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ABSTRACT

Tibetan chickens have unique adaptations to the extreme high-altitude environment
that they inhabit. Epigenetic DNA methylation affects many biological processes,
including hypoxic adaptation; however, the regulatory genes for DNA methylation
in hypoxic adaptation remain unknown. In this study, methylated DNA immunopre-
cipitation with high-throughput sequencing (MeDIP-seq) was used to provide an atlas
of the DNA methylomes of the heart tissue of hypoxic highland Tibetan and lowland
Chahua chicken embryos. A total of 31.2 gigabases of sequence data were generated
from six MeDIP-seq libraries. We identified 1,049 differentially methylated regions
(DMRs) and 695 related differentially methylated genes (DMGs) between the two
chicken breeds. The DMGs are involved in vascular smooth muscle contraction, VEGF
signaling pathway, calcium signaling pathway, and other hypoxia-related pathways.
Five candidate genes that had low methylation (EDNRA, EDNRB2, BMPR1B, BMPRII,
and ITGA2) might play key regulatory roles in the adaptation to hypoxia in Tibetan
chicken embryos. Our study provides significant explanations for the functions of genes
and their epigenetic regulation for hypoxic adaptation in Tibetan chickens.

Subjects Agricultural Science, Genomics, Natural Resource Management
Keywords Tibetan chicken, Hypoxia adaption, MeDIP-seq, DNA methylation, Regulatory genes

INTRODUCTION

The molecular mechanisms underlying hypoxic adaptation in highland animals have long
garnered attention for biological and medical research, not only because of the evolutionary
significance of high-altitude adaptation but also in the context of understanding hypoxia
in relation to human diseases. Adaptation to hypoxia in animals is a complex trait
that involves multigenes and multi-channel regulatory mechanisms. Many indigenous
animals, such as the Tibetan antelope (Ge et al., 2013), ground tit (Cai et al., 2013; Qu et al.,
2013), yak (Qiu et al., 2012), pig (Li et al., 2013), dog (Gou et al., 2014; Wang et al., 2014),
snub-nosed monkey (Yu et al., 2016), and fish (Wang et al., 2015b), have been studied to
identify selective signatures and functional genes for adaptation to high altitudes. The
Tibetan chicken (Gallus gallus), a unique breed native to the Qinghai—Tibet Plateau, shows
distinctive genetic adaptation to the high-altitude environment in which it is found. The
increased hatchability of the Tibetan chicken compared with lowland breeds under hypoxia,
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even for individuals that have migrated to and remained at lower altitudes for several years,
shows the stable genetic mechanism underlying hypoxic adaptation (Zhang et al., 2008a).
Tibetan chicken embryos have the physical foundations for hypoxic adaptation, including
hatchability, mitochondrial respiratory function, embryonic organ system development,
and oxidoreductase (Bao et al., 2007; Jia et al., 2016; Zhang ¢ Burggren, 2012; Zhang et al.,
2008a). Furthermore, genome variation analysis has identified a series of pathways and
genes related to hypoxia in the Tibetan chicken (Wang et al., 2015a; Zhang et al., 2016).
However, the regulatory mechanisms of these hypoxic adaptive genes remain unclear.

DNA methylation is a central epigenetic modification that plays an essential regulatory
role in cellular processes (Lister et al., 2009). In mammals, DNA methylation occurs
predominantly at the 5" position of cytosines in CpG dinucleotides, which are sparsely
distributed throughout the genome, except in short genomic regions called CpG islands
(CGIs) (Mason et al., 2012). The state of CpG methylation stabilizes chromatin structure,
and possibly inhibits the accessibility of these DNA regions to transcription factors
and regulates related gene expression (Clark ¢ Melki, 2002). DNA methylation plays an
important role in hypoxia-inducible factors (HIFs), such as HIF-a stabilization and HIF-1
binding, as well as in regulating the transcription of hypoxia response genes (Watson
etal., 2010). A previous study showed significant genome-wide epigenetic differences
between Ethiopians living at high and low altitudes (Alkorta-Aranburu et al., 2012). CpG
methylation of the estrogen receptor-a promoter is increased under chronic hypoxia in
the uterine arteries of pregnant sheep, inhibiting gene expression (Dasgupta et al., 2012).
Therefore, we propose that DNA methylation participates in the regulation and expression
of hypoxia-adaptive genes.

