normoxic and hypoxic groups. (F) Heat map of DEmiRNAs in CASMCs of normoxic and 
hypoxic groups. Red Histogram: Up-regulated genes. Blue Histogram: Down-regulated genes. MNXG 21% O2 : 
normoxic group. MNXG 5% O2 : hypoxic group.
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as PRKAA2, is regulated by 1 miRNA and 9 lncRNAs (Fig.  7D). Notably, miR-9985-z and the lncRNA 
MSTRG.10191.1|MSTRG.12914.3|MSTRG.6008.2 were prominent in this regulatory network. TP53INP2, a 
nuclear localization protein, regulated by 5 miRNAs and 33 lncRNAs (Fig. 7E). Among them, miR-485-x and 
the lncRNA MSTRG.11450.2|MSTRG.16226.1|MSTRG.16226.2|MSTRG.2032.1 displayed the most significant 
differences.

The accuracy of the sequencing results was verified by qRT-PCR
To validate the accuracy of sequencing results for DElncRNAs, DEmiRNAs and DEmRNAs, we randomly 
selected 11 mRNAs, 11 lncRNAs and 8 miRNAs for qRT-PCR analysis. The expression levels of these differential 
genes were examined in CASMCs of yak hearts under hypoxic and normoxic conditions (Fig. 8A-C). The qRT-
PCR results demonstrated that although there were some quantitative differences between the qRT-PCR and 
RNA-seq analysis platforms, the relative expression levels of DEGs tended to be consistent between the two 
methods. This consistency demonstrates the reliability of the RNA-seq results, affirming their suitability for 
bioinformatics analysis.

Discussion
High-altitude adaptation is an extremely complex biological process involving countless molecules and biological 
processes21. Over time, through natural and artificial selection, yaks have demonstrated remarkable adaptability 
to harsh and extreme environments, making them an ideal model for studying high-altitude adaptation 
mechanisms22,23. Previous studies have highlighted the heart as a pivotal organ in yak hypoxia adaptability. In 
this study, it was found that hypoxia could promote the proliferation of CASMCs in yak heart, suggesting that 

Fig. 5.  Histogram and radar chart of GO functional annotation associated with DElncRNAs, DEmRNAs 
and DEmiRNAs in CASMCs of normoxic and hypoxic groups. (A) DElncRNAs and DEmRNAs related GO 
functionally annotated antisense histogram in CASMCs of normoxic and hypoxic groups. (B) DElncRNAs and 
DEmRNAs related GO functionally annotated cis histogram in CASMCs of normoxic and hypoxic groups. 
(C) DElncRNAs and DEmRNAs related GO functionally annotated trans histogram in CASMCs of normoxic 
and hypoxic groups. (D) DEmiRNAs related GO functional annotation in CASMCs of normoxic and hypoxic 
groups. Red bar chart: Biological Process. Green bar chart: Cellular Component. Blue bar chart: Molecular 
Function.
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CASMCs play an important role in the process of hypoxic adaptation in yak heart. To investigate the mechanism, 
whole transcriptome analysis of yak heart CASMCs in hypoxic and normoxic conditions, yielded a total of 
35.92 G of raw data. Additionally, previous studies on the whole transcriptome of yak and bovine heart tissues 
provided 973,288,574 raw data24–26. This highlights the depth and throughput of the sequencing performed on 
yak heart samples, confirming its validity from a cellular perspective. The average Q20 and Q30 values of filtered 
bases were 97.33% and 92.8% respectively. Compared with the reference genome, the sequencing coverage was 
approximately 90.58%, indicating the high accuracy of the high-throughput data obtained in this study.

