Wang et al. Zool. Res. 2024, 45(5): 1013-1026
https://doi.org/10.24272/j.issn.2095-8137.2024.050
https://cstr.cn/32248.14.zr.2024.050

Zoological
Research

Comparative DNA methylation reveals epigenetic adaptation
to high altitude in snub-nosed monkeys
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ABSTRACT

DNA methylation plays a crucial role in environmental
adaptations. Here, using whole-genome bisulfite
sequencing, we generated comprehensive genome-wide
DNA methylation profiles for the high-altitude Yunnan
snub-nosed monkey (Rhinopithecus bieti) and the closely
related golden snub-nosed monkey (R. roxellana). Our
findings indicated a slight increase in overall DNA
methylation levels in golden snub-nosed monkeys
compared to Yunnan snub-nosed monkeys, suggesting a
higher prevalence of hypermethylated genomic regions in
the former. Comparative genomic methylation analysis
demonstrated that genes associated with differentially
methylated regions were involved in membrane fusion,
vesicular formation and trafficking, hemoglobin function,
cell cycle regulation, and neuronal differentiation. These
results suggest that the high-altitude-related epigenetic
modifications are extensive, involving a complete
adaptation process from the inhibition of single Ca?
channel proteins to multiple proteins collaboratively
enhancing vesicular function or inhibiting cell differentiation
and proliferation. Functional assays demonstrated that
overexpression or down-regulation of candidate genes,
such as SNX10, TIMELESS, and CACYBP, influenced cell
viability under stress conditions. Overall, this research
suggests that comparing DNA methylation across closely
related species can identify novel candidate genomic
regions and genes associated with local adaptations,
thereby deepening our understanding of the mechanisms
underlying environmental adaptations.
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INTRODUCTION

As the most extensively studied and best understood form of
epigenetic modification, DNA methylation is known to play
important roles in various biological processes, including
transposable element silencing, gene expression regulation,
genomic imprinting, X-chromosome inactivation,
carcinogenesis, and aging (Bird, 2002; Horvath et al., 2022;
Schiibeler, 2015; Smith & Meissner, 2013). In mammals, DNA
methylation predominantly occurs at the C-5 position of
cytosine within CpG dinucleotides through the addition of a
methyl group (Lisanti et al., 2013; Mohn & Schibeler, 2009).
The function of DNA methylation varies depending on its
genomic location. For example, DNA methylation in promoter
regions is typically associated with gene repression, while
gene-body DNA methylation is positively correlated with
transcriptional activity (Ball et al., 2009; Jones, 2012; Lister
et al., 2009).

Environmentally induced epigenetic changes may be
inheritable (Jirtle & Skinner, 2007; Richards, 2006). Epigenetic
modifications, particularly DNA methylation, can contribute to
rapid phenotypic changes by modulating gene-regulatory
responses to environmental conditions (Feil & Fraga, 2012).
With the advancement of high-throughput sequencing and
various assays for measuring DNA methylation, recent studies
have elucidated the significant impact of DNA methylation on
environmental adaptations. For instance, brown anole lizards
(Anolis sagrei) exhibit consistent changes in DNA methylation
within a few days of colonizing novel environments (Hu et al.,
2019). In pigs (Sus scrofa), comparative methylated DNA
immunoprecipitation sequencing has revealed differentially
methylated genes potentially related to hypoxic adaptation
between Xizang and Yorkshire pigs (Zhang et al., 2019). In
humans, methylation of the promoter region of EPAS7 and the
repetitive element LINE-1is associated with differential
exposure to high altitude (Childebayeva et al., 2019, 2021).
These findings suggest that the role of epigenetic
modifications, especially DNA methylation, in environmental
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adaptations is greater than previously anticipated and merits
thorough investigation (Bossdorf et al., 2008).

Whole-genome bisulfite sequencing (WGBS) is a standard
approach for DNA methylation profiling (Chapin et al., 2022;
Ulahannan & Greally, 2015), involving random genome
fragmentation followed by bisulfite sequencing, thus providing
nucleotide-resolution and comprehensive information on most
cytosine locations across the genome (Susan etal., 1994;
Suzuki et al., 2018). Notably, WGBS has enabled exploration
of the role of DNA methylation in environmental adaptation at
the genomic scale by comparing whole-genome DNA
methylation profiles. For example, coral (Stylophora pistillata)
exposed to varying pH stress exhibits widespread DNA
methylation changes in pathways governing the cell cycle and
body size, suggesting that an epigenetic component of
phenotypic acclimatization may enable coral to better
withstand environmental alterations (Liew etal., 2018).
Similarly, as revealed by comparative analysis of genomic-
scale DNA methylation, Chinese indigenous chickens (Gallus
domesticus) under different conservation programs exhibit
local genetic and DNA methylation variations associated with
the environmental characteristics of their origin (Zeng et al.,
2022).

The snub-nosed monkeys (genus  Rhinopithecus)
encompass five endangered and critically endangered
colobine primate species distributed across China (R.
roxellana, R. brelichi, R. bieti, and R. strykeri), Myanmar (R.
strykeri), and Vietnam (R. avunculus) (Geissmann et al., 2011;
Li et al., 2004). Among these species, the Yunnan snub-nosed
monkey (R. bieti) uniquely inhabits high-altitude forests at
elevations ranging from 3 400 to 4 600 m above sea level on
the Qinghai-Xizang Plateau, representing one of the highest
altitudinal ranges for nonhuman primates (Li et al., 2002; Long
et al,, 1994, 1996). In contrast, their close relatives, the golden
snub-nosed monkey (R. roxellana), are confined to mountain
forests in central China, typically at elevations below 3 300 m
(Kirkpatrick, 1995).

Exploring genetic adaptations to high-altitude environments,
Yu et al. (2011) found that mitochondrial genes in the golden
snub-nosed monkey are under positive selection, potentially
enhancing energy metabolism at high altitudes and in cold
climates. Zhou et al. (2014) generated genomic sequences of
snub-nosed monkeys and discovered positive selection of
certain genes related to fatty acid biosynthesis and the
signaling of insulin, adipocytokine, and lipid binding. They
hypothesized that leaf-eating monkeys living in high-altitude
forests evolved enhanced energy metabolism to efficiently
degrade plant cell wall components (celluloses and
hemicelluloses) and absorb and exploit scarce nutrients. In
subsequent population genomic analyses, Zhou et al. (2016)
identified positive selection signatures in several genes,
including ADAM9 and SLC9A6, within the Yunnan snub-nosed
monkey genome that may facilitate adaptive responses to low
oxygen conditions. Yu et al. (2016) also reported the selection
of genes associated with DNA repair, DNA damage response,
and oxidative phosphorylation in snub-nosed monkeys,
potentially linked to increased ultraviolet (UV) exposure and
higher metabolic rates required for survival at high altitudes.
Despite their valuable role as a research model, the extent to
which epigenetic modifications contribute to the complex
adaptation of snub-nosed monkeys to high-altitude
environments remains uncertain.