The heart is the key organ that stimulates growth under hypoxia during chicken
embryonic development (Zhang ¢» Burggren, 2012). In this study, we use methylated DNA
immunoprecipitation and high-throughput sequencing (MeDIP-seq) to generate an atlas
of DNA methylomes for the heart tissue of hypoxic chicken embryos to investigate the
difference in DNA methylation between TC and their lowland counterparts, Chahua chick-
ens (CH), which show extreme differences in hypoxic adaptation compared with TC. The
objective of the present study was to identify differentially methylated regions (DMRs) and
related genes that might be involved in regulatory functions for hypoxic adaptation in TC.

MATERIALS AND METHODS

Sample collection

Eggs of TC and CH were collected from the Experimental Chicken Farm of the China
Agricultural University (CAU). The eggs (150 for each group) were placed in a hypoxic
(13% O,) incubator, with temperature and humidity of 37.8 °C and 60%, respectively.
Embryonic heart tissue was collected after 16 days under incubation and stored at —80 °C.
All experimental procedures and sample collections were approved by the State Key
Laboratory for Agro-biotechnology of CAU (Permit Number: XK257).
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Methylated DNA immunoprecipitation and sequencing

Genomic DNA was extracted from the heart tissue using the phenol-chloroform method
and sonicated to obtain fragments in the range of 100-500 bp. The double-stranded DNA
was denatured and subsequently immunoprecipitated with an antibody that specifically
recognizes 5'-methylcytosine using a Magnetic Methylated DNA Immunoprecipitation
Kit (Diagenode, Liege, Belgium). The specificity of the enrichment was confirmed by
quantitative real-time PCR (qRT-PCR). After PCR amplification of the enriched fragments,
we selected 220-320 bp fragments and quantified these using an Agilent 2100 Analyzer
(Agilent Technologies, Palo Alto, CA, USA). Sequencing libraries of MeDIP fragments
were constructed by adopting the Illumina paired-end protocol, consisting of end repair,
<A> base addition, and adaptor ligation steps, performed using Illumina’s Paired-End
DNA Sample Prep kit according to the manufacturer’s instructions. The MeDIP-seq
library was subjected to paired-end sequencing using a HiSeq 2500 sequencer (Illumina,
San Diego, CA, USA) at a 125 bp read length. Three individual female embryo libraries
each were prepared as biological replicates for TC and CH.

Genome mapping of MeDIP-seq reads

Raw sequencing data were filtered by removing the adaptors and discarding low-
quality reads that contained more than 10% of undetermined bases (N) or over 40%

of low-quality bases (Qphred < 20) (A Gordon & G Hannon, 2010, unpublished
data). The clean reads were aligned to the chicken reference genome (version 4.74;
ftp://ftp.ensembl.org/pub/release-74/fasta/gallus_gallus/dna/) using SOAP2 (version 2.21)
with no more than five mismatched bases (Li et al., 2009). Uniquely mapped reads were
used for the following analyses. The MeDIP-Seq data from this study have been submitted
to the NCBI Gene Expression Omnibus under accession no. GSE99129.

Distribution analysis of MeDIP-seq reads

According to GTF annotation version 4.74 (ftp://ftp.ensembl.org/pub/release-74/gtf/
gallus_gallus/Gallus_gallus.Galgal4.74.gtf.gz), the reads were distributed in chromosomes
or in components of the genome, including the upstream 2 kb region, 5 -untranslated
regions (UTRs), coding DNA sequences (CDSs), introns, 3’-UTRs, and the downstream
2 kb region. The region from the transcript start site (TSS) to the transcript termination
site (TTS) was defined as the gene body region. The regions 2 kb upstream of the TSS
and 2 kb downstream of the TTS were split into 20 non-overlapping equal windows,
whereas the gene bodies were split into 40 equal windows. The regions both 2 kb upstream
and downstream of CGIs were split into 20 non-overlapping equal windows, and the
CGIs were split into 40 equal windows. The average alignment depth was calculated
for each window and was normalized by dividing by 1,000. The CGIs were scanned

by CpGPlot (http://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/) (Goujon et al., 2010)
using standard settings (length > 200 bp, G 4 C > 50%, and CpGo g > 0.6) (Gardinergarden
& Frommer, 1987).
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Peak calling and identification of DMRs