In this study, we analyzed the expression profiles of DElncRNAs, DEmRNAs and DEmiRNAs to elucidate 
the genes associated with hypoxic adaptation. Employing criteria of p < 0.5 and fold change ≥ 1.5, we identified a 
total of 285 DElncRNAs, 835 DEmRNAs and 126 DEmiRNAs in CASMCs under hypoxic and normoxic groups. 
Notably, this exceeds the number reported in previous studies on miRNA expression profiling in yak and bovine 
heart tissue20. Subsequently, GO functional enrichment analysis revealed that the differential DEGs between the 
two groups of cells were primarily enriched in extracellular matrix components, molecular function regulators, 
immune system processes, metabolic processes, and cell development processes. Previous studies have indicated 
that numerous genes in high-altitude Tibetan pigs are associated with DNA repair, blood circulation and immunity 
compared to low-altitude pigs27. Moreover, previous research in our laboratory highlighted the enrichment of 
immune responses in yak lung tissue, suggesting that the adaptation mechanism of yaks to hypoxic environment 
without inducing hypoxic damage to lung tissue. Similarly, in this study, we observed that the immune system 
process in cardiac tissue played an pivotal role in the hypoxic adaptation process of CASMCs. These findings 
highlight the complex molecular mechanisms underlying hypoxic adaptation in yak heart vessels.

The regulation of signal pathway is crucial in the adaptation of yaks to hypoxia. Through KEGG enrichment 
analysis, we found that the differential DEGs were primarily involved in in signaling pathways such as HIF-1α, 

Fig. 6.  Bubble plots and radar chart of KEGG pathways associated with DElncRNAs, DEmRNAs and miRNAs 
in CASMCs of normoxic and hypoxic groups. (A) DElncRNAs and DEmRNAs related KEGG pathways 
antisense bubble plotsm in CASMCs of normoxic and hypoxic groups. (B) DElncRNAs and DEmRNAs 
related KEGG pathways cis bubble plotsm in CASMCs of normoxic and hypoxic groups. (C) DElncRNAs and 
DEmRNAs related KEGG pathways trans bubble plotsm in CASMCs of normoxic and hypoxic groups. (D) 
DEmiRNAs related KEGG pathway in CASMCs of normoxic and hypoxic groups.
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PI3K-Akt, mTOR, MAPK, ECM receptor interaction. Previous studies have revealed that the target genes of 
yak heart miRNA are predominantly associated with hypoxia-related functions, including HIF-1α, PI3K-Akt 
and P53 signaling pathways28, which were predominantly associated with previous research, providing initial 
evidence for the hypoxic adaptation mechanism of CASMCs. Transcriptome analysis of Tibetan chickens and 
kamara chickens (normoxic control) identified 354 mRNAs, 389 DElncRNAs and 73 DEmiRNAs. It was observed 
that important miRNAs, along with their target lncRNAs and DEmRNAs, were predominantly involved in 
angiogenesis and energy metabolism, which is consistent with our findings29. Previous research has underscored 
the critical role of high energy metabolism levels in yaks during plateau hypoxic adaptation30,31. Additionally, 
the PI3K-Akt and MAPK signaling pathways are vital for cell proliferation signal transmission, with their 
interaction being linked to plateau adaptation32,33. Wen used high-throughput sequencing to study the adaptive 
changes of blood physiology and biochemistry, heart, liver, lung, brain and quadriceps muscle of Tibetan sheep, 
and found that a large number of hypoxia-related functional genes and pathways could be enriched in the blood 
pressure indicators and myocardial tissue, resulting in significant changes to adapt to hypoxic changes34. The 
DEGs identified in this study are not only implicated in the regulation of hypoxia-related pathways, but also may 

Fig. 8.  Comparison of differential gene expression levels of mRNAs, miRNAs and lncRNAs in CASMCs of 
normoxic and hypoxic groups detected by qRT-PCR. (A) The expression levels of DEmRNAs in CASMCs 
of normoxic and hypoxic groups. (B) The expression levels of DElncRNAs in CASMCs of normoxic and 
hypoxic groups. (C) The expression levels of DEmiRNAs in CASMCs of normoxic and hypoxic groups. Green 
Histogram: hypoxic group. Red Histogram: normoxic group.