In this study, we generated genome-wide DNA methylation
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profiles for both Yunnan snub-nosed monkeys and golden
snub-nosed monkeys using WGBS. We then conducted a
population-level comparison of these profiles to determine
whether the two species exhibit similar DNA methylation
patterns  characteristic of high-altitude environments.
Additionally, we analyzed differentially methylated genomic
regions and genes between the two species to investigate
their potential role in high-altitude adaptation. Collectively, the
findings of this study provide novel insights into the epigenetic
mechanisms underlying the adaptation of snub-nosed
monkeys to high-altitude environments.

MATERIALS AND METHODS

Sample collection, DNA isolation, and sequencing

Muscle samples were obtained from 15 snub-nosed monkeys,
including 11 golden snub-nosed monkeys and four Yunnan
snub-nosed monkeys, which died of natural causes in nature
reserves. Information on their respective altitudinal habitats
was also collected (Figure 1A, B; Supplementary Table S1).
Genomic DNA was extracted from the muscle samples using
a TIANamp Blood/Tissue/Cell Genomic DNA Extraction Kit
DP304 (TIANGEN Biotech, China). The samples were first
treated to create a cell suspension, then centrifuged at 10 000
r/min with a centrifugal radius of 8 cm for 1 min at 4 °C. The
supernatant was discarded, and the cell pellet was re-
suspended in 200 uL of Buffer GA. After the addition of 4 uL of
RNase A (TransGen Biotech, China), the samples were
incubated with 20 yL of Proteinase K (TransGen Biotech,
China) at 56 °C until complete cell lysis. Subsequent steps
were performed according to the manufacturer’s instructions
(DP304 TIANamp Genomic DNA Kit, TIANGEN Biotech,
China). Approximately 5.2 pug of genomic DNA spiked with 26
ng of lambda DNA was fragmented to 200-300 bp with a
Covaris S220 sonicator (Covaris, USA), followed by end repair
and adenylation. Lambda DNA served as an unmethylated
control to calculate the bisulfite conversion rate. The DNA
fragments were then treated twice with bisulfite using an EZ
DNA Methylation-Gold™ Kit (Zymo Research, USA). After
testing the insert size and accurately quantifying the effective
concentration of the libraries using real-time quantitative
polymerase chain reaction (qPCR), the libraries were
sequenced on the lllumina NovaSeq 6000 platform
(Novogene, China), generating 150 bp paired-end reads. All
study procedures and protocols were approved by the Animal
Ethics Committee of the Institute of Zoology, Chinese
Academy of Sciences (10220190083, 26 December 2019).

Comparative WGBS data analysis

The NGS QC Toolkit v.2.3.3 (Patel & Jain, 2012) was used to
remove low-quality reads and those containing adapters.
Clean reads for each sample were mapped to the reference
genome Rrox_v1 (GCF_000769185.1) using Bismark v.0.22.1
with default parameters (Krueger & Andrews, 2011). Duplicate
reads were removed based on coordinates. Methylcytosine
information was processed using the R package methylKit
v.1.12.0 (Akalin etal., 2012). Bases with less than 10x
coverage and those with more than 99.9% coverage in each
sample were discarded to eliminate PCR bias (Supplementary
Tables S2-S4). Coverage normalization was achieved by
calculating the scaling factor using the median coverage for
each sample. The genome was tiled with 1 000 bp windows
and 1 000 bp step-size to summarize methylation information,
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Figure 1 Sample and genomic methylation information related to snub-nosed monkeys

A: Study sampling sites in China. B: Altitude and oxygen partial pressure of each sampling location. Orange solid circle represents sampling

locations of golden snub-nosed monkeys (Rhinopithecus roxellana) and blue triangle represents sampling locations of Yunnan snub-nosed
monkeys (R. bieti). C: PCA of DNA methylation level across samples. First two principal components (PCs) are shown. Each sample is represented
as a point. Colors represent golden snub-nosed monkeys (R. roxellana, orange) and Yunnan snub-nosed monkeys (R. bieti, blue). D: CG
methylation distribution around transcription start sites (TSS) over Ensembl genes and 3k bp flanking sequences in the 1k bp region of golden snub-
nosed monkeys (R. roxellana, orange) and Yunnan snub-nosed monkeys (R. bieti, blue). E: CG methylation distribution around the TSS and
transcription end site (TES) over Ensembl genes and 3k bp flanking sequences in the 1k bp region of golden snub-nosed monkeys (orange) and

Yunnan snub-nosed monkeys (blue). F: Frequency of hypermethylation sites (methylation rate >70% and coverage >30x) in gene upstream 2k bp,

5 UTR, exon, 3 UTR, intron, and gene downstream 300 bp. Colors represent golden snub-nosed monkeys (orange) and Yunnan snub-nosed
monkeys (blue). G: Proportions of methylated CG sites. Color represents different methylation ratio ranges.

filtering regions with coverage lower than 3x. Principal
component analysis (PCA) of DNA methylation levels across
samples was conducted to identify any outliers among the
samples from each species. The differentially methylated
region (DMR) was identified by considering genomic area with
an average methylation discrepancy greater than 25% and a
Q-value below 0.01. Genes with DMRs extending within
+2 000 bp from the transcription start site (TSS) were
classified as differentially methylated genes (DMGs). To
ensure that variations in DMGs were not due to random
variability or unequal sample sizes, strategic subsampling and
repeated significance testing were implemented for each
DMG. Given the computational intensity of random sampling,
a semi-random approach was adopted. The samples were first

clustered based on their methylation profiles using the
“‘ward.D2” method (Supplementary Figure S1). The sample
size of the golden snub-nosed monkeys was then matched to
that of the Yunnan snub-nosed monkeys by drawing from
each cluster of the former. Hence, 48 unique combinations
were devised from the golden snub-nosed monkey clusters,
ensuring systematic inclusion of all samples. For each gene,
the highest P-value (denoting the least significance) and the
corresponding methylation differential were recorded as the
benchmark for significance.

Given that our analysis revealed higher methylation levels in
golden snub-nosed monkeys compared to Yunnan snub-
nosed monkeys, the same cutoff was not universally applied
to identify significant DMGs. Instead, regions showing more
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than a 40% methylation increase in golden snub-nosed
monkeys were classified as hypermethylated, while those with
a decrease of more than 10% were defined as
hypomethylated. Regions with Q-value below 0.05 in
comparative groups were designated as DMGs. To mitigate
potential bias from exclusively using the golden snub-nosed
monkey genome, the Yunnan snub-nosed monkey genome
(GCA_001698545.1) was also employed in mapping and
comparative analyses. Ultimately, DMGs demonstrating
significant differences in both genome analyses were
confirmed as definitive candidate genes.

