communications biology

Article

A Nature Portfolio journal

https://doi.org/10.1038/s42003-026-10151-w

Multi-omics dissection of heat stress
reveals CIITA as a central regulator of
metabolic thermotolerance in cattle (Bos

taurus)
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Climate-driven heat stress disrupts metabolic homeostasis in livestock, yet the molecular
mechanisms underlying adaptive responses remain poorly understood. Here, we integrated newly
generated plasma metabolomic data from 111 heat-stressed cows with previously published whole-
genome sequencing datasets from the same animals, identifying 30 metabolic markers and 27 copy
number variations (CNVs) associated with 25 candidate genes involved in the regulation of these
metabolites. Notably, a CNV hotspot encompassing CIlITA emerged as a key pleiotropic locus strongly
associated with acylcarnitine levels, body weight, and rectal temperature. Heat exposure suppressed
CIITA expression in skeletal muscle, correlating with impaired myogenic development. We
demonstrate that CIITA overexpression in vitro induces coordinated remodeling of cell cycle-related
gene expression and partially alleviates heat-induced inhibition of myoblast proliferation. Moreover,
CIITA overexpression markedly suppresses long-chain fatty acid 3-oxidation and mitochondrial
electron transport activity, accompanied by reduced adenosine triphosphate production, suggesting
that CIITA may limit metabolic heat generation by constraining mitochondrial metabolic flux. Overall,
these findings position CIITA as a central integrative regulator linking immune function, energy
metabolism, and cell proliferation during bovine adaptation to heat stress, and highlight a potential

genetic target for improving thermotolerance in livestock.

Heat stress poses a significant threat to livestock health and welfare,
compromising animal productivity, product quality, and causing sub-
stantial economic losses. The detrimental effects of heat stress are being
progressively exacerbated by ongoing climate change'”. Under the state
of heat stress, livestock regulate body temperature constancy by elevated
respiratory rates, enhanced sweat secretion, and increased cutaneous
blood flow’. Notably, the relatively thick subcutaneous fat layer and
underdeveloped sweat glands in cattle result in compromised heat dis-
sipation capacity, rendering them particularly susceptible to high-
temperature environments™’. This physiological characteristic leads to
marked declines in dry matter intake, a reduction in rumination fre-
quency, and inhibition of the digestion and absorption of nutrients®’.

Concurrently, heat stress induces physiological abnormalities including
elevated rectal temperature and accelerated heart rate, which significantly
compromise health status and production performance®.

Maintenance of stable body temperature represents a fundamental
physiological mechanism for organisms to preserve dynamic metabolic
equilibrium and energy homeostasis, serving as a critical indicator of internal
environmental stability’. During heat stress exposure, animals exhibit sig-
nificant elevation of rectal temperature, which disrupts thermoregulatory
homeostasis and profoundly influences systemic metabolic processes”. As
terminal products of cellular physiological activities, metabolites serve as
highly sensitive biomarkers reflecting the adaptive metabolic responses and
regulatory states under thermal challenge'". Notably, metabolites are not only

'College of Animal Science and Technology, Southwest University, Chongging, China. 2College of Biology and Food Engineering, Chongging Three Gorges
University, Chongging, China. ®Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing, China. “Chongging Vocational College of
Agriculture, Chongqing, China. *Department of Agricultural, Food and Environmental Sciences, Universita Politecnica delle Marche, Ancona, Italy.

e-mail: gaohuijiang@caas.cn; eguangxin@126.com

Communications Biology| (2026)9:915


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-026-10151-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-026-10151-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-026-10151-w&domain=pdf
http://orcid.org/0000-0002-0416-5748
http://orcid.org/0000-0002-0416-5748
http://orcid.org/0000-0002-0416-5748
http://orcid.org/0000-0002-0416-5748
http://orcid.org/0000-0002-0416-5748
http://orcid.org/0000-0002-5502-2528
http://orcid.org/0000-0002-5502-2528
http://orcid.org/0000-0002-5502-2528
http://orcid.org/0000-0002-5502-2528
http://orcid.org/0000-0002-5502-2528
mailto:gaohuijiang@caas.cn
mailto:eguangxin@126.com
www.nature.com/commsbio

https://doi.org/10.1038/s42003-026-10151-w

Article

the terminal products of genetic information expression, but also actively
participate in regulating cellular functions, thereby constructing a sophisti-
cated bidirectional regulatory network between genetic expression and
metabolic pathways”. For instance, L-theanine demonstrates protective
effects against heat-induced protein toxicity and metabolic dysregulation
through modulation of the Hsfl/AMPK signaling pathway". Recent inves-
tigations have shown that heat stress upregulates the expression of the
CASTORI gene, activating the mTORCI signaling pathway and subse-
quently enhancing mitochondrial oxidative phosphorylation function via the
mTORCI/PGC-1a/NRF1  axis, thereby improving cellular thermal
adaptation". Furthermore, the natural antioxidant metabolite S-allyl cysteine
has been shown to mitigate heat stress-induced oxidative damage in mam-
mary epithelial cells through activation of the Nrf2/HO-1 pathway,
demonstrating significant cytoprotective effects”. These findings collectively
suggest that metabolites regulate cellular homeostasis, especially mitochon-
drial function, via pathway-specific modulations, with homeostasis main-
tenance being essential for cellular energy metabolism and redox balance'.
Nevertheless, the metabolic responses in heat stressed beef cattle remain
poorly understood, with key gaps persisting in identifying critical biomarkers
and elucidating genetic regulatory mechanisms. Systematic studies are nee-
ded to decode the molecular networks governing bovine thermal adaptation.

The advancement of metabolomics has established metabolite-based
genome-wide association studies (GWAS) as a key strategy for deciphering
metabolic pathways and genetic regulation of complex animal traits'". This
approach links genotypes to production traits through metabolite inter-
mediaries, identifying genes controlling critical metabolic nodes to reveal
phenotypic mechanisms'. As major genomic structural variations, copy
number variations (CNVs) collectively surpass SNPs and InDels in genomic
impact and functional significance'*”’. Numerous studies have shown that
CNVs modulate gene networks through copy number alteration, regulatory
region remodeling, and chromatin architecture modification* . For
instance, KRAS copy number gain directly triggers KRAS pathway hyper-
activation, disrupting glycolysis, lipid metabolism, and redox balance™.
While primarily demonstrated in humans and mice, these mechanisms
inform CNV-mediated metabolic network studies in ruminants.

This study represents a continuation of our previous work and inte-
grates newly generated plasma metabolomics data with previously pub-
lished whole-genome sequencing (WGS) data (CNV-based GWAS) from
the same population. By explicitly combining these existing genomic
datasets with newly generated metabolomic profiles, we systematically
identify metabolic markers and regulatory genes associated with heat stress
adaptation in cattle. Through integrative analyses of these multi-omics data,
we further elucidate the molecular interaction networks underlying ther-
motolerance. These findings provide precise molecular targets for breeding
strategies aimed at improving climate resilience and promoting sustainable
beef production under global warming.