 

Fig. 7.  ceRNA network diagram in CASMCs of normoxic and hypoxic groups. (A) ceRNA regulatory network 
of significantly different genes in CASMCs of normoxic and hypoxic groups. (B) Network diagram of DDIT4 
gene in CASMCs of normoxic and hypoxic groups. (C) Network diagram of EGLN3 gene in CASMCs of 
normoxic and hypoxic groups. (D) Network diagram of PRKAA2 gene in CASMCs of normoxic and hypoxic 
groups. (E) Network diagram of TP53INP2 gene in CASMCs of normoxic and hypoxic groups.
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participate in other biological processes. These genes exhibit functions closely associated with cardiovascular 
development and are involved in pathways releted to heart development and function. Hence, our study posits 
that these transcriptome factors may exert their effects by modulating the transcriptional expression of target 
genes during hypoxic adaptation. This regulatory mechanism ensures the normal development of the heart 
and blood vessels, as well as the proper blood pumping function of plateau yaks, which is conducive to the 
adaptation to hypoxic environments. By elucidating these regulatory mechanisms, we gain deeper insights into 
the molecular underpinnings of hypoxic adaptation in yaks, shedding light on potential targets for therapeutic 
interventions to enhance hypoxia tolerance in various organisms.

In our study, to delve deeper into miRNA regulation, we conducted association analysis of DEmRNAs, 
DEmiRNAs and DElncRNAs, constructing a comprehensive co-expression network graph of mRNA-miRNA-
lncRNA interactions. This network comprised 2660 pairs of relationships, offering valuable insights into the 
role of yak heart vessels in hypoxic adaptation. Furthermore, combined with the results of this study and the 
transcriptome studies related to high-altitude hypoxic adaptation such as yak, Tibetan pig, Tibetan chicken 
and human, we selected DEGs related to vascular system development, hypoxic adaptation and autophagy for 
qRT-PCR verification, constructing the corresponding co-expression network graph. For instance, the mRNA 
levels of EGLN3, DDIT4 and BNIP3 were up-regulated, while the mRNA levels of CXCL8, PRKCG, PTGS2, 
NTF3, AVPR1A, MYLK and TP53INP2were down-regulated. Additionally, certain lncRNAs (MSTRG 16371.3, 
MSTRG 15951.2, MSTRG 1819.2, MSTRG 2486.1, MSTRG 11450.2, MSTRG 12914.3 and MSTRG 2198.2 ) were 
down-regulated, while others (MSTRG 7936.12, MSTRG 2010.1, MSTRG 5886.3 and MSTRG 14909.2 ) were 
up-regulated. Moreover, miR-545-x, miR-19-x, miR-9985-z, miR-106-z and miR-5652-x were down-regulated. 
miR-709-z, miR-6518-z and miR-1577-z were up-regulated. EGLN3, a member of the hypoxia-inducible factor 
family encoding EGL-9, lays a crucial role in regulating HIF-1α level under hypoxic conditions, acilitating red 
blood cell formation and enhancing oxygen transport and utilization by cells35. Similarly, DDIT4, also known 
as REDD1, was identified as a target gene of HIF-1α in 2002 and was induced to express under hypoxia36. 
DDIT4 is triggered and expressed under various stress conditions, and its inhibition of the mTOR complex 
(mTORC1) regulates numerous cellular processes, including protein synthesis, growth, aging, regeneration and 
autophagy. Studies have revealed that lncRNA C2dat2 promotes autophagy and apoptosis through the miR-
30d-5p/DDIT4/mTOR axis in cerebral is chemia/reperfusion, which improves the potential therapeutic target 
for ischemic stroke treatment37. Indeed, chemokines (CXCL), as a superfamily of chemotactic cytokines, exert 
pivotal roles in regulating cell migration under inflammatory and physiological conditions38. They facilitate 
leukocyte mobilization and modulate the immune responses differentiation of recruited cells39, angiogenesis40, 
organogenesis and germ cell migration41, hypoxia response42and normal development and growth43. 
Meanwhile, TP53INP2, a nuclear localization protein, shares functional similarities with TP53INP1, which acts 
as a coactivator of p53 and other transcription factors in the nucleus to regulate the expression of apoptosis 
and cell cycle-related genes44,45. Notably, study has demonstrated that miR-362-3p exerts a protective effect 
on cardiomyocyte apoptosis induced by hypoxia/reoxygenation through the inhibition of TP53INP246. In our 
study, the differentially expressed genes were primarily implicated in signaling pathways such as HIF-1α, PI3K-
Akt and autophagy, and fulfilled functions including hypoxic adaptation, angiogenesis and cell proliferation. 
Moreover, several relationship pairs related to cardiovascular development were enriched, suggesting their 
significance in the hypoxic adaptation process. Furthermore, we constructed the ceRNA network of related 
DEGs, providing foundational insights into the specific mechanisms underlying the differential gene functions 
in hypoxic adaptation.