Redundancy analysis

Redundancy analysis (RDA) was employed to determine
potential correlations between methylation variants and
environmental variables, including altitude, oxygen partial
pressure, and climatic factors such as minimum and maximum
temperature and precipitation from 2000 to 2019 (Forester
etal., 2018; Gugger etal., 2016; Wiliams etal.,, 2023).
Methylation positions extracted from DMGs were analyzed in
relation to these conditions. Data on altitude, minimum and
maximum temperatures, and precipitation across the habitats
of the two snub-nosed monkey species were acquired from
WorldClim  (https://www.worldclim.org/) with a spatial
resolution of 5 min, while oxygen partial pressure was
calculated using the Altitude Air Pressure Calculator
(https://altitudecontrol.com/altitude-air-pressure-calculator/).
Environmental variable selection was carried out using the
“vifstep” function in the R package “usdm” to identify variables
with a Variance Inflation Factor (VIF) lower than 10 (Naimi
et al., 2014), ensuring the inclusion of the most important and
least collinear variables. The selected environmental variables
were then used in RDA using the “vegan” R package
(Oksanen et al., 2022).

Gene enrichment analysis

DMGs with significant methylation differences were subjected
to functional enrichment analysis using the R package
clusterProfiler (Yu et al., 2012). Gene enrichment analysis was
performed based on Gene Ontology (GO) biological process
(BP) terms and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. Terms and pathways with a P-value less
than 0.05 were considered significantly enriched.

Functional validation of DMGs

Given the position-dependent regulatory effects of DNA
methylation on gene expression and the association of
methylation sites with the promoter regions of candidate
genes SNX10, TIMELESS, and CACYBP, we investigated the
functions of these three DMGs using expression assays to up-
regulate and down-regulate their expression levels. The
mRNA sequences of the relevant DMGs were downloaded
from Ensembl (https://ensemblgenomes.org/) (SNX10:
ENSRROT00000044888.1, TIMELESS: ENSRBIT0000001
3822.1, CACYBP: ENSRBIT00000058243.1). The coding
sequences were synthesized and cloned into the pcDNAS3.1-
myc-HisA (+) vector to construct recombinant pcDNA3.1-
DMGs plasmids at Shanghai Sangon Biotech (China). A-549
cells were cultured into 96 well-plates in a 5% CO, incubator
at 37°C. The medium was changed every 2-3 days, and the
cells were passaged upon reaching confluence. For transient
overexpression of the DMGs, cells at 80% confluence were
transfected with plasmids using Lipofectamine 3000
transfection reagent (Invitrogen, USA). Firstly,

1016 www.zoores.ac.cn

Lipofectamine™ 3000 reagent was diluted in Opti-MEM™
medium (two tubes) and mixed well. Secondly, a master mix
of DNA was prepared by diluting DNA in Opti-MEM™ medium,
then adding P3000™ reagent and mixing well. Thirdly, diluted
DNA was added to each tube of diluted Lipofectamine™ 3000
reagent (1:1 ratio). Finally, the mixture was incubated for
10-15 min at room temperature. The DNA-lipid complex was
added to the cells. After incubation for 24 h at 37 °C, the
transfected cells were visualized and analyzed under a
microscope before subsequent processing.

Small interfering RNAs (siRNAs) were synthesized to down-
regulate the expression of the candidate genes. A-549 cells
(30% confluence) were transfected with 50 nmol/L (final
concentration) siRNAs targeting SNX70, TIMELESS, and
CACYBP. Control experiments were carried out using
nontargeting siRNA. The sequences of the SNX70 siRNA
oligonucleotides were 5-GGACACAGTAGTGATGACAGC
AGTT-3" (siSNX10-1) and 5-TCAACATGAACAATCGCCA
GCATGT-3’ (siSNX10-2), TIMELESS siRNA oligonucleotides
were 5-AGAAGAGAAGGAAGAAGAATT-3’' (siTIMLESS-1)
and 5-GCCUACAUGUGCUAGAGAUTT-3' (siTIMLESS-3),
and CACYBP siRNA oligonucleotides were 5-GCGGCUUC
GUGAUGUUCUATT-3' (siCACYBP-1) and 5-GCGAAG
GGCUUAUGAACCUTT-3’ (siCACYBP-3) (Hanbio, China).

To mimic the effects of hypoxia-induced DNA damage and
endoplasmic reticulum (ER) stress in cells (Kimura-Ohba &
Yang, 2016; Li et al., 2011), we used etoposide to induce DNA
damage and thapsigargin and tunicamycin to induce ER
stress. Additionally, we designed UV exposure experiments to
simulate DNA damage induced by UV exposure (Palomera-
Sanchez & Zurita, 2011). Twenty-four hours after transfection
with pcDNA3.1-DMG plasmid tagged by EGFP and 48 h after
transfection with siRNA, cells were treated with 20 pmol/L
etoposide, 1 ymol/L thapsigargin, 2 pg/mL tunicamycin or left
untreated for 24 h in 5% CO, incubator at 37 °C, respectively.
Each treatment was repeated six times. For the UV exposure
experiments, cells were exposed in UV light for 15 s, 30 s, or
45 s, or left untreated, then cultured for 24 h in a 5% CO,
incubator at 37 °C. DNA damage and ER stress were
evaluated using a WST-1 cell viability assay, and cell mortality
rates were calculated.

RESULTS

Conservation of genome-wide DNA methylation profiles in
snub-nosed monkeys compared to other vertebrates

Approximately 5.6 billion reads were generated by WGBS
from 15 samples of Yunnan and golden snub-nosed monkeys,
averaging about 373 million reads per individual. Of these
reads, approximately 72% were mapped to the golden snub-
nosed monkey reference genome, and about 51% were
mapped to distinct genomic regions (Supplementary Table
S2). The global CpG methylation level in the snub-nosed
monkey genome ranged from 69.3% to 79.0%
(Supplementary Table S3), consistent with the methylation
levels observed in other mammals (Al Adhami et al., 2022;
Hon etal, 2013; Ziller etal., 2013). The global CG
methylation (69.3%-79.0%) was markedly higher than CHG
methylation  (0.10%-0.40%) and CHH  methylation
(0.10%-0.50%). PCA revealed species-specific DNA
methylation patterns between the two snub-nosed monkey
species (Figure 1C), suggesting that environmental factors,
rather than technical confounders, are likely responsible for
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the observed differential methylation. The predominant feature
of their methylation patterns —high overall genomic
methylation with reduced methylation at gene transcription
start sites (TSS) (Figure 1D, E) —mirrors findings in the
methylomes of other vertebrates (Al Adhami et al., 2022).