Results

The association between heat stress and daily weight gain

in cattle

The temperature-humidity index (THI) measurements at the cattle farm
indicated mild heat stress (THI 73-79) during the morning (08:00) and
evening (22:00), and moderate heat stress (THI 79-89) in the afternoon
(15:00) (Fig. 1A). To further elucidate the physiological basis of seasonal
variation, we analyzed the relationship between average daily gain and
physiological indicators in adult Huaxi cattle under heat stress (Fig. 1B). In
adult cattle, rectal temperature was significantly negatively correlated with
relative daily weight gain (P = 0.0001, r = —0.3777; Fig. 1C). In addition, the
average daily gain of calves from July to September was lower than that from
September to October (P < 0.01; Supplementary Fig. 1). These results suggest
that elevated body temperature may adversely affect growth performance.

Influence of heat stress on peripheral blood metabolism
Plasma metabolomic profiling of 111 heat stressed cows identified 852
metabolites. Differential abundance analysis comparing 20 high-rectal-

temperature (=39.3 °C) and 20 low-rectal-temperature (<38.7 °C) indi-
viduals identified 97 significantly altered metabolites, including
3-oxodecanoic acid and multiple carnitine derivatives (Fig. 2A, B).
Weighted gene co-expression network analysis (WGCNA) grouped these
metabolites into seven co-expression modules (Fig. 2C). Among them,
the turquoise and brown modules showed significant correlations with
rectal temperature (P<0.01; Fig. 2D) and contained 218 metabolites,
including carnitine C18:1 and hexanoyl glycine. Intersection of
WGCNA-derived metabolites with differentially abundant metabolites
resulted in 83 consensus heat-responsive metabolites. Pearson correla-
tion analysis further prioritized the top 30 marker metabolites (MMTs;
Supplementary Table 1), consisting of 23 acylcarnitines, 3 amino acid
derivatives, 1 glycerophospholipid, and 3 organic acid derivatives. Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
showed that MMTs were predominantly associated with pathways
involved in thermogenesis and lipid metabolism (Fig. 2E). Notably, 23
acylcarnitines—including carnitine C10:0 and C11:1—were enriched in
thermogenesis-related pathways, suggesting a potential regulatory role in
maintaining thermal homeostasis under heat stress.

Screening candidate genes based on metabolism-genomic
association analysis
A total of 33,078 high-confidence CNVs were identified from the genome
resequencing data of 111 cows. Comparative analysis of multiple GWAS
models indicated that the BLINK model outperformed others in terms of
consistency between expected and observed associations (Supplementary
Fig. 2). Accordingly, BLINK was employed to perform GWAS on 30 MMTs
using a significance threshold of P<1.51 x 107°. This analysis identified
significant associations between 16 MMTs—such as carnitine C16:0, C18:0,
and 3-Oxodecanoic acid—and 27 CNVs, resulting in the annotation of 25
candidate genes (Supplementary Fig. 3). Notably, a CNV located within the
CIITA gene (CHR25:9,557,000-9,605,500 bp) was significantly associated
with four MMTs (carnitine Cl4:1, C16:0, C18:0, and C18:1; Fig. 3A),
implicating its involvement in heat stress-related metabolic regulation.
Functional enrichment analysis revealed that the candidate genes
were enriched in pathways including nicotinate and nicotinamide
metabolism, carbohydrate metabolism, and the insulin signaling pathway
(Fig. 3B), as well as in biological processes such as cellular response to
heat, mitochondrial electron transport, and energy homeostasis (Fig. 3C).
Collectively, these findings suggest that CNV-associated genes play
pivotal roles in metabolic remodeling and adaptive responses under heat
stress, highlighting CN'Vs as critical genomic determinants of metabolic
adaptation in cattle.

Relationship between the CIITA gene and the growth and
development of cattle

To assess the responsiveness of candidate genes to heat stress and their
tissue-specific expression patterns, we performed transcriptomic profiling
across multiple tissues under heat-stressed and thermoneutral conditions.
Sixteen candidate genes showed significant differential expression in
response to heat stress (Fig. 4A), with CIITA and AOX1I showing the most
pronounced changes in skeletal muscle.

To contextualize these heat-responsive changes within muscle devel-
opment, we compared longissimus dorsi transcriptomes from young and
adult cattle under thermoneutral conditions. CIITA expression was sig-
nificantly higher in adult than in young cattle (FDR < 0.01; Fig. 4B), indi-
cating that its expression is closely associated with muscle maturation.
Taken together, these results indicate that heat stress-induced down-
regulation of CIITA occurs in a gene that is normally highly expressed in
mature muscle, suggesting that its suppression may coincide with tran-
scriptional features associated with impaired myogenic development.

CNV analysis of CIITA across 202 individuals identified three geno-
types: biallelic normal (-/-), heterozygous duplication (—/+), and homo-
zygous duplication (+/4). The identified CNV encompasses exons 2-20
and the 3'UTR of CIITA gene (Fig. 4C), with validation through read-depth
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Fig. 1 | Heat stress impairs the growth performance of Huaxi cattle. A Changes in
the THI at three time points per day over a 9-day period during sample collection.
B This heatmap illustrates the correlations among rectal temperature, respiratory
rate, heart rate, and relative daily weight gain in 111 Huaxi cattle under high-

temperature conditions. C This scatter plot illustrates the correlation between rectal
temperature (August 2-4) and relative daily weight gain (July-September) in 111
Huaxi cows, with a correlation coefficient of —0.3777 and a significance level

of P=1x107"

analysis and real-time quantitative polymerase chain reaction (qPCR,
Fig. 4D, E). Biallelic normal (-/-) individuals demonstrated significantly
increased body weights relative to heterozygous counterparts at 18 months
(P=0.009) and 24 months (P =0.042), accompanied by a trend toward
larger longissimus dorsi muscle cross-sectional areas (Fig. 4F). Notably,
CIITA genotypes exhibited significant divergence in rectal temperature
regulation during heat stress (P = 0.039, Fig. 4G). These results suggest that
CIITA CNV may regulate thermoregulation and muscle development
under heat stress, highlighting its potential as a valuable genetic marker for
improving heat tolerance in cattle breeding programs.

Construction of a heat stress model in cattle skeletal muscle
satellite cells (SMSCs)

Primary bovine SMSCs were successfully isolated (Fig. 5A), and PAX7
immunofluorescence confirmed a high cellular purity (>94%) (Fig. 5B).
Establishment of the heat stress model showed that expression levels of
HSP60 and HSP70 peaked after 3 h of exposure to 42 °C, identifying this
condition as optimal for inducing a robust heat stress response (Fig. 5C).
Heat stressed SMSCs displayed markedly reduced proliferative capacity
(P<0.01; Fig. 5D), accompanied by significant downregulation of pro-
liferation markers CDK2 and PCNA (P < 0.01). In parallel, the expression of

mitochondrial dynamics regulators (FIS1, MFN1, MFN2 and DRPI) was
significantly altered following heat exposure (P < 0.05; Fig. 5F). Notably,
CIITA expression was substantially reduced under heat stress (P <0.05),
suggesting its potential involvement in modulating the cellular heat stress
response (Fig. 5F).