This study reports for the first time the expression differences of mRNAs, lncRNAs and miRNAs, along with 
the construction of a differential regulatory network of ncRNAs between the hypoxic and normoxic groups of 
CASMCs. We identified DDIT4, PRKCG and EGLN3 mas potential key factors for the hypoxic adaptation of the 
heart and blood vessels, while TP53INP2 emerged as an important regulator of cell autophagy, modulated by 
ncRNAs. In summary, our findings offer a foundational research direction for exploring the pivotal molecules 
of ncRNAs influencing the hypoxic adaptation function of yak heart and blood vessels. This study contributes 
to advancing our understanding of the molecular mechanisms underlying hypoxic adaptation in yaks, paving 
the way for further investigations aimed at uncovering therapeutic targets for enhancing hypoxia tolerance in 
various organisms.

Materials and methods
Sample collection
The heart samples of yaks without clinical pathological manifestations were collected from slaughter house 
(Altitude > 4000 m). Samples were placed for 4 h in sterile saline containing 100 IU/mL penicillin and 100 µg/
mL streptomycin and transported back to the laboratory for tissue processing to isolate and culture yak heart 
CASMCs. All experimental procedures were carried out in accordance with the Code of Animal Ethics of the 
People’s Republic of China. The study was also approved by the Animal Ethics Committee of Gansu Agricultural 
University.

The isolation and culture of the yak heart coronary smooth muscle cells
CASMCs were cultured as described previously47,48. Briefly, the adventitia of blood vessels was removed, the 
isolated coronary arteries were opened, and endothelial cells were gently scraped off with a scalpel blade. The 
remaining tissues were cut into pieces of 1 mm3 size. The cells were incubated with 1 mg/mL collagenase type 
I and II in dulbecco’s modified eagles medium (DMEM/F12, 12400024, Gibco, New York, U.S.). The cells were 
then collected through centrifugation at 1000  rpm for 5  min and resuspended with DMEM/F12 medium 
supplemented with penicillin (50 IU/mL), streptomycin (50 µg/mL), and fetal bovine serum (20% v/v, A5669701, 
Gibco). The cell suspension was filtered sequentially with 100, 200, and 400 μm cell strainers. Then, these cells 
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were maintained at 37℃ in a 5% CO2 incubator. When primary cells grew to 90% confluency, cells were digested 
with 0.25% trypsin containing 0.01% EDTA and then neutralized with DMEM/F12 containing 20% FBS. The cell 
passage ratio was 1:2 or 1:3, and only 3–5 passages were used in subsequent experiments.

Cell treatment
The experiment was divided into control group and treatment group. In the control group, CASMCs were placed 
in a standard (37℃, 21% O2, 5% CO2) water jacket cell incubator. To simulate moderate hypoxic conditions, 
CASMCs were exposed to a three-gas incubator (Thermo Forma 3111, MA, U.S.) (37℃, 5% O2, 5% CO2) that 
maintained subambient O2 levels by regulated N2 infusion. In all studies, cells were maintained at hypoxic levels 
throughout the experimental period without any brief reoxygenation periods that could affect the proliferation 
of CASMCs.

Immunofluorescence analysis
Cells in third passage were cultured to logarithmic growth phase, their density were adjusted to 1 × 104 mL−1, and 
added to the sterile cover glass in the 6-well plate. After the cells were covered to about 70% of the sterile cover 
glass, and fixed with 4% PFA for 1 h, incubated for 20 min with 0.5% Triton X-100 for permeabilization, then 
blocked with 5% bovine serum albumin for 1 h. Then, primary anti-α-SMA (1:100, AF0048, Affinity, Jiangsu, 
China), anti-Calponin-1 (1:100, bs-0095R, Bioss, Beijing, China), and anti-CD31 (1:200, ab119339, Abcam, 
Cambridge, UK) antibodies were added and incubated overnight at 4℃. PBS was used as the negative control 
and anti-rabbit IgG Alexa Fluor  488(1:250, S0018, Affinity) was added for 1 h. Nuclei were counterstained with 
4’,6-diamidino-2-phenylindole (DAPI). Digital images were acquired under a fluorescence inverted microscope 
(Olympus-DP71, Tokyo, Japan).