Results indicated that most methylation peaks were
distributed in introns, followed by exons, 2k bp region
upstream of TSS, 3’-untranslated regions (UTRs), and 300 bp
region downstream of transcription termination sites, with
fewer peaks identified in 5-UTRs (Figure 1F; Supplementary
Table S4). There was a small but significant increase in
overall DNA methylation levels in golden snub-nosed monkeys
compared to Yunnan snub-nosed monkeys (P<0.05, Mann-
Whitney U test), indicating that the Yunnan snub-nosed
monkey genome was relatively more hypomethylated
(Figure 1F, G). Previous studies have reported that extensive
methylation of cancer cell chromatin is reduced under tumor
hypoxic conditions, potentially influencing gene expression
regulation and promoting tumor progression (Pal et al., 2010;
Shahrzad etal,, 2007). Given that Yunnan snub-nosed
monkeys experience more severe hypoxic environments than
golden snub-nosed monkeys, we hypothesize that the
reduction in methylation in the Yunnan snub-nosed monkey
genome may be a response to the more severe hypoxia they
endure, leading to alterations in DNA methylation across most
of their chromatin.

DMGs between Yunnan and golden snub-nosed monkeys
Comparison of the DNA methylation profiles between Yunnan
and golden snub-nosed monkeys identified a total of 44 743
DMRs. The maijority of these DMRs were located in intergenic
regions (60%), followed by introns (30%), exons (6%), and
promoter regions (3%) (Figure 2A). Among these, 23 142
DMRs exhibited higher methylation levels in golden snub-
nosed monkeys compared to Yunnan snub-nosed monkeys
and were thus classified as hypermethylated. Conversely,
21 601 DMRs displayed lower methylation levels in golden
snub-nosed monkeys and were classified as hypomethylated.
The hyper- and hypomethylation patterns were distinct in their
distribution: hypermethylated DMRs were predominantly
located in intergenic regions (69%), followed by introns (26%),
exons (4%), and promoter regions (2%) (Figure 2B), while
hypomethylated DMRs were primarily found in intergenic
regions (59%), followed by introns (31%), promoter regions
(5%), and exons (4%) (Figure 2C). RDA of methylation
variants and environmental factors revealed that altitude, or
indirectly oxygen partial pressure, had the most significant
impact on methylation patterns (Figure 2D, E; Supplementary
Figure S2A, B), further suggesting that the DMGs identified in
our study are associated with the hypoxic conditions
encountered in high-altitude habitats.

The hypermethylated genes identified in the golden snub-
nosed monkeys were predominantly associated with
membrane fusion and vesicle-related biological processes. In
regions with significant methylation differences, we identified
160 genes potentially regulated by these DMRs (Figure 2F).
Of these 160 DMGs, 58 exhibited increased methylation
(hypermethylated) and 102 exhibited reduced methylation
(hypomethylated) in the golden snub-nosed monkeys
compared to the Yunnan snub-nosed monkeys. These DMGs
were ranked based on the methylation differences of the
corresponding DMPs/DMRs in descending order. The top 10
hypermethylated genes in the golden snub-nosed monkeys
compared to the Yunnan snub-nosed monkeys were SNX10,

PLEKHG3, ZNF432, ARFGEF1, LRRC39, ADAMS5, PMS1,
DCSTAMP, ZNF343, and SLC13A3. Conversely, the top 10
hypomethylated genes in the golden snub-nosed monkeys
relative to the Yunnan snub-nosed monkeys were TIMELESS,
CACYBP, UPF3A, ZNF266, GNPAT, USP45, NMRK1,
PRRC2C, CNTNAP1, and EIF4G2 (Figure 2F; Supplementary
Table S5). The hypermethylated DMGs in golden snub-nosed
monkeys were significantly enriched in bone resorption

(P=1.7x107%, Fisher's exact test), organelle assembly
(P=2.7x107%, Fishers exact test), bone remodeling
(P=3.6x107%, Fisher's exact test), organelle fusion

(P=6.4x107%, Fisher's exact test), phagocytosis (P=0.02,
Fisher's exact test), and vesicle organization (P=0.03, Fisher's
exact test) (Figure 2G; Supplementary Table S6). In addition,
several hypermethylated DMGs in the golden snub-nosed
monkeys, including PLEKHG3 (Ettelt et al., 2023), ARFGEF1
(Zhao et al., 2002), MARCHF8 (Gauvreau et al., 2009), RAC1
(Nakaya etal., 2008), SFT2D3 (Liu etal.,, 2020), RAB5A
(Hoffenberg et al., 2000), and FYCO1 (Pankiv et al., 2010),
were associated with vesicular trafficking, lysosomal function,
membrane fusion, and regulation of apoptotic cell
phagocytosis  (Figure 3A; Supplementary Table S7).
Moreover, HBD and CLASP1 were found to be
hypermethylated in golden snub-nosed monkeys and
hypomethylated in Yunnan snub-nosed monkeys. These
genes are important for obtaining adequate oxygen, with their
up-regulation crucial under hypoxic conditions (An et al., 2022;
De Souza lung et al., 2018) (Figure 3A). Furthermore, MET
and CD36, which are related to angiogenesis (Febbraio et al.,
2001; You & McDonald, 2008), were also hypermethylated in
golden snub-nosed monkeys and hypomethylated in Yunnan
snub-nosed monkeys (Figure 3A).

The hypomethylated genes in golden snub-nosed monkeys
were primarily involved in cell proliferation and differentiation.
Notably, the hypomethylated DMGs in golden snub-nosed
monkeys (hypermethylated in Yunnan snub-nosed monkeys)
were significantly enriched in biological processes associated
with sensory organ development and neuronal development
and differentiation (TDP2, OTP, B2M, PHACTR1, MARK1,
IFT27, and VSXT7), including neuronal differentiation
(P=3.7x107%, Fisher's exact test), sensory organ development
(P=4.5x107%, Fisher's exact test), and the Wnt signaling
pathway (P=9.7x1073, Fisher's exact test) (Figure 2E;
Supplementary Table S5). The hypermethylated genes in the
Yunnan snub-nosed monkeys, including TIMELESS (Somyajit
et al., 2017), USP45 (Griffis et al., 2007), DHX36 (Zeng et al.,
2020), NABP1 (Huang etal., 2009), MMS22L (O’Donnell
etal,, 2010), BUB3 (Logarinho etal., 2008), and BARD1
(Schichner etal.,, 2005), were involved in cell cycle
processes, indicating that cell proliferation, especially in
sensory functions, may be comparatively suppressed in
Yunnan snub-nosed monkeys (Figure 3A; Supplementary
Table S6). Genes involved in the Wnt signaling pathway,
including PRKACB, CACYBP, PRKCA, and FRZB, were also
hypermethylated in Yunnan snub-nosed monkeys (Figure 2E;
Figure 3A; Supplementary Table S5), as were TRPC6 and
TRDN (Figure 3A). TRPC6 is a non-selective calcium channel
gene (Liao etal., 2008), while TRDN is an essential
component of the macromolecular complex with another
important Ca?* channel, RyR1 (Goonasekera et al., 2007).