Model-based Analysis of ChIP-Seq (MACS1.4.0) was used to scan the enriched peaks where
the reads were mapped to the same position in the genome (Feng et al., 2012; Zhang et al.,
2008b). The bam files of three biological replicates were combined into one sample, and
then the bam files of each TC and CH were used to call peaks with MACS, respectively.
The TC and CH peaks were merged as total methylated regions. If the peaks detected in
the two groups did not overlap or overlapped by less than 50% of the shorter peak length,
the peaks were classified as unique peaks. If the peaks of the two groups overlapped by
more than 50% of the shorter peak length, the peaks were merged into one peak. Numbers
of reads within a peak were compared between TC and CH using a chi-square test, in
which p values were corrected by a false discovery rate to avoid false positives. The FC
(fold change) is the ratio of the numbers of read counts in the peak of TC to that of
CH. DMRs were identified using a filter standard of p < 0.01, false discovery rate < 0.01,
and |log,FC| > 1.

Functional annotation of DMRs

We annotated differentially methylated genes (DMGs) on the basis of at least one DMR
located in the gene body, the region 2 kb upstream, and the region 2 kb downstream, using
downloaded annotation data from the University of California Santa Cruz (UCSC) Genome
Browser Database (http://genome.ucsc.edu). The human orthologous gene ensemble IDs of
these DMGs were submitted to the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) web server (http://david.abcc.nciferf.gov/) to perform functional
enrichment analysis with gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway categories (Dennis et al., 2003).

Validation of DMG expression using qRT-PCR

To verify the regulatory relationship between DNA methylation and gene expression, the
expression of several DMGs was measured by qRT-PCR using eight replicates for each
of the TC and CH groups. Total RNA was isolated from the heart tissue using TRIzol
(Invitrogen, Carlsbad, CA, USA) and reverse transcribed to cDNA using a FastQuant
RT Kit (with gDNase; Tiangen, Beijing, China). Five pairs of primers for qRT-PCR were
designed using Primer Premier 5.0 software (Table S1), including HPRT, which served
as the reference gene. Gene expression levels of the five genes were calculated using the
27AACt method. Differences in the expression of each gene between TC and CH were

calculated and compared with the FC of gene methylation in MeDIP-seq.

RESULTS

Summary of MeDIP-seq data

We generated 31.2 gigabases (Gb) of clean MeDIP-seq data from six samples (approximately
5.2 Gb per sample), and approximately 93.79% (92.66%-94.91%) of the data had Qphred
quality scores of >20 (Table S2). Approximately 66.6% of the clean reads were aligned
on the chicken genome, and 57.1% of the clean reads were uniquely mapped (Table S3).
With the exception of some gaps, the MeDIP-seq reads were distributed across most
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Figure 1 Distribution of MeDIP-Seq reads in different genomic regions. (A) Distribution of MeDIP-
Seq reads in CpG islands and the regions 2 kb upstream and downstream in Tibetan chicken (TC) and
Chahua chicken (CH). The x-axis indicates the position of reads on CpG islands, and the y-axis indicates
the normalized read number. (B) Distribution of MeDIP-Seq reads in the intragenic region and the re-
gions 2 kb upstream and downstream in Tibetan chicken (TC) and Chahua chicken (CH). The x-axis in-
dicates the position around gene bodies, and the y-axis indicates the normalized read number.

chromosomal regions (chromosomes 1-28, 32, MT, W, and Z) in each sample (Fig. S1).

The distribution density of the MeDIP-Seq reads in the 1 kb windows was the highest in

those containing 5-10 CpGs across all samples (Fig. 52). The distribution of MeDIP-seq

reads in the different genome elements (upstream 2 kb, 5'-UTR, CDS, intron, 3'-UTR, and
downstream 2 kb) showed that the reads were distributed among all the genomic feature

regions (Fig. 53).