Cell counting Kit-8 (CCK-8)
In order to study the hypoxia adaptability of yak heart CASMCs, CCK-8 was used to detect the effect of hypoxia 
on their proliferation activity. To be specific, the cells of 3–4 passages in logarithmic growth phase were added to 
96-well plates at a cell density of 3 × 104 mL−1. The plates were placed into the incubator for preculturing for 24 h. 
The cells were treated with 5% O2 and 21% O2 for 48 h, and then 10 µL of CCK-8 solution and 90 µL of DMEM/
F12 medium were added to the well plate and incubated for 2 h. The absorbance was determined at 450 nm using 
a microplate reader.

Western-blot
In order to study the hypoxia adaptability of yak heart CASMCs, PCNA protein by western blot was detected 
in yak heart CASMCs treated with normoxic and hypoxic. To be specific, the harvested cells were lysed on ice 
using RIPA lysis buffer (Solarbio, Beijing, China) for 30 min and protein concentrations were estimated by a 
BCA Protein Assay Kit (Thermo Fisher Scientific, MA, U.S.). Then, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis was performed to separate the proteins. The protein was transferred to polyvinylidene fluoride 
membrane and blocking with 5% skim milk for 2 h. Then, anti-PCNA (1:1000, NBP1-32075, Novus Biologicals, 
Colorado, U.S.), and β-actin (1:8000, AF7018, Affinity) were added and incubated overnight at 4℃. Next, 
secondary antibodies goat anti-rabbit (1:5000, HS101, TransGen, Beijing, China) were added and incubated 
for 1 h. ECL Plus (Vazyme, Nanjing, China) was used to visualize the bands, and the experiment was repeated 
thrice. Image J software was used to scan the western-blot bands for image analysis, and the relative expression 
was calculated.

Detection of total RNA quality
Total RNA was isolated from CASMCs treated with samples from yak hearts subjected to normoxic and 
hypoxic conditions for 48 h using the TRIzol kit following the manufacturer’s instructionsl. RNA quality was 
evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, U.S.) and confirmed via agarose 
gel electrophoresis.

Construction of lncRNAs and mRNAs library
The remaining RNA was fragmented randomly for cDNA synthesis. A strand-specific method was employed 
for library construction, involving the use of rRNA-depleted RNA as a template for the first strand cDNA 
synthesis, followed by the synthesis of the second strand of cDNA using dNTPs, RNase H and DNA polymerase 
I. The resulting cDNA was purified using AMPure XP Beads, and subsequent steps included cDNA fragment 
purification, end repair, poly(A) addition, and Illumina HiSeqTM4000 sequencing adapter linkage using the 
QIAquickPCR extraction kit. The second-strand cDNA was digested with uracil N-glycosylase. Finally, the size 
selection of cDNA fragments was conducted via agarose gel electrophoresis, followed by PCR, amplification 
and sequencing by Gene Denovo on the Illumina HiSeqTM4000 platform (Guangzhou, China). Firstly, Fastp 
(V0.18.0)49was utilized for quality control of the original data, low-quality regions with an unknown nucleotide 
(N) proportion of less than 10% (> 50% bases, q-value ≤ 20) were removed to yield high-quality data (clean data) 
for subsequent analysis. The clean reads were then aligned to the ribosome database of the respective species 
using Bowtie2 (V2.2.8)50. The clean reads were aligned to the reference genome utilizing HISAT2 (V2.1.0)51. 
Subsequently, the sequences aligned to the reference genome were employed for mRNA assembly using StringTie 
(V1.3.4) software. The Gene Denovo platform was then utilized for clustering of the differential expression 
patterns. Expression levels of both lncRNA and mRNA were normalized using FPKM (fragments per kilobase per 
million reads) to transcript segments. Differential gene coding potential analysis was conducted using CNCI52, 
CPC253, PFAM54, and CPAT55. In order to more comprehensively excavate the target genes related to the hypoxic 
adaptive function of yak heart CASMCs, the R package DESeq256 was employed to ascertain the significance of 
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differential lncRNA and mRNA, with a criterion of p < 0.5 and fold change ≥ 1.5 utilized for screening differential 
genes to identify significant DEGs. It meets the threshold requirements of biological analysis.