CIITA regulates the cell cycle and alleviates the inhibition of cell
proliferation caused by heat stress

In this study, adenoviral vectors for CIITA overexpression and knockdown
were constructed in SMSCs (Fig. 6A). QPCR analysis confirmed the suc-
cessful overexpression and knockdown of CIITA in SMSCs (Fig. 6B).
Transcriptomic profiling of CIITA overexpressing SMSCs under heat stress
identified 1713 differentially expressed genes (DEGs), with pronounced
upregulation of antigen presentation-related genes (BOLA-DRA, BOLA-
DQB, and CD74; Fig. 6C). QPCR validation confirmed that CIITA over-
expression and knockdown were consistent with the RNA-seq results,
supporting the reliability of the transcriptomic analysis (Fig. 6D). Functional
enrichment analysis showed that DEGs were significantly enriched in
multiple signaling pathways such as cell cycle, DNA replication, thermo-
genesis, and antigen processing and presentation (Fig. 6E). Gene Ontology
(GO) analysis results also showed that terms such as cell division, mitotic
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Fig. 2 | Identification and functional enrichment analysis of MMTs (marker
metabolite loci) in 111 cattle. A OPLS-DA (orthogonal partial least squares dis-
criminant analysis) of metabolites between heat stress (HS) and non-heat stress
(NHS) groups (n = 20). B Volcano plot of differential metabolites between HS and

Percent (%)

NHS groups. C Metabolite clustering dendrogram generated by WGCNA. Each leaf
represents a metabolite, and the color bars below indicate module assignments.

D Heatmap showing correlations between metabolite modules and rectal tem-
perature. E KEGG pathway enrichment analysis of MMTs.

sister chromatid segregation, nucleoplasm, and ATP binding were sig-
nificantly enriched (FDR < 0.01, Fig. 6F).

Notably, 42 of 44 cell cycle-related DEGs showed marked upregulation
(Fig. 6G). Protein-protein interaction (PPI) network analysis suggested
CIITA regulates cell cycle progression via CREBBP-mediated modulation of
PCNA, CDK1, and CCND1 (Fig. 6H). Consistently, CIITA overexpression
increased CREBBP expression and enhanced cell cycle progression under
heat stress, as evidenced by reduced G0/G1 phase cells and elevated S/G2/M
phase populations (Fig. 6I). These findings demonstrate that CIITA miti-
gates heat stress-induced proliferation arrest and cell cycle inhibition.

The influence of heat stress on the activity and proliferation

of SMSCs

To investigate the role of CIITA in SMSCs under heat stress, we assessed cell
viability and proliferation. CIITA overexpression significantly increased the
viability of SMSCs under both thermoneutral and heat stress conditions
(P<0.01), with further enhancement observed during prolonged heat
exposure (P <0.01). Conversely, CIITA knockdown severely impaired

viability (P <0.01, Fig. 7A). EdU assays confirmed these trends: CIITA
overexpression markedly enhanced proliferation across conditions, while its
knockdown caused significant suppression (Fig. 7B). These results indicate
that CIITA enhances cellular activity and promotes proliferation.

CIITA regulates cellular energy homeostasis under heat stress
via metabolic remodeling

To elucidate the metabolic role of CIITA during heat stress, we performed
untargeted metabolomic profiling of CIITA overexpressing SMSCs.
Orthogonal partial least squares discriminant analysis (OPLS-DA) analysis
revealed clear separation of metabolite profiles between CIITA-over-
expressing and control cells. A total of 610 metabolites were detected
(Fig. 8A), of which 59 were differentially abundant, including 41 upregu-
lated and 18 downregulated metabolites. Notably, three long-chain acyl-
carnitines—C16:0, C18:0, and Cl18:1—previously identified in
CNV-metabolite GWAS were significantly elevated in CIITA-over-
expressing cells (Fig. 8B). Functional enrichment analysis associated these
metabolites with thermogenic pathways (Fig. 8C). Transcriptomic profiling
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Fig. 5 | Heat stress significantly affects proliferation, mitochondrial function,
and CIITA gene expression in primary SMSC. A Morphology of primary bovine
SMSCs. B Immunofluorescence staining of the specific marker PAX7, indicating
SMSCs identity (n = 5). C Expression patterns of HSP60 and HSP70 under various

heat stress temperatures and durations. D EdU assay showing the proliferation rate
of SMSCs under heat stress (HS) and non-heat stress (NHS) conditions (n = 4).

E Expression analysis of genes related to cell proliferation, and mitochondrial
function. F CIITA gene expression in SMSCs in response to heat stress stimulation.

further revealed that CIITA overexpression altered the expression of 34
genes within the thermogenesis pathway, with 31 being downregulated,
including the fatty acid activation enzymes ACSL4 and ACSL6. Con-
currently, genes encoding mitochondrial electron transport chain compo-
nents—NADH dehydrogenase, ubiquinol-cytochrome ¢ reductase,
cytochrome ¢ oxidase, and ATP synthase—were also significantly sup-
pressed (FDR <0.05; Fig. 8D). Consistently, ATP quantification assays
demonstrated that CIITA overexpression significantly decreased intracel-
lular ATP levels (P<0.01), whereas CIITA knockdown significantly
increased ATP levels (P < 0.05; Fig. 8E). Collectively, these findings indicate
that CIITA reprograms cellular metabolism under heat stress by suppressing
long-chain fatty acid activation and mitochondrial oxidative phosphoryla-
tion, resulting in accumulation of acylcarnitines, likely due to impaired f-
oxidation (Fig. 8F). This metabolic remodeling potentially acts as an
adaptive mechanism to alleviate heat-induced metabolic stress while
maintaining energy homeostasis in muscle cells.

Discussion

Heat stress is a major challenge in the livestock industry, adversely affecting
not only animal health and welfare but also productivity and the genetic
progress of breeding populations. In this study, we observed that heat stress
significantly suppressed daily weight gain in beef cattle. Concurrently, heat
stress was associated with elevated rectal temperatures, which negatively
correlated with relative daily weight gain. These findings are consistent with
previous reports. For instance, in environments characterized by high
temperature and humidity, cattle exhibited a 12% reduction in dry matter

intake and approximately a 23% increase in water intake”. Furthermore,
heat stress during late gestation in dairy cows not only increases their
physiological burden but also leads to long-term developmental deficits in
their offspring, primarily manifested as reduced birth weight, smaller
weaning size, and lower body weight and height at 12 months compared to
calves not exposed to prenatal heat stress™. Briefly, the heat stress elevates
core body temperature, increases internal heat load, and initiates a cascade
of physiological stress responses and energy metabolism disruptions®.