Comparison of known genes related to high-altitude
adaptation with DMGs in snub-nosed monkeys
High-altitude adaptation has long been a focal point of interest
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Figure 2 Comparative analysis of differentially methylated regions (DMRs) between golden and Yunnan snub-nosed monkeys, RDA of
methylation variants in promoter regions and environmental factors, and DMG pathway enrichment analysis

A: Pie plot showing proportions of all DMRs (DMR-AII) in exons, intergenic regions, introns, and promoter regions. B: Pie plot showing proportions of
hypermethylated DMRs (DMR-Hypermethylation) in exons, intergenic regions, introns, and promoter regions in golden snub-nosed monkeys
compared to Yunnan snub-nosed monkeys. C: Pie plot showing proportions of hypomethylated DMRs (DMR-Hypomethylation) in exons, intergenic
regions, introns, and promoter regions in golden snub-nosed monkeys compared to Yunnan snub-nosed monkeys. D: PCA plot based on RDA axes
1 and 2. Blue arrows represent environmental variables. tmin: annual average minimum temperature, prec: annual total precipitation. Red and
orange points represent Yunnan snub-nosed monkeys (Rbie) and golden snub-nosed monkeys (Rrox), respectively. Gray points represent
differential methylation values of each position. E: Variance explained by RDA axes. F: Heatmap of all differentially methylated genes (DMGs). Top
10 hypermethylated and hypomethylated genes (golden snub-nosed monkeys compared to Yunnan snub-nosed monkeys) with methylation
difference values. Color range represents hypomethylation (blue) to hypermethylation (red), Rrox: Rhinopithecus roxellana, Rbie: R. bieti. G: Gene
enrichment based on GO (biological processes, BP) and KEGG analyses. X-axis represents pathway terms and Y-axis represents —logq(P-value).
Point size represents gene ratio. Color represents hypermethylation (orange) and hypomethylation pathways (blue) in golden snub-nosed monkeys
compared to Yunnan snub-nosed monkeys.

in humans and other mammals (Julian & Moore, 2019).
Hundreds of genes associated with natural selection have
been identified in the genomes of humans and mammals
inhabiting elevated environments (Supplementary Table S7).
For example, common genetic traits in HIF pathway genes
have been observed in human populations from Xizang, the
Andes, and Ethiopia (Bigham, 2016). Specifically, the EGLN1
gene, which influences HIF-1a hydroxylation, shows signs of
natural selection within these groups (Lorenzo et al., 2014;
Simonson etal., 2010). Additionally, the EPAS7 gene,
associated with low hemoglobin levels in Xizang populations,
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has undergone significant natural selection (Beall et al., 2010).
The adaptive significance of EPAS1T is also evident in other
mammals, such as North American deer mice (Peromyscus
maniculatus), Andean horses (Equus caballus), and Xizang
breeds of dogs (Canis lupus familiaris), goats (Capra hircus),
horses (Equus caballus), and pigs (Sus scrofa), while natural
selection in EGLN1 has been observed in cattle (Bos taurus)
(reviewed in Lee, 2024). Investigating the methylation patterns
of HIF pathway genes under natural selection in humans (75
genes) and those associated with the GO “Response to
Hypoxia” category (120 genes) (Ashburner etal., 2000;
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Figure 3 Potential epigenetic adaptations of DMGs in snub-nosed monkeys and comparative analyses of known hypoxia adaptation

genes

A: DMGs involved in hypoxic adaptation. Golden snub-nosed monkey hypermethylated DMGs (compared to Yunnan snub-nosed monkeys) are
shown in orange and hypomethylated DMGs are shown in blue. Genes in bold are the three selected for further functional validation. B: Venn
diagram showing overlapping genes among human positive selection genes, GO “Response to Hypoxia” genes, snub-nosed monkey natural
selection genes, and DMGs identified in our study. HGO: Human candidate genes in GO “Response to Hypoxia” with experimental evidence, Sns:
Snub-nosed monkey natural selection genes, Hps: Human positive selection genes, SDMGs: Snub-nosed monkey DMGs in our study. Overlapping

genes are labeled in the figure.

Carbon etal, 2009)  (“2023-11-17"  and “DOI:
10.5281/zenodo.10162580”) could provide further insights.
Nevertheless, among these recognized genes, only PSMC3
showed hypermethylation in the Yunnan snub-nosed monkeys
compared to the golden snub-nosed monkeys (Figure 3B).
PSMC3 encodes the 26S proteasome regulatory subunit 6A, a
component of the proteasome complex that can inhibit Hif1-a
through interaction with p14ARF (Corn etal., 2003; Pollice
et al., 2008). Therefore, the hypermethylation of PSMC3 may
repress its function, potentially representing an adaptive
feature that enhances cellular resistance to hypoxia in Yunnan
snub-nosed monkeys.

We compared the DMGs identified in our study with genes
implicated in high-altitude adaptation across animal species.
Notably, TIMELESS, the primary hypomethylated DMG in
golden snub-nosed monkeys compared to Yunnan snub-
nosed monkeys, also exhibits positive selection in geladas
(Theropithecus gelada) (Chiou etal.,, 2022). PLA2G12A,
SYNE1, and NBEAL1 have also been identified in high-
altitude rhesus macaques (Macaca mulatta) based on
haplotype-based scans (Szpiech etal.,, 2021), while the
hypomethylated DMG PLXNA4 is implicated in high-altitude
adaptation in the Himalayan Mountain dog (Canis lupus
familiaris) (Li et al., 2014). FOXN2, hypermethylated in golden
snub-nosed monkeys relative to Yunnan snub-nosed
monkeys, shows positive selection in cashmere goats
inhabiting Xizang (Song etal., 2016), with ATP8B4 and
FOXN2 similarly under positive selection in Xizang sheep
(Ovis aries) (Wei et al., 2016). Despite these correlations, our
results showed a lack of significant overlap between the
identified DMGs and genes exhibiting selection signatures in
other species, suggesting that the convergence of genetic and
epigenetic factors for high-altitude adaptation may not be
straightforward or common across different species.

Based on population genomics, previous studies have
identified 268 genes under natural selection in Yunnan snub-
nosed monkeys (Yu etal., 2016; Zhou et al., 2014). Among

these genes, our results showed that PHACTR1, ACTRS3, and
MCC were hypermethylated, while HDAC9, ADAMS5, and
SLIT2 were hypomethylated in Yunnan snub-nosed monkeys
(Figure 3B). Several of these genes are potentially connected
to high-altitude adaptation. For instance, PHACTRI,
associated with vascular development and endothelial cell
survival, is regulated by VEGFA, a gene within the HIF
pathway (Allain et al., 2012; Jarray et al., 2011). Despite these
findings, limited overlap was observed among the genes
undergoing natural selection in Yunnan snub-nosed monkeys
and those with altered methylation (Figure 3B), suggesting
different dimensions of adaptation through evolution. The HIF
pathway and its downstream genes are involved in many
processes (Bigham & Lee, 2014), including cell cycle control
(Semenza, 2011), cell proliferation and differentiation (Hubbi &
Semenza, 2015), energy metabolism (Das, 2006; Hermes-
Lima etal., 2015; Prentki & Madiraju, 2008), angiogenesis
(Pugh & Ratcliffe, 2003), and immune response (Nizet &
Johnson, 2009). Although most identified DMGs were not
found on the list of known HIF pathway genes, they may still
be associated with these genes and play an important role in
hypoxic adaptation. However, the specific functions of these
DMGs in relation to hypoxic adaptation need further
verification.