Construction of miRNAs library
The small RNA was isolated via polyacrylamide gel electrophoresis (PAGE), selecting bands within the range 
of 18–30 nucleotides. Subsequently, 3’ and 5’ connectors were individually attached to the RNA. PCR products 
ranging from 140 to 160 base pairs were enriched to generate cDNA libraries through PCR amplification of 
reverse transcription products. To ensure data quality, the original data underwent filtering before information 
analysis. Firstly, raw reads were subjected to quality control using fastp (http://github.com/OpenGene/fastp) to 
remove low-quality data and obtain clean bases. Reads containing adapter were discarded, and those containing 
more than 10% of N bases were eliminated. Low-quality reads, defined as those where the number of bases with 
a quality value Q ≤ 20 accounted for over 50% of the entire read, were also removed. All the reads were then 
compared with the yak miRNA precursor/mature miRNA sequences in miRBase 21.057 ​(​​​h​t​t​p​:​/​/​w​w​w​.​m​i​r​b​a​s​e​.​o​r​
g​/​f​p​.​s​h​t​m​l​​​​​) to determine the observed miRNA sequence and their abundances in the samples. Additionally, the 
miRNA precursor hairpin structure was utilized to predict new miRNAs. The Milarepa v0.2 (http://sourceforge.
net/projects/mireap/) tool was empolyed to analyze sequences without any comments. The yak reference 
genome and genetic model (Ensembl_release100, ​h​t​t​p​s​:​​​/​​/​f​t​​p​.​e​n​s​e​m​b​​l​.​o​​r​​g​/​p​​u​b​​/​r​e​l​e​​a​​s​e​-​​1​0​​0​​/​g​t​f​​​/​b​o​s​_​g​r​u​n​n​i​e​n​s​/) 
were directly download from the the genome website.

Differential expression analysis of DElncRNAs, DEmRNAs and DEmiRNAs
To identify differentially expressed transcripts between various samples or groups, we applied a threshold of 
fold change ≥ 1.5 and p< 0.05. We utilized DESeq256 and edgeR packages58 for the identification of differentially 
expressed lncRNAs, miRNAs and mRNAs.

Construction of ceRNA regulatory network
Competitive endogenous RNAs (ceRNAs), as transcriptional regulators, influenced the expression of transcript 
products through competitive binding. We conducted pathway network analysis to elucidate the function 
network of differentially expressed mRNAs enriched in KEGG pathway (www.kegg.jp/kegg/kegg1.html). 
TargetScan and miRanda were employed to predict interactions among differentially expressed mRNA-miRNA-
lncRNA trios. The complementary pairs between miRNA and mRNA, miRNA and lncRNA were identified using 
the hypergeometric test and pearson correlation coefficient, and the ceRNA network were constructed. The 
standard was set as p < 0.05 and fold change ≥ 1.559–61. Visualization of the miRNA-lncRNA-mRNA networks 
was achieved using Cytoscape (http://cytoscape.org/).

The expression of DElncRNAs, DEmiRNAs and DEmRNAs by qRT-PCR
Primers were designed using Primer Premier 6.0 based on the whole transcriptome sequencing data of CASMCs 
in both hypoxic and normoxic conditions. A selection of 11 DEmRNAs, 11 DElncRNAs and 8 DEmiRNAs 
were made from the RNA-seq data based on their potential functional significance for subsequent qRT-
PCR validation. The collected cells were used for total RNA extraction by TRIzol method, with their RNA 
concentration quantified via spectrophotometer. Reverse transcription into cDNA was conducted in a PCR 
instrument following the steps in the Go Script™ Reverse Transcription System protocol, with resultant cDNA 
stored at −20℃ for later use. Reverse transcription was performed using Evo M-MLV RT Mix Kit with gDNA 
Clean for qPCR Kit (Accurate Biotechnology, Hunan, China). Subsequently, SYBR Green Premix Pro Taq HS 
qPCR Kit (Accurate Biotechnology, Hunan, China) was employed in a LightCycler®480 instrument II (Roche, 
Switzerland). The total reaction volume was 20 µL. The PCR reaction conditions comprised 40 cycles: initial 
predenaturation at 95℃ for 30 s, denaturation at 95℃ for 5 s, and annealing at 60℃ for 30 s. Melting curve 
analysis assessed amplification specificity. Comparative Ct method (2−△△Ct) was utilized to calculate the 
relative expression of transcripts. β-actin served as the reference gene for mRNA and lncRNA, while U6 served 
as the reference gene for miRNA. Primer specificity was confirmed via BLAST analysis, with single peaks on the 
melting curve indicating primer specificity. Primer details are provided in Tables 1, 2 and 3.