In this study, we identified a significant increase in acylcarnitine
metabolites in the peripheral blood of cattle exposed to heat stress.
Acylcarnitines, conjugates of carnitine and acyl-CoA, play a critical role in
transporting fatty acids from the cytoplasm into the mitochondrial
matrix, where they undergo p-oxidation™. Under physiological condi-
tions, acylcarnitines are transported across the mitochondrial membrane
via the carnitine palmitoyltransferase I/II (CPT I/II) system, where they
are deacylated and converted back into acyl-CoA for subsequent
oxidation”. However, previous studies have shown that heat stress can
impair CPT II function, thereby hindering mitochondrial fatty acid oxi-
dation and leading to the accumulation of long-chain acylcarnitines, such
as palmitoylcarnitine®®’. Consequently, the elevated levels of acylcarni-
tines observed under heat stress may reflect a disruption in mitochondrial
fatty acid metabolism and an imbalance in energy supply and demand,
representing a metabolic response to heat-induced cellular injury.

Previous studies have demonstrated that approximately 50% of the
phenotypic variation in metabolite levels can be attributed to underlying
genetic variation”, suggesting that inter-individual differences in
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Fig. 6 | CIITA overexpression alters the cell cycle distribution of SMSCs under
heat stress via modulation of cell cycle genes. A Fluorescence images of over-
expression and knockdown cells; B Relative expression levels of CIITA gene in
overexpression and knockdown cells. C Volcano plot of DEGs. Red dots indicate
significantly upregulated genes, yellow dots indicate significantly downregulated
genes, and blue dots represent non-significant genes. D Validation of transcriptomic

data by qPCR. E KEGG enrichment analysis of DEGs. F GO enrichment analysis of
DEGs. G Cell cycle signaling pathway map. Red indicates significant upregulation,
blue indicates significant downregulation, and light green indicates no significant
difference. H PPI network of DEGs (partial view). I Flow cytometry analysis of cell
cycle distribution in SMSCs overexpressing CIITA (n = 4).

metabolic traits are not solely shaped by environmental influences but
are also strongly modulated by genetic background. In this study, GWAS
based on MMTs identified 27 CNVs and 25 candidate genes, including
HERCI, CIITA, and MGAM. Functional enrichment analyses revealed
that these genes are primarily involved in key metabolic and endocrine
pathways, such as thyroid hormone synthesis, insulin secretion, and
carbohydrate and mineral absorption. Among these, thyroid hormone
plays a pivotal role in regulating basal metabolic rate and thermogenesis.
Its biosynthetic regulation is closely associated with the organism’s ability
to adapt to metabolic demands under thermal stress”. Reducing thyroid
hormone levels can help lower endogenous heat production, thereby
enhancing thermal tolerance in high-temperature environments™. The
enrichment of the insulin signaling pathway further indicates that heat
stress may impair glucose metabolism and disrupt systemic energy
allocation, ultimately affecting nutrient regulation and insulin
sensitivity”> . By modulating insulin secretion, it is possible that animals
optimize energy utilization and maintain essential physiological pro-
cesses under thermal stress”. A substantial number of candidate genes
were also enriched in pathways related to carbohydrate and mineral
digestion and absorption, highlighting the dual challenges imposed by

heat stress on both energy supply and electrolyte balance"’. Essential
minerals such as sodium, potassium, and calcium are crucial for main-
taining cellular homeostasis and neuromuscular function, and dis-
turbances in their absorption may reduce the animals’ resilience to
thermal stress*. Collectively, these findings suggest that the identified
candidate genes contribute to the adaptive response to heat stress
through the coordinated regulation of hormone secretion, energy
metabolism, and nutrient absorption.

Notably, we observed that many candidate genes identified under heat
stress conditions were differentially expressed across multiple tissues, with
the pituitary gland exhibiting the highest number of DEGs. This may be
attributed to the pituitary’s pivotal role as one of the most critical neu-
roendocrine organs in animals, orchestrating a wide range of physiological
processes including metabolism, development, reproduction, and immune
function. Given its central regulatory function, the pituitary is likely more
sensitive to environmental stressors such as heat. Moreover, several of these
candidate genes have been previously implicated in heat stress adaptation in
various tissues and organs. For instance, AOX1 has been identified as a key
regulator of the heat stress response in bovine ovarian granulosa cells,
supported by integrative transcriptomic and metabolomic analyses®, and is
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Fig. 7 | Overexpression of CIITA enhances cell viability and proliferation of
SMSCs under both heat stress and normal temperature conditions. A Cell via-
bility of CIITA overexpressing or knockdown SMSCs was assessed using the CCK-8
assay after 3, 6, and 12 h of heat stress or thermoneutral treatment (n=7). B EdU
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assay showing the proliferation of CIITA overexpressing or knockdowm SMSCs
under heat stress or thermoneutral conditions, along with quantification of EAU
positive cells (n = 6).

also involved in mediating the gut microbiota’s response to thermal stress in
cattle®’. Importantly, AOX1 has also been repeatedly reported as a conserved
heat-responsive gene across diverse plant species, including Forsythia,
soybean, and maize, as well as in microorganisms*~*’, suggesting that AOX1
may play an evolutionarily conserved role in heat stress tolerance across
species. In addition, CIITA was significantly upregulated in the lung tissues
of Cherry Valley ducks under heat stress and has been proposed as a central
regulator of immune activation and cellular stress responses”’. Furthermore,
MGAM has been shown to participate in starch and sucrose metabolism
during high-temperature stress in oil palm seeds, acting as a crucial meta-
bolic regulator during heat stress adaptation in plants®. In summary, the
candidate genes identified in this study are not only involved in heat stress
adaptation in cattle but have also been consistently validated in multiple
tissues and species. These results indicate that many of these genes may serve
as evolutionarily conserved regulators of heat stress responses and likely play

pivotal roles in the genetic mechanisms underlying thermotolerance in
cattle.

Importantly, we found that two candidate genes, AOXI and CIITA,
were differentially expressed in bovine muscle tissue under heat stress
conditions. CIITA showed significantly higher expression in the muscle
tissue of adult cattle, and adult body weight varied significantly among
individuals with different CIITA genotypes. These findings suggest that
CIITA may serve as a potential candidate gene associated with muscle
growth and development under heat stress, and that CN'V's within this gene
could be related to the impact of thermal stress on bovine growth
performance.