Expression levels of DMGs in snub-nosed monkeys
influence cell survival in stressful environments

Differential methylation analysis between golden and Yunnan
snub-nosed monkeys identified SNX70 as the top
hypermethylated DMG (methylation difference value=92.14%,
P=6.76x107""%). The top two hypomethylated DMGs in golden
snub-nosed monkeys were TIMELESS (methylation difference
value=—70.16%, P=2.29x10"2) and CACYBP (methylation
difference value=—67.12%, P=2.39x10"""®) (Figure 3A;
Supplementary Table S5). To investigate the role of
methylation in these genes regarding high-altitude adaptation,
expression assays were conducted under various stress
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Figure 4 Structure of DMGs and cellular assay under various stress conditions

A: Representative images of methylation levels for DMGs related to high-altitude adaptation. B: Mortality rate assay of cells with pcDNA3.1-DMG
plasmids tagged by EGFP treated under stress conditions and mortality rate assay of siRNAs targeting SNX70, TIMELESS, and CACYBP treated
under stress conditions, UV: Cells in UV exposure experiment, ETOP: Cells treated with etoposide, Tunicamycin: cells treated with tunicamycin,
Thapsigargin: Cells treated with thapsigargin, asterisks indicating statistical significance in t-test are marked in B, ": P<0.05; ™: P<0.01; ™": P<0.001.

conditions (Figure 4A, B; Supplementary Figure S3). Cells
overexpressing  SNX70 from  snub-nosed monkeys
demonstrated significantly lower mortality rates than controls
under UV exposure and DNA damage induced by etoposide
(P<0.01, t-test) (Figure 4B). Similarly, cells overexpressing
SNX10 showed lower mortality rates than controls under ER
stress induced by tunicamycin (P<0.01, t-test) (Figure 4B).
Conversely, cells with SNX70 knockdown via siRNA showed
significantly higher mortality rates in UV and tunicamycin-
induced ER stress tests (P<0.05, t-test) (Figure 4B), further
emphasizing the potential protective role of SNX70. These
results suggest that elevated SNX10 levels may enhance cell
survival under stress, while reduced SNX70 expression may
impair it.

The experimental group overexpressing TIMELESS
exhibited a higher cell mortality rate than the control group
under UV exposure, DNA damage induced by etoposide, and
ER stress induced by thapsigargin (P<0.05, t-test) (Figure 4B).
Conversely, the experimental group with TIMELESS
knockdown via siRNA exhibited a significantly lower cell
mortality rate than the control group under UV exposure
(P<0.05, t-test), DNA damage induced by etoposide (P<0.01,
t-test), and ER stress induced by tunicamycin (P<0.05, t-test).
These findings indicate that TIMELESS overexpression may
decrease cell survivability under stress, while TIMELESS
knockdown may improve it (Figure 4B).

In the experiments involving UV exposure, DNA damage
with etoposide, and ER stress with tunicamycin and
thapsigargin, cells overexpressing CACYBP did not show
significant changes in mortality compared to the control group
(Figure 4B). However, cells with reduced CACYBP expression
exhibited a significant decrease in mortality in the DNA
damage and ER stress experiments (P<0.05, t-test), indicating
that CACYBP knockdown may enhance cell survival under
stress.
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DISCUSSION

Gene regulation through DNA methylation is potentially
beneficial to high-altitude adaptation

Our study identified significant differences in methylation
patterns within the promoter regions of DMGs. Promoter
methylation can influence gene expression by affecting
transcription factor binding, recruiting methyl-CpG binding
proteins that alter chromatin architecture (Bommarito & Fry,
2019; Boyes & Bird, 1991; Du etal., 2015; Watt & Molloy,
1988), or modulating the expression of specific genes,
especially transcription factors (Moarii et al., 2015), ultimately
regulating gene function. Based on these findings, we
hypothesize that the notable methylation differences identified
in our analysis may exert distinct effects on the functional
performance of DMGs in golden snub-nosed monkeys
compared to Yunnan snub-nosed monkeys.

The hypomethylation of vesicular-related genes found in
Yunnan snub-nosed monkeys suggests a significant
adaptation to low oxygen conditions. Under hypoxic stress,
cells undergo protein modifications and accumulate unfolded
and misfolded proteins. These proteins are then degraded
through ER-associated degradation and autophagy, which
help mitigate ER stress and preserve cell function (Hetz,
2012). Chronic hypoxia induces the autophagic removal of
damaged macromolecules and organelles, recycling nutrients
and promoting cell survival, a process often observed in
hypoxic areas of solid tumors (Rouschop etal., 2010).
Damaged or dead cells due to hypoxia are eliminated through
phagocytosis, a mechanism associated with membrane fusion
and vesicles (Pizzo & Pozzan, 2007; Rosales & Uribe-Querol,
2017; Wang & Klionsky, 2003). Hypermethylated DMGs in
golden snub-nosed monkeys were enriched in “organelle
assembly” (RAB39A, HAUS3, SNX10, CFAP69 and PAN2),
“‘membrane fusion” (RAB39A and DCSTAMP), “organelle
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fusion” (GDAP1 and RAB39A), “phagocytosis” (RAB39A and
RAB11FIP2), and “vesicle organization” (RAB39A and
SNX10) (Figure 2E; Figure 3A; Supplementary Table S6).
These genes, hypermethylated in the promoter proximal
regions in golden snub-nosed monkeys and hypomethylated
in Yunnan snub-nosed monkeys, may lead to an enhanced
functional response in  Yunnan snub-nosed monkeys,
potentially associated with adaptations to the hypoxic
conditions of high-altitude environments. For instance,
RAB39A, a member of the RAS oncogene family, is
connected to vesicle trafficking (Gambarte Tudela et al., 2015)
and has been shown to increase under hypoxic conditions in
various cancer cell types (Chano etal., 2018). Other
hypermethylated DMGs in golden snub-nosed monkeys, such
as PLEKHG3 (Ettelt etal., 2023), ARFGEF1 (Zhao etal.,
2002), MARCHF8 (Gauvreau etal., 2009), RAC1 (Nakaya
et al.,, 2008), SFT2D3 (Liu et al., 2020), RAB5A (Hoffenberg
etal, 2000), and FYCO1 (Pankiv etal., 2010), are also
implicated in vesicular trafficking, lysosomal function,
membrane fusion, and regulation of phagocytosis of apoptotic
cells. RAC1, a GTPase protein of the RAS superfamily,
activates and binds to various effector proteins, affecting
cellular  processes including phagocytosis, migration,
differentiation, and membrane ruffle formation (Nakaya et al.,
2008; Ridley et al., 1992; Zhao et al., 2013). Hypoxia can also
up-regulate RAC1 mRNA levels and activity over time (Xue
et al., 2006). In summary, membrane fusion and vesicles play
critical roles in the cellular response to hypoxia, with hypoxia
altering the number and contents of secreted vesicles (Chen
et al., 2018; Walbrecq et al., 2020).