Statistical analysis
The data are expressed as mean ± standard deviation of three independent experiments. Statistical analyses 
were conducted using GraphPad Prism 6.0 software (GraphPad software, San Diego, U.S.). One-way analysis of 
variance was performed using SPSS 21.0 software. nsp ≥ 0.05 indicated nonsignificance, 0.01 ≤ *p < 0.05 denoted 
significance, and **p < 0.01 signified extreme significance.
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Transcript ID Primer sequences (5’−3’)

MSTRG.16371.3
F: ​T​C​G​A​A​C​C​T​G​T​G​T​C​T​C​C​T​G​T​A​G​C

R: ​G​C​A​G​C​A​G​C​A​G​C​A​G​C​A​G​T​G

MSTRG.7936.12
F: ​G​C​A​G​A​A​G​C​A​C​C​A​C​A​G​G​A​A​C​A​C

R: ​A​G​A​C​G​A​T​G​A​G​T​A​T​G​C​C​C​A​G​G​A​T​G

MSTRG.2010.1
F: ​C​C​G​T​G​G​G​G​A​G​C​A​A​C​A​G​A​G​A​G

R: ​C​A​A​C​C​A​T​C​A​C​C​T​T​A​C​G​C​T​T​C​C​T​A​C

MSTRG.15951.2
F: ​C​T​T​A​T​C​C​A​G​T​A​C​C​A​C​A​G​C​C​T​T​G​A​A​G

R: ​A​C​C​C​G​C​A​G​T​T​G​T​A​T​A​A​C​G​C​A​T​C

MSTRG.1819.2
F: ​G​T​T​G​C​T​G​T​C​T​G​C​G​T​G​G​A​T​A​G​T​G

R: ​A​G​G​A​A​C​T​C​T​G​G​A​A​C​C​G​T​G​G​T​G

MSTRG.2486.1
F: ​C​T​T​C​A​T​C​C​G​A​T​G​T​C​G​T​C​T​C​A​A​C​C

R: ​C​C​T​C​C​G​C​C​A​A​G​A​T​T​C​A​T​T​C​T​G​T​A​G

MSTRG.5886.3
F: ​A​T​G​G​C​T​T​G​T​G​C​T​G​G​G​G​A​C​T​C

R: ​G​A​C​C​T​T​G​T​T​G​A​T​G​G​C​T​C​C​T​C​T​T​G

MSTRG.11450.2
F: ​T​C​T​C​T​T​A​C​T​T​C​C​C​T​T​T​C​C​T​C​C​A​C​T​C

R: ​C​T​T​G​C​C​T​T​G​C​C​T​C​C​T​C​A​A​T​G​T​A​G

MSTRG.14909.2
F: ​T​T​T​C​T​C​T​C​C​A​G​T​C​C​C​A​G​C​A​C​C​T​C

R: ​C​A​T​G​T​T​A​G​A​T​T​G​C​C​C​T​G​G​T​C​C​T​G​A​C

MSTRG.12,914
F: ​C​C​T​G​G​A​C​T​G​G​C​A​T​C​T​C​G​T​T​T​C​A​T​A​C

R: ​A​G​A​G​G​G​A​G​A​G​G​G​T​G​G​G​A​A​G​A​T​T​T​G

MSTRG.2198.2
F: ​G​G​G​C​T​T​C​T​C​T​G​G​T​G​G​T​C​T​A​G​T​G​G

R: ​A​C​T​G​G​G​T​C​T​T​A​G​T​T​A​G​G​G​C​A​T​G​A​G​G

Table 2.  qRT-PCR primers of lncRNAs for CASMCs in hypoxic and normoxic groups.