Notably, the present study observed that overexpression of CIITA in
bovine SMSCs was associated with significant changes in the expression of
several immune- and metabolism-related genes, including IL-6. Previous
studies have reported that CIITA overexpression can suppress IL-6, a pro-
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Fig. 8 | Under heat stress, CIITA overexpression leads to a reduction in ATP
production by suppressing mitochondrial oxidative phosphorylation. A OPLS-
DA analysis of the SMSCs metabolomic profiles (1 = 4). B Volcano plot of differ-
entially expressed metabolites. C Integrated network analysis of DEGs and meta-
bolites. The red region highlights DEGs and metabolites involved in thermogenesis

pathways. D Expression changes of genes related to long-chain fatty acid activation,
ATP synthase, NADH dehydrogenase, cytochrome ¢ oxidase, and ubiquinol-
cytochrome c reductase. E Relative ATP content determination (n = 3). F DEGs and
metabolites in the thermogenesis-related signaling pathway of CIITA over-
expressing SMSCs under heat stress. Red indicates significantly altered molecules.

inflammatory cytokine implicated in cellular stress responses and tissue
stability under heat stress conditions***. In addition, IL-6 has been inde-
pendently characterized as a key myokine involved in the regulation of
muscle stem cell proliferation and energy metabolism**”'. In the context of
the present study, heat stress—induced downregulation of CIITA may be
associated with changes in transcriptional programs relevant to muscle
regeneration. However, cytokine levels were not directly measured, and the
regulatory relationship between CIITA and IL-6 was not experimentally
examined. Therefore, further studies will be required to determine whether
CIITA contributes to the maintenance of the muscle regenerative micro-
environment during heat stress.

As the master co-activator of major histocompatibility complex
(MHC) class II gene transcription, CIITA plays a central role in regulating
MHCII expression, facilitating antigen presentation, and initiating adaptive
immune responses. In the present study, CIITA expression was markedly
downregulated under heat stress, which may result in reduced expression of
MHC 1II molecules (e.g., BOLA-DRB3, BOLA-DQB) and consequently
impair antigen presentation and adaptive immune activation. This
observation is consistent with previous reports showing that heat stress not
only triggers heat shock responses and aberrant cytokine release but also
leads to immune organ atrophy, increased lymphocyte apoptosis, and
impaired antigen presentation, ultimately contributing to systemic
immunosuppression™. Furthermore, studies in animal models have
demonstrated that heat stress can downregulate MHC II expression,

reducing the host’s capacity to recognize and eliminate exogenous patho-
gens. To further verify these findings, we established a CIITA overexpression
model in SMSCs. Overexpression of CIITA significantly increased the
transcription of MHC class II-related genes (e.g., BOLA-DRB3, BOLA-
DQB), and antigen processing and presentation pathways were notably
activated. These results confirm the role of CIITA as a core regulatory factor
in MHC class II gene expression and support its potential protective role in
maintaining immune homeostasis under heat stress. Collectively, these
findings highlight CIITA as a key mediator in the immunosuppressive
response to heat stress and a potential molecular target for mitigating
immune dysfunction caused by thermal challenge.

This study provides evidence suggesting that CIITA may be involved in
the regulation of the cell cycle under heat stress conditions. Specifically,
CIITA overexpression was associated with significant upregulation of
approximately 95% (42/44) of the DEGs related to the cell cycle signaling
pathway, which coincided with increased proliferative activity in SMSCs.
Further analysis showed that CIITA overexpression was accompanied by a
significant increase in CREBBP expression. While the direct regulatory
relationship between CIITA and CREBBP was not experimentally validated
in this study, previous studies have shown that CIITA can function as a
transcriptional coactivator by recruiting multiple transcription factors and
epigenetic regulators, including CREBBP, to form transcriptional com-
plexes involved in gene regulation. For instance, previous studies have
reported that CIITA can interact with the N-terminal region of CREBBP via
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its transcriptional activation domain, which has been implicated in the
regulation of downstream gene expression and cell cycle-related
processes™*”. CREBBP can further enhance the transcriptional activity of
CCNDI through acetylation, promoting cell proliferation™. It may also
influence CDK1 gene accessibility by remodeling chromatin structure and
regulating its transcription through interactions with key transcription
factors such as FOXM1 and E2F”. Additionally, CREBBP can bind
directly to the PCNA promoter, facilitating DNA replication and repair
processes that collectively drive cell proliferation®®'. These mechanisms
complement the heat stress-induced responses such as DNA damage repair,
metabolic reprogramming, and cell cycle arrest”. Taken together, these
findings suggest that CIITA-associated regulatory changes may be linked to
enhanced cellular proliferative and repair capacity under heat stress,
potentially contributing to the maintenance of tissue homeostasis; however,
the specific involvement and mechanistic relationship of CREBBP in this
process remain to be further validated in Huaxi cattle.

In this study, we found that CIITA overexpression not only enhanced
the proliferative capacity of SMSCs and activated immune-related signaling
pathways but also suppressed the activity of the mitochondrial electron
transport chain and fatty acid p-oxidation. Previous studies have demon-
strated that CIITA can activate several key immune-associated pathways,
including antigen processing and presentation, the AMPK signaling path-
way, and the TNF signaling pathway™®, all of which are closely linked to
alterations in cellular energy metabolism. Notably, metabolic reprogram-
ming has been widely recognized as a fundamental mechanism underlying
cellular stress responses and proliferation control®. During immune cell
activation—such as in T cells and macrophages—metabolism typically
shifts from mitochondrial oxidative phosphorylation (OXPHOS) toward
glycolysis to satisfy the increased demands for energy and biosynthetic
precursors required for rapid proliferation and cytokine synthesis**”.
Similar metabolic features have also been reported in other rapidly pro-
liferating cell types, including activated SMSCs™*. However, although
CIITA overexpression in our study inhibited mitochondrial OXPHOS,
transcriptomic analysis revealed no significant upregulation of canonical
glycolysis-related genes. This observation suggests that CIITA does not
induce a classical metabolic switch from OXPHOS to glycolysis in SMSCs.
Instead, the enhanced proliferative capacity may be attributed to tran-
scriptional activation of cell-cycle regulators rather than a full metabolic
transition. Such a state likely reflects a form of metabolic adaptation rather
than a complete metabolic reprogramming, enabling cells to balance energy
production, redox homeostasis, and proliferation under heat stress condi-
tions. In summary, CIITA overexpression activates immune-related path-
ways and modulates cellular metabolism in a manner that supports SMSC
activation and proliferation. As a canonical immune regulatory factor,
CIITA may serve as a potential integrator linking immune signaling with
metabolic control, thereby contributing to the maintenance of cellular
energy homeostasis and proliferative balance during thermal challenge.

In conclusion, this study integrates metabolomics, genomics, and
functional validation to elucidate the molecular mechanisms underlying
heat stress adaptation in cattle. By identifying CIITA as a potential central
regulatory gene, we reveal a coordinated network linking immune activa-
tion, metabolic reprogramming, and cellular proliferation in response to
thermal stress. These findings provide insights into the genetic and meta-
bolic foundations of thermotolerance, offering potential targets for genetic
selection and management strategies aimed at improving heat resilience in
livestock. Ultimately, this work lays a theoretical and practical foundation
for enhancing animal welfare and productivity under increasingly chal-
lenging environmental conditions.