The distribution of the MeDIP-seq reads in the CGI and its adjacent regions showed a
higher level of DNA methylation than the regions 2 kb upstream and downstream of the
CGIs (Fig. 1A). The distribution of MeDIP-seq reads in the region 2 kb upstream from the
TSS, the intragenic region (from TSS to TTS), and the region 2 kb downstream from the
TTS showed that the intragenic region displayed a higher level of DNA methylation than
the 5'- and 3’-flanking regions of genes. Two valleys of DNA methylation were observed
in the upstream region adjacent to the TSS and the downstream region adjacent to the
TTS, respectively (Fig. 1B). The observed DNA methylation pattern is in accordance
with that observed in previous studies (Huang et al., 2014; Lorincz et al., 2004; Rountree &
Selker, 1997; Zilberman et al., 2007), indicating that this is a common mechanism for the
regulation of gene expression that has been conserved among species.

Methylated peaks in the genomes of TC and CH

By scanning peaks on a genome-wide scale, we obtained 103,293 peaks in TC and 107,920
peaks in CH, i.e., the total number of peaks was lower in TC, and the peaks covered 13.78%
and 15.25% of the genome, respectively (Table 54).

Differentially methylated regions
A total of 1,049 DMRs were detected between TC and CH, including 381 up-methylated
and 668 down-methylated DMRs in TC. Furthermore, across all the DMRs, 94 were in the
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Figure 2 GO enrichment analysis of DMGs between Tibetan chicken (TC) and Chahua chicken (CH).
The x-axis shows the GO enrichment terms, and the y-axis represents the gene numbers. The green bars

represent biological processes (BP); the orange bars represent the cellular component (CC); and the blue
bars represent the molecular functions (MF) of the GO terms.

promoter (the region 2 kb upstream from the TSS), including 41 down-methylated and 53
up-methylated DMRs in TC.

Functional annotation of the DMRs

We identified 695 DMGs between TH and CH (Table S5) based on the annotation of the
1,049 DMRs. The enriched GO terms of the 695 DMGs included vascular development,
heart contraction, energy metabolism, cell adhesion, and inflammation, amongst other
biological processes (Fig. 2, Table 56). In addition, KEGG pathway analysis showed that
there were 168 enriched pathways (Table S7), which mainly involved vascular smooth
muscle contraction, VEGF signaling pathway, calcium signaling pathway, TGEF-beta
signaling pathway, fatty acid metabolism, and other upstream and downstream signaling
pathways of HIF signaling (Fig. 3). Taking gene functional annotation into consideration,
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Figure 3 KEGG-enriched scatter plot of DMGs between Tibetan chicken (TC) and Chahua chicken
(CH). The x-axis represents the rich factor. The rich factor is the ratio of differentially methylated gene
(DMG) numbers annotated in this pathway term to the total gene numbers annotated in this pathway
term. The y-axis shows the pathway enrichment terms. The Q-value represents the corrected p value,

where a smaller Q-value indicates a higher significance.

five key DMGs were identified (BMPRIB, BMPRII, ITGA2, EDNRA, and ENDRB2), which
might play important roles in adaptation to hypoxia in TC. Two genes (BMPRIB and
BMPRII) are associated with ATP binding and the TGF-beta signaling pathway. Two
other DMGs (ENDRA and ENDRB?2) are associated with calcium signaling pathway, with
EDNRA also playing a role in vascular smooth muscle contraction. ITGA2 is involved in
pathways in cancer and dilated cardiomyopathy (Table 1).

Validation of the expression of the DMGs
We selected five DMGs to detect the gene expression levels in the heart tissue of chicken