 

Transcript Transcript ID Primer sequences (5’−3’) Product size (bp)

EGLN3 ENSBGRT00000016618
F: ​C​C​T​A​T​G​C​G​A​C​C​A​G​A​T​A​T​G​C​C​A​T​G​A​C

115
R: ​T​C​C​T​C​A​G​T​A​A​G​G​G​C​A​G​G​T​T​C​A​G​T​C

DDIT4 ENSBGRT00000044713
F: ​T​C​C​T​C​T​T​C​G​T​C​C​T​C​G​T​C​C​T​T​G​T​C

144
R: ​G​T​T​G​C​T​G​C​T​G​T​C​C​A​G​G​G​A​T​T​C​G

PRKCG ENSBGRT00000040005
F: ​G​T​G​G​A​C​G​G​C​T​G​G​T​A​C​A​A​G​T​T​A​C​T​G

139
R: ​T​C​C​G​C​A​C​C​C​T​C​T​C​G​T​A​T​A​G​T​T​C​C

PTGS2 ENSBGRT00000034456
F: ​T​G​G​T​C​T​G​G​T​G​C​C​T​G​G​T​C​T​G​A​T​G

118
R: ​T​G​T​C​T​G​G​A​A​C​A​A​C​T​G​C​T​C​A​T​C​G​C

NTF3 ENSBGRT00000020208
F: ​T​G​C​C​A​C​G​A​T​C​T​T​A​C​A​G​G​T​G​A​A​C​A​A​G

80
R: ​C​T​T​G​G​A​C​G​C​C​A​C​G​G​A​G​A​T​A​A​G​C

BNIP3 ENSBGRT00000023385
F: ​G​A​G​A​C​A​G​A​C​A​C​G​C​A​C​A​G​C​C​T​T​G

130
R: ​G​C​C​G​A​C​T​G​G​A​C​C​A​A​T​C​C​C​A​A​A​T​C

AVPR1A ENSBGRT00000028675
F: ​G​C​T​G​G​G​A​C​A​T​C​A​C​C​T​A​C​C​G​T​T​T​C

87
R: ​C​C​G​A​G​G​C​G​A​A​C​A​T​G​G​C​G​A​A​C

CXCL8 ENSBGRT00000037432
F: ​G​C​T​G​G​C​T​G​T​T​G​C​T​C​T​C​T​T​G​G​C

127
R: ​G​G​G​G​T​G​G​A​A​A​G​G​T​G​T​G​G​A​A​T​G​T​G

MYLK ENSBGRT00000016257
F: ​A​G​G​A​A​G​G​A​G​C​C​A​C​C​G​C​C​A​A​G

111
R: ​C​A​T​G​T​C​T​A​C​T​G​G​A​G​G​G​C​T​T​C​A​C​T​T​G

TP53INP2 ENSBGRT00000014444
F: ​A​G​C​G​C​C​T​C​A​C​C​A​G​C​C​T​C​T​T​C

99
R: ​A​G​C​C​A​T​C​C​A​C​T​T​C​A​T​C​C​T​C​C​T​C​A​G

PRKAA2 ENSBGRT00000001054
F: ​A​T​G​A​T​G​A​G​G​T​G​G​T​G​G​A​G​C​A​G​A​G​G

137
R: ​G​C​C​C​G​T​G​A​G​A​G​A​G​C​C​A​G​A​G​A​G

β-actin XM_005887322.2
F: ​T​C​C​T​G​C​G​G​C​A​T​T​C​A​C​G​A​A​A​C​T​A​C

80
R: ​G​T​G​T​T​G​G​C​G​T​A​G​A​G​G​T​C​C​T​T​G​C

Table 1.  qRT-PCR primers of mRNAs for CASMCs in hypoxic and normoxic groups.
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Data availability
Raw sequencing reads of lncRNA-seq and miRNA-seq in this paper have been deposited in the NCBI Sequence 
Read Archive (SRA) under BioProject accession number PRJNA1128418.
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