Materials and methods

Animals and sample collection

All animal procedures were approved by the Institutional Animal Care and
Use Committee of Southwest University (Approval No. IACUC-20221128-
02). We have complied with all relevant ethical regulations for animal use.
All experimental animals were obtained from Chongging Jinxia Animal

Husbandry Co., Ltd. (30°54'N, 108°42'E; altitude 793 m). The herd com-
prised a total of 239 Huaxi cows, including 202 adult females (>24 months
old) and 37 calves (~12 months old). All animals were maintained under
standardized feeding conditions with uniform diet formulation and man-
agement practices. All animals were provided with ad libitum access to water
and a uniform total mixed ration formulated according to the Nutrient
Requirements of Beef Cattle, containing consistent proportions of corn
silage, concentrate, and forage. Body weight was recorded at birth and 6, 12,
18, and 24 months of age, with body height and oblique length measured at
18 and 24 months. Meanwhile, ultrasound measurements of backfat
thickness and longissimus dorsi muscle area were performed between the
12th and 13th ribs at 18 months. All measurements followed the Technical
Specifications for Beef Cattle Performance Evaluation (NY/T 2660-2014).

Between July 30 and August 7, 2023, ambient temperature and relative
humidity inside the cattle sheds were recorded three times daily (08:00,
15:00, and 22:00). The THI was calculated using the formula: THI = (1.8
x T 4 32) — [(0.55—0.0055 x RH) x (1.8 x T — 26)], where T represents
ambient temperature (°C) and RH denotes relative humidity (%)”. To
evaluate the effects of heat stress on growth performance in adult Huaxi
cattle, relative daily weight gain of adult cows (n =202) was calculated for
the summer period from July to September. In addition, calves (n = 37) were
weighed in 2023 (July, September, and October), and daily weight gain was
calculated for the summer (July-September) and autumn
(September—October) periods. During the peak heat period, physiological
parameters of adult cattle (n = 202)—including heart rate, respiratory rate,
and rectal temperature—were measured over three consecutive days
(August 2-4, 2023) between 14:00 and 16:00. At the same time points,
5.0 mL of blood was collected from the tail vein of adult cows (n=202).
Blood samples were gently mixed, allowed to stand for 30 min, and then
centrifuged at 1500 rpm for 15 min at 4 °C. The resulting plasma was ali-
quoted and stored at —80 °C for subsequent metabolomic analysis. Pearson
correlation coefficients were calculated using R (v4.3.2).

Metabolome determination and analysis

To investigate the effects of high ambient temperature (heat stress) on
metabolic responses in Huaxi cattle, plasma metabolomic analysis was
conducted on a subset of 111 healthy adult cows selected from an initial
cohort of 202 individuals. These animals were chosen based on their
comparable age and gestational stage (approximately 220 days), to minimize
potential confounding effects caused by physiological heterogeneity, parti-
cularly those associated with pregnancy.

For metabolomic analysis, plasma samples stored at —80 °C were
thawed on ice and vortexed for 10s. A total of 50 uL of each sample was
mixed with 300 pL of extraction solution (acetonitrile: methanol = 1:4, v/v)
containing internal standards. The mixture was vortexed for 3 min and
centrifuged at 12,000 rpm for 10 min at 4 °C. Subsequently, 200 uL of the
supernatant was collected and incubated at —20 °C for 30 min, followed by
centrifugation at 12,000 rpm for 3 min (4°C). Finally, 180 uL of the
supernatant was transferred for LC-MS analysis. Metabolomic profiling
was performed using a UPLC-MS/MS platform (ExionLC AD coupled with
a QTRAP™ 6500+ system). Chromatographic separation was carried out on
a Waters ACQUITY UPLC HSS T3 C18 column (1.8 um, 2.1 mm x 100
mm) at 40 °C with a flow rate of 0.4 mL/min and an injection volume of
2 pL. The mobile phases consisted of water (0.1% formic acid, phase A) and
acetonitrile (0.1% formic acid, phase B), with the following gradient pro-
gram: 5% B to 20% B within 2 min, increased to 60% B over 3 min, increased
to 99% B within 1 min and held for 1.5 min, then returned to 5% B within
0.1 min and equilibrated for 2.4 min. Mass spectrometry analysis was per-
formed using a triple quadrupole-linear ion trap mass spectrometer
(QTRAP® LC-MS/MS system) equipped with an ESI Turbo Ion-Spray
interface, operating in both positive and negative ion modes. The source
parameters were set as follows: source temperature 500 °C; ion spray voltage
5500 V (positive mode) and —4500 V (negative mode); ion source gas I, gas
I1, and curtain gas were set to 55, 60, and 25 psi, respectively; collision gas
was set to high. Instrument tuning and mass calibration were performed
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using polypropylene glycol solutions. Data acquisition was conducted in
multiple reaction monitoring (MRM) mode, with specific MRM transitions
optimized for each metabolite. Metabolite identification and annotation
were performed based on MS/MS spectral matching using a self-built
MWDB database, combined with retention time and fragmentation pattern
information. Quantification of metabolites was achieved using the MRM
mode based on peak area integration, and data processing was carried out
using Analyst (v1.6.3) and MultiQuant (v3.0.3) software.

Subsequently, WGCNA of metabolite abundance was performed using
the “WGCNA (v1.73)” package in R (v4.3.2)"". Specifically, outlier samples
were identified and removed by hierarchical clustering analysis. The scale-
free topology fit index (R?) was calculated across a range of soft-thresholding
powers, and the optimal soft threshold () was selected when R” reached 0.8
to construct a scale-free network. A one-step network construction method
was used, setting the minimum module size to 30 metabolites, and modules
with similar expression patterns were merged. Module eigengenes (MEs)
were then calculated, and correlations between MEs and phenotypic data
(rectal temperature) were analyzed. Metabolites within significant modules
showing an absolute correlation coefficient (|GS | ) greater than 0.4 with the
phenotype and a module membership (MM) greater than 0.6 were defined
as metabolites associated with rectal temperature.

For differential metabolite analysis, 40 Huaxi cattle with similar gesta-
tional stages, good health status, and no close genetic relationships were
selected from the cohort of 111 animals. These individuals were divided into
two groups based on rectal temperature: a non-heat stress (NHS) group
(n =20, rectal temperature < 38.7 °C) and a heat stress (HS) group (1 = 20,
rectal temperature >39.3 °C). OPLS-DA was performed using SIMCA soft-
ware and the “ropls” R package to identify metabolites that discriminated
between the two groups while removing variation unrelated to heat stress™.
Differential metabolites were defined using the following criteria: variable
importance in projection (VIP) > 1, [log,FC | > 0.5, and P < 0.05.