Hypoxia-inducible factor 1a (HIF1A), as a master regulator
of the cellular response to hypoxia, is continuously
synthesized and degraded by the ubiquitin-proteasome
system under normoxic conditions, but accumulates rapidly
under hypoxia (Salceda & Caro, 1997). It induces the
transcription of hundreds of genes involved in hypoxia
adaptation (Akman etal., 2021; Semenza, 2012). Hence,
preventing the degradation of HIF1A is critical for the cellular
response to hypoxia. In this study, PAN2 was identified as a
hypomethylated DMG in Yunnan snub-nosed monkeys,
suggesting enhanced functional activity or expression relative
to its counterpart in the golden snub-nosed monkeys
(Figure 3A). PAN2 acts as a regulator of HIF1IA mRNA
stability, and its reduction decreases HIF1A mRNA and
protein levels (Bett etal.,, 2013). Similarly, HBD, which
encodes the hemoglobin subunit delta responsible for
transporting oxygen from the lungs to peripheral tissues
(Moleirinho et al., 2015), was also hypomethylated in Yunnan
snub-nosed monkeys. This hypomethylation implies an
enhanced function of HBD, potentially aiding in oxygen
extraction under hypoxic conditions, as observed in plateau
pika (Ochotona curzoniae), with the specific up-regulation of
HBD in lung tissues considered crucial for survival in high-
altitude, hypoxic environments (An et al., 2022). In addition,
CLASP1, another hypomethylated DMG in Yunnan snub-
nosed monkeys, is involved in the regulation of blood pressure
(De Souza lung et al., 2018). The hypomethylation of CLASP1
suggests enhanced function (Figure 3A), potentially aiding in
the regulation of blood pressure to ensure adequate oxygen
supply.

Hypermethylated DMGs in Yunnan snub-nosed monkeys,
such as TDP2, OTP, B2M, PHACTR1, MARK1, IFT27, and
VSX1, were significantly enriched in biological processes

associated with neuronal development and differentiation
(Figures 2E, 3A; Supplementary Table S5). This finding aligns
with previous research on the Chinese grouse (Tetrastes
sewerzowi), which reported GO enrichment in nervous system
development or death as an adaptation to hypobaric hypoxia
and high UV radiation in high-altitude habitats (Song et al.,
2022). Neurons are particularly sensitive to oxygen
deprivation, and hypoxia is known to impede cell
differentiation (Felfly etal., 2011; Majmundar etal., 2015).
Notably, the hypermethylation of DMGs in Yunnan snub-
nosed monkeys suggests a suppression of genes related to
neuronal differentiation (Figure 2E). Furthermore, other
identified hypermethylated genes, including TIMELESS
(Somyaijit etal., 2017), USP45 (Griffis etal., 2007), DHX36
(Zeng et al., 2020), NABP1 (Huang etal., 2009), MMS22L
(O’Donnell et al., 2010), BUB3 (Logarinho et al., 2008), and
BARD1 (Schichner et al., 2005), play roles in the cell cycle,
suggesting that cell proliferation, particularly in sensory
functions, may be comparatively inhibited in Yunnan snub-
nosed monkeys (Figure 3A; Supplementary Table S6). As cell
proliferation increases demand for oxygen and aggravates
hypoxic stress, hypoxia generally inhibits cell proliferation
(Hubbi & Semenza, 2015). This inhibition of cell proliferation
may be an adaptive measure for Yunnan snub-nosed
monkeys. Furthermore, several hypermethylated DMGs in
Yunnan snub-nosed monkeys were enriched in the Wnt
signaling pathway (PRKACB, CACYBP, PRKCA, and FRZB)
(Figure 3A; Supplementary Table S5). Hypoxia has been
reported to negatively regulate skeletal myogenesis through
the inhibition of canonical Wnt signaling during adult muscle
regeneration (Majmundar et al., 2015). Accordingly, hypoxic
adaptation in Yunnan snub-nosed monkeys may involve the
inhibition of cell proliferation and differentiation, potentially via
inhibition of the Wnt signaling pathway.

TRPC6, hypermethylated in the Yunnan snub-nosed
monkey, encodes a non-selective calcium channel that is
crucial for wvarious cellular functions, including gene
transcription, cell proliferation, and apoptosis (Liao etal.,
2008; Wang & Zheng, 2010). Research has shown that in the
absence of dystrophin, TRPC6 deletion reduces cell damage
in mice (Lin et al., 2022). Additionally, knockdown of TRPC6
prevents apoptosis of renal tubular epithelial cells under
oxidative stress (Hou et al., 2018), possibly by reducing Ca®
overload via the PI3K/AKT and ERK pathways (Hou et al.,
2021). Under hypoxic conditions, increased mitochondrial
reactive oxygen species (ROS) can directly cause
extracellular Ca?* influx by opening store-operated Ca?* (SOC)
channels (Wang & Zheng, 2010). Therefore, regulating
TRPC6 activity may help mitigate such damage, suggesting
that its hypermethylation in Yunnan snub-nosed monkeys
likely represents an adaptation to low-oxygen conditions
(Figure 3A).

Another critical Ca®" channel is the ryanodine receptor
(RyR) Ca?* release channel, essential for striated muscle
contraction and contributing to diverse neuronal functions,
including synaptic plasticity (Hidalgo et al., 2005). Through
Ca?"-induced Ca*-release (CICR), RyRs amplify and
propagate initial Ca®* signals triggered by Ca?* entry, thereby
regulating Ca-dependent pathways linked to specific cellular
responses. In this study, TRDN, the gene encoding triadin,
was found to be hypermethylated in Yunnan snub-nosed
monkeys. Triadin, along with junctin, is an essential
component of the macromolecular complex with RyR1,
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facilitating rapid Ca®" release (Goonasekera et al., 2007) and
depolarization-induced Ca?* release in skeletal muscle (Wang
et al.,, 2009). The hypermethylation of TRDN could lead to a
down-regulation of its function, potentially inhibiting RyR
channels and reducing the harmful effects of excessive RyR-
mediated CICR stimulation under hypoxic conditions
(Figure 3A).