embryos by qRT-PCR: bone morphogenetic protein receptor type 1B (BMPR1B), integrin
subunit alpha 2 (ITGA2), kinesin family member 24 (KIF24), phosphorylated adaptor for
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Table 1 Potential key differentially methylated genes (DMGs) and their functions related to hypoxic adaption in the Tibetan chicken.
Gene Log,FC FDR Differential Functional analysis
(TC/CH) methylated region
BMPRIB —1.493 4.80E—55 Five-UTR ATP binding; TGF-beta signaling pathway
BMPRIT —1.082 2.45E—-24 Intron ATP binding; TGF-beta signaling pathway
ITGA2 —1.091 1.36E—22 Upstream2k Pathways in cancer; dilated cardiomyopathy
EDNRA —1.166 1.44E—25 Downstream2k Angiogenesis; blood circulation; blood vessel development; blood vessel
morphogenesis; calcium signaling pathway; vascular smooth muscle contraction
EDNRB2 —2.478 4.83E—80 CDS Calcium signaling pathway
Notes.
TC, Tibetan chicken; CH, Chahua chicken.
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Figure 4 The fold change (FC) in mRNA expression level of five differentially methylated genes
(DMGs) in Tibetan chicken (TC) and Chahua chicken (CH). The x-axis represents the DMGs, and the
y-axis represents the log, (FC) of gene expression level and the log, (FC) of the DNA methylation between

TC and CH.

RNA export (PHAX), and trans-2,3-enoyl-CoA reductase-like (TECRL). All these genes
showed downregulated methylation and had higher expression levels in TC compared with
CH (Fig. 4). In particular, the expression levels of BMPRIB, ITGA2, and KIF24 differed
significantly between TC and CH (Fig. 54), suggesting that the DMGs identified in MeDIP-
seq were reliable, and that downregulated DNA methylation leads to the upregulation of

gene expression.
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DISCUSSION

Over the past two decades, HIF signaling and its cascading pathways have been recognized
as playing key roles in high-altitude adaptation (Simonson et al., 2010; Storz, 2010). HIF-
dependent physiological adaptations assist systemic oxygen homeostasis under hypoxic
conditions (Majmundar, Wong ¢ Simon, 2010). Some of the DMGs we detected in the
present study are involved in biological processes that are mediated by HIFs, including
cardiovascular development, vascular smooth muscle contraction, heart contraction,
blood vessel morphogenesis, angiogenesis, and the VEGF signaling pathway. Endothelin 1
(EDNT1) is one of the most effective vasoconstrictors (Vadapalli et al., 2010). In mammals,
two independent endothelin receptors, EDNRA and EDNRB (Thaete et al., 2007), have
been linked to high-altitude pulmonary edemas (Sharma, Singh & Sarkar, 2014), as well
as hypertension, cardiac hypertrophy, and coronary artery disease (Schneider, Boesen ¢
Pollock, 2007). ENDRA, which is associated with HIF activity, is a positively selected gene
in Tibetan (Simonson et al., 2010). In the present study, the Tibetan chicken embryos had
relatively low methylated loci in DENRA and DENRB2 genes under hypoxic conditions,
which might up-regulate the gene expression levels and maintain heart development and
functions. Therefore, we suggest these the two genes, modified by DNA methylation,
participate in the regulation of cardiovascular development in Tibetan chicken embryos
under hypoxic conditions.

These endothelin receptor genes are also detected in the calcium signaling pathway,
and the calcium signaling pathway was enriched with the DMGs, consistent with the
findings of a previous study (Wang et al., 2015a). Ca*" is necessary for HIF-a. translation,
which is considered a key transcriptional regulator of cellular and developmental responses
to hypoxia (Hui et al., 2006; Wang et al., 1995). Other research has shown an enhanced
capacity of fatty acid metabolism in deer mice living at high altitudes and an expansion
of genes linked to energy metabolism in the ground tit on the Tibetan plateau (Cheviron
et al., 20125 Qu et al., 2013). We identified DMGs that participate in energy metabolism,
particularly fatty acid metabolism, thus suggesting that Tibetan chickens adapted to hypoxic
conditions enhance their energy metabolism through downregulated DNA methylation in
these gene regions.

Bone morphogenetic proteins (BMPs) interact with specific bone morphogenetic
protein receptors (BMPRs) on the cell surface, which are transmembrane serine/threonine
kinases (Dyer, Pi & Patterson, 2014). Both BMPR1B and BMPRII belong to BMPRs,
which are involved in BPM signaling pathways and hypoxia responses (De Vinuesa et
al., 2016). BMPRII mediates BMP9-downregulated apelin expression in microvascular
endothelial cells exposed to hypoxia, which blocks apelin-induced endothelial proliferation
and promotes hypoxia