Overlapping metabolites from WGCNA and differential analyses were
prioritized based on Pearson correlation coefficients (WGCNA package)
with rectal temperature, with the top 30 designated as thermal-responsive
MMTs. Pathway enrichment of MMTs was analyzed through MetaboA-
nalyst 6.0 using the KEGG database.

Whole genome sequencing and GWAS analysis

To investigate genetic variation underlying heat stress-related metabolites,
no additional whole-genome sequencing was performed for the present
study. Genome-wide association analyses were conducted using previously
published WGS data from the same 111 adult Huaxi cows analyzed in the
plasma metabolomic study”’. These WGS data were originally generated
and reported in our prior study and are reused here solely for integrative
analyses with newly generated metabolomic data”. By explicitly integrating
these existing genomic datasets with the newly generated metabolomic data,
we addressed research questions distinct from those examined in the prior
publication, which focused on growth-stage—specific traits.

Raw sequencing reads were quality-filtered using fastp (v0.23.2) with
default settings, and the clean reads were subsequently aligned to the Bos
taurus reference genome (ARS-UCD2.0, NCBI assembly accession
GCF_002263795.3) using BWA-MEM (v0.7.17-r1188). CNV's were identified
using CNVcaller”, retaining variants with silhouette score >0.65 and minor
allele frequency > 0.05 to minimize false positives. GWAS was conducted
through GAPIT3 using six analytical models: GLM, MLM, CMLM, Farm-
CPU, MLMV,, and BLINK”. To control for population structure and relat-
edness, the first five principal components (PC1-PC5) and the kinship matrix
were included as covariates in the GWAS model. Genome-wide significance
thresholds were established via Bonferroni correction (P < 0.05/N, N = 33,078).
Candidate CNVs were annotated using ANNOVAR, with flanking genes
defined as those located within +50 kb of each variant™. Functional enrich-
ment analyses were performed using KOBAS 3.0 platform (http://bioinfo.org/
kobas), incorporating GO terms and KEGG pathway annotations.

To further evaluate the functional relevance of CNV loci identified
through metabolite-based GWAS, the sample size was expanded to the full

cohort (n =202) to improve the robustness and accuracy of the analyses.
Genotypes of candidate CNVs were extracted from previously published
WGS data of these 202 Huaxi cattle. Associations between CNV genotypes
and previously collected growth-related traits—including body weight,
body conformation traits, backfat thickness, and longissimus dorsi muscle
area—were examined across all 202 individuals to assess the potential
genetic effects of CNVs on growth performance. In addition, under heat
stress conditions, physiological parameters (rectal temperature, heart rate,
and respiratory rate) were compared among adult cattle with different CNV
genotypes within the same cohort (1 = 202) to evaluate the potential genetic
contribution of candidate CNVs to heat stress adaptation. All statistical
analyses were conducted using R software (v4.3.2). Differences among
genotypes were assessed by one-way analysis of variance (ANOVA). Data
are presented as mean + standard error of the mean (SEM), and statistical
significance was defined as a two-sided P < 0.05.

Construction of transcriptomic expression profiles based on
public datasets

To investigate the roles of candidate genes in heat stress response and
developmental regulation in cattle, we obtained publicly available RNA-seq
datasets from the Sequence Read Archive (https://www.ncbinlm.nih.gov/).
These included eight tissue types (blood, subcutaneous fat, longissimus
dorsi muscle, liver, hypothalamus, pituitary gland, mammary gland, rumen)
from both heat stressed and control cattle, along with data from longissimus
dorsi muscle of 36 thermoneutral cattle (18 young [~1 year] and 18 adult
[~2.5 years] animals) representing two developmental stages (Supplemen-
tary Data 1). Data processing and bioinformatic analyses followed estab-
lished methods”. Specifically, the raw data were processed using fastp
(v0.23.2), and ribosomal RNA was removed using Bowtie2 (v2.3.5.1) to
obtain high-quality clean reads. These clean reads were aligned to the Bos
taurus reference genome (ARS-UCD2.0, NCBI assembly accession
GCF_002263795.3) using HISAT2 (v2.1.0). Transcript assembly and
quantification were performed using StringTie (v2.1.1). Analysis of gene
expression differences was performed using DESeq2 (v1.26.0). DEGs
between groups were considered significant if they met the criteria of |
log,(FC)| > 0.5 and a false discovery rate (FDR) <0.01.

Cultivation of primary bovine skeletal muscle cells and estab-
lishment of heat stress models

The isolation and identification of the primary SMSCs were carried out
by referring to the methods described in the previous study”. Briefly,
skeletal muscle tissues were washed with PBS containing 1% strepto-
mycin, minced into small pieces, and sequentially digested with col-
lagenase and trypsin. The resulting cell suspension was filtered through
70 um and 40 um nylon meshes and seeded into culture flasks main-
tained at 37 °C in a humidified atmosphere with 5% CO,. SMSCs were
purified by density gradient centrifugation once cultures reached ~80%
confluency.

The identity of SMSCs was confirmed by immunofluorescence
staining for Pax7. Cells were fixed with 4% paraformaldehyde for 30 min,
permeabilized with 0.5% Triton X-100 for 20 min, and blocked with 10%
goat serum for 1h at room temperature. Subsequently, cells were incu-
bated overnight at 4 °C with an anti-Pax7 antibody (1:200) under gentle
agitation, followed by incubation with a fluorophore-conjugated sec-
ondary antibody for 2h in the dark. Nuclei were counterstained with
DAPI for 1 min, and images were captured using an inverted fluores-
cence microscope.

To determine optimal heat stress conditions, SMSCs in the logarithmic
growth phase were exposed to different temperature gradients (37 °C, 39 °C,
40.5 °C, and 42 °C) for various durations (1 h, 3h, 6 h, 9 h, and 12 h), with
three biological replicates per treatment. Quantitative PCR analysis of
HSP70 and HSP60 expression revealed maximal induction at 42 °C for 3 h,
which was selected for subsequent experiments. Thermoneutral cells (37 °C)
served as controls. All heat treatments were performed in standard CO,
incubators (5% CO,) with controlled humidity.
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Overexpression and interference with vector construction as
well as cell transfection
Overexpression and knockdown adenoviruses targeting CIITA (Gene ID:
XM_010819255.4; shRNA sequence: ACGAGGTCCTCAGTTACATTG)
were constructed by Hanbio (Shanghai, China) using the pAdEasy-EFla-
MCS-3xFLAG-CMV-EGFP and pAdEasy-U6-CMV-EGEFP vectors. The
shRNA sequence was designed and verified by BLAST to ensure specificity
against cattle CIITA. Viral packaging was performed in 293 A cells using the
Adeasy system, and viral titers were determined by TCID50 assay.
Primary bovine SMSCs were infected at 40-50% confluence with an
optimized multiplicity of infection of 24. Infection was carried out in half the
usual culture medium volume for 4h to enhance viral adsorption, after
which the medium volume was restored and replaced with complete growth
medium after 16 h of total incubation. Infection efficiency was evaluated
48 h post-infection via EGFP fluorescence microscopy and further con-
firmed by qPCR analysis of target gene expression.