Functional inference of DMGs from expression assays
The SNX70 gene was found to be hypomethylated in
promoter-associated regions of Yunnan snub-nosed monkeys,
indicating a potential up-regulation of its function compared to
golden snub-nosed monkeys. This was corroborated by
cellular assays, which demonstrated that increased SNX710
expression enhanced cell survival under stressful conditions,
whereas its suppression compromised cellular resilience
(Figure 4B). SNX10, a member of the sorting nexin family,
plays a critical role in vesicular trafficking and cellular
homeostasis (Chen et al., 2012; Huybrechts & Van Hul, 2022).
Overexpression of exogenous SNX70 in cells leads to the
formation of giant vacuoles (Qin etal.,, 2006), while its
knockdown promotes cell growth and enhances glucose
metabolism by triggering the mTORC1 pathway (Feng et al.,
2023). SNX10 is also involved in regulating endosome/
lysosome homeostasis, acting as an adaptor protein to
mediate signaling transduction and intracellular protein
trafficking (Bao et al., 2023; Sultana et al., 2020; Wang et al.,
2021). In this context, we propose that SNX70 overexpression
could be advantageous for organelle formation and vesicle
function, promoting cellular resilience during stress, including
hypoxia. Conversely, a reduction in SNX10 may disrupt
membrane stability and adversely affect cell survival.

Cellular assays indicated that overexpression of TIMELESS
reduced cell survival under stress, while silencing TIMELESS
appeared to improve it (Figure 4B). TIMELESS encodes the
highly conserved protein TIMELESS (Timeless Circadian
Regulator, or TIM), which plays an important role in S phase
checkpoint responses, replication fork progression (Cho et al.,
2013), maintenance of telomere length and integrity (Leman
etal.,, 2012), DNA repair, genome stability (Somyaijit et al.,
2017; Xie et al., 2015), and regulation of the circadian clock
(Kurien etal., 2019). In the absence of TIMELESS or its
displacement from the replication apparatus, such as in U20S
cells, replication fork progression is hindered (Somyaijit et al.,
2017; Unsal-Kagmaz et al., 2007). Our analysis revealed that
the promoter region of TIMELESS was hypermethylated in
Yunnan snub-nosed monkeys, potentially resulting in its
functional suppression compared to golden snub-nosed
monkeys. Considering the higher altitudes and increased UV
exposure experienced by Yunnan snub-nosed monkeys, we
suggest that the suppression of TIMELESS function through
methylation may be an adaptive mechanism to manage stress
more effectively.

Based on our cellular assays, CACYBP knockdown
appeared to enhance cell survival under stress (Figure 4B).
CACYBP is a versatile protein implicated in protein de-
phosphorylation and ubiquitination, cytoskeletal dynamics, and
gene regulation, affecting cell growth, differentiation, and
cancer development (Topolska-Wos et al., 2016). Its exact
role in proliferation and cancer is not fully understood, but it
has been linked to abnormal B-catenin levels, a hallmark of
many cancers, and the CACYBP target, S100A6 (Topolska-
Wos et al., 2016). In Saos-2 cells, reduced CACYBP hinders
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cell growth, causing G1/S phase arrest, a decrease in cyclin-
dependent kinase (CDK) and cyclin levels, and an increase in
inhibitory protein p21 (Zhao et al., 2020). CDKs are crucial for
cell cycle regulation (Malumbres 2014), while p21 plays a key
role in cell cycle control and DNA damage response (LaBaer
etal., 1997). The hypermethylation of CACYBP in Yunnan
snub-nosed monkeys and its involvement in Wnt/B-catenin
signaling may facilitate cell survival via this pathway,
potentially influencing cellular outcomes in high-altitude
environments.

Implications and limitations of this study

Molecular chronology suggests that snub-nosed monkeys,
especially the golden and Yunnan species, underwent a rapid
evolutionary expansion within the last 1.60 million years (Zhou
et al., 2014). However, our genome-wide methylation analysis
revealed a significant epigenetic divergence between these
species, pointing towards an accumulation of epigenetic
variations, potentially facilitated by rapid adaptive processes.
Additionally, through differential methylation analysis and
functional assays, we identified specific regions and genes
contributing to local adaptations. These findings suggest that
conservation strategies for these threatened primates should
include epigenetic data to complement insights from traditional
evolutionary history and genetic diversity.

Despite the strengths of our study, several limitations
warrant consideration. First, the small and uneven sample
sizes may have affected our results. Given that the Yunnan
and golden snub-nosed monkeys are among the world’s rarest
primates, obtaining larger sample sizes is challenging. While
we employed a semi-randomized sampling technique to
achieve balanced representation across our comparative
analyses and minimize the effects of uneven sample sizes,
this approach did not entirely eliminate the potential for bias
introduced by limited sample sizes. Second, various factors
known to influence DNA methylation, such as age (Salameh
etal.,, 2020; Zaghlool etal., 2015), sex (Govender etal.,
2022), diet (Elgendy et al., 2018; Heijmans et al., 2008; Hibler
et al., 2019; Mehta et al., 2017), social status, and behavior
(Hilliard etal.,, 2019; Lenkov etal, 2015), were not
incorporated into our comparative methylation analysis. Future
studies should assess the impact of these factors on DNA
methylation and develop refined methods to quantify their
effects more precisely. Third, our analysis lacked mRNA data
for the DMGs due to the suboptimal quality of samples, which
were difficult to collect post-mortem and spread over an
extensive timeframe. Consequently, we focused our
discussion on DMGs with methylation alterations in the
promoter regions. If mMRNA and/or other related data had been
available, it would have allowed a deeper understanding of the
functions of these DMGs. Future research should aim to
include high-quality mRNA data to provide more
comprehensive insights.

CONCLUSIONS

Using WGBS, we obtained high-resolution, comprehensive
DNA methylation profiles of golden and Yunnan snub-nosed
monkeys. This study demonstrated that comparative genomic
methylation analysis of closely related species can provide
valuable insights into environmental adaptation mechanisms.
The DMGs identified in this study may accelerate the
discovery of critical genes involved in high-altitude adaptation,
ultimately elucidating the underlying mechanisms. Our cellular
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assays also indicated that varying expression levels of the
candidate genes induced different phenotypes, suggesting
that the genes associated with high-altitude tolerance may
also broaden our understanding of altitude sickness and
hypoxia-related conditions. These insights are not limited to
the genes themselves but also consider their different
methylation states, which may directly or indirectly affect gene
function repression or enhancement. Future conservation
strategies for these at-risk groups should integrate epigenetic
information alongside conventional focus areas such as
evolutionary history and genetic variability. However, the
discrepancy between functional outcomes observed in cellular
experiments and actual environmental adaptation cannot be
disregarded. These preliminary findings necessitate further
investigation through more extensive sampling and the use of
precise experimental models.
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