Determination and analysis of cell transcriptome and
metabolome

To investigate the role of CIITA under heat stress conditions, SMSCs
overexpressing CIITA (HS+ OE-CIITA) and corresponding negative
control cells (HS + OE-NC) were established and subjected to heat stress at
42 °C for 3 h, thereby generating a CIITA overexpressing SMSCs heat stress
model. Total RNA was extracted using RNAiso Plus reagent (TaKaRa,
Japan) following the manufacturer’s instructions. The RNA-seq libraries
were constructed using the VAHTS mRNA-seq V8 Kit (Vazyme, China)
and sequenced on the DNBSEQ-T7 platform (MGI Tech, China). The
bioinformatics analyses were performed following the same pipeline as
described for the tissue RNA-seq data. DEGs were identified based on the
criteria of |log,(FC)| > 0.2 and FDR < 0.05, and protein—protein interaction
networks were constructed using the STRING database’.

For metabolomic profiling, targeted metabolomics analysis was con-
ducted on CIITA overexpressing SMSCs under heat stress (Wuhan Metwell
Biotechnology, China). Differential metabolites were defined using the
thresholds of VIP > 1, |log,(FC)| > 0.3, and FDR < 0.05.

Detection of cell viability, cell proliferation, cell cycle and ATP
To further determine the biological effects of CIITA overexpression under
heat stress, HS 4+ OE-CIITA and HS + OE-NC SMSCs were treated under
the same heat stress conditions (42 °C for 3 h). Cell viability was assessed in
treated and control groups using the Cell Counting Kit-8 (Solarbio, China),
and the optical density was measured at 450 nm using a microplate reader.
Cell proliferation was evaluated using the BeyoClick™ EdU Cell Proliferation
Kit with Alexa Fluor 594 (Beyotime, China). Fluorescence images were
acquired using an inverted fluorescence microscope (Leica, Germany) and
analyzed with Image] software. Cell cycle distribution was assessed by flow
cytometry using the Cell Cycle Analysis Kit (Beyotime, China). After pro-
pidium iodide staining, cells were analyzed on a CytoFLEX flow cytometer
(Beckman Coulter, USA) equipped with a 488-nm excitation laser and a
585/21-nm emission filter. Data acquisition was performed using CytExpert
software (v2.4), and the proportions of cells in the G0/G1, S, and G2/M
phases were quantified with ModFit LT (v5.0). Cellular ATP levels were
determined using the ATP Content Assay Kit (Servicebio, China) according
to the manufacturer’s instructions. All experimental operations were per-
formed strictly following the manufacturers’ protocols.

RNA extraction and qPCR analysis

Total RNA was extracted using RNAiso Plus reagent (TaKaRa, Japan)
following the manufacturer’s protocol. Briefly, 1 mL of RNAiso Plus was
added to each culture dish or well, and the lysate was incubated at room
temperature for 5 min. After the addition of 200 uL of chloroform, samples
were vigorously shaken for 15 s and centrifuged at 12,000 rpm for 15 min at
4 °C. The aqueous phase was transferred to a new tube, mixed with an equal
volume of pre-chilled isopropanol, and centrifuged again at 12,000 rpm for
10 min to obtain RNA pellets. The pellets were washed twice with 75%

DEPC-treated ethanol, air-dried, dissolved in 20 pL of DEPC-treated water,
and stored at —80 °C until use.

Complementary DNA (cDNA) was synthesized using the Pri-
meScript™ FAST RT Reagent Kit (TaKaRa, Japan) according to the
manufacturer’s protocol. QPCR primers were designed using the
Primer3Plus online tool (https://www.primer3plus.com/) based on
sequences retrieved from the NCBI nucleotide database, and syn-
thesized by Wuhan Tianyi Huiyuan Biological Technology Co., Ltd.
(Wuhan, China; Supplementary Table 2). QPCR was performed
using the TB Green Premix Ex Taq II (FAST) Kit (TaKaRa, Japan)
with gene-specific primers. Amplification was carried out under the
following conditions: 95 °C for 10 min, followed by 40 cycles of 95 °C
for 155, 60°C for 30s, and 72 °C for 30s. Relative transcript levels
were calculated using the 2°*“ method, with ACTB serving as the
internal reference gene for normalization.

Copy number variation validation

To verify the identified CNVs, overlapping genomic regions were assessed
and visualized using the Integrative Genomics Viewer”. QPCR was subse-
quently performed for experimental validation®. Genomic DNA was
extracted from peripheral blood using the TIANamp Genomic DNA Kit
(TIANGEN, China) according to the manufacturer’s protocol. Specific pri-
mers targeting the candidate CNV region (CHR25:9,557,000-9,605,500 bp)
were designed with Primer3Plus (https://www.primer3plus.com/) based on
the Bos taurus reference genome sequence. QPCR assays were conducted
using the TB Green Premix Ex Taq II (FAST) Kit (TaKaRa, Japan) under
the following thermal cycling conditions: 95°C for 10 min, followed
by 40 cycles of 95°C for 155, 60°C for 30s, and 72°C for 30s. All
reactions were performed in triplicate. Relative CNV copy numbers were
quantified using the 2**“ method, with ACTB as the internal reference gene.
Primer sequences used for CNV validation are listed in Supplementary
Table 2.

Statistics and reproducibility

All quantitative data in this study are presented as mean + SEM. To ensure a
uniform scale for comparison, all experimental results, which included three
to eight biological replicates (encompassing cell viability (n =7), cell pro-
liferation (n =6), ATP content (n =4), cell cycle distribution (n =4), and
relative gene expression via gPCR), were first normalized to their respective
control groups. Statistical significance of differences between groups was
analyzed using GraphPad Prism software (version 8.0). Following nor-
malization, an unpaired, two-tailed t-test was employed. Statistical sig-
nificance was defined as “*” P<0.05 and “**” P <0.01. All graphs were
generated using GraphPad Prism 8.0 to visually present the normalized data
and significance markers.

Ethics approval

All animal procedures were approved by the Institutional Animal Care and
Use Committee of Southwest University (Approval No. IACUC-
20221128-02).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The WGS data generated in our previous study and the RNA-seq data
produced in the present study have been deposited in the NCBI database
under accession numbers PRJNA1164013 and PRJNA1261581,
respectively””. All tissue RNA-seq datasets used in this study were obtained
from publicly available datasets in the NCBI database; detailed sample
information, including accession numbers and original publication cita-
tions, is provided in Supplementary Data 1. Source data underlying all
figures are provided in the Supplementary Data 2. The gating strategy for
Fig. 6iis presented in Supplementary Fig. 4. All other data, including the raw
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metabolomics data, are available from the corresponding author upon
reasonable request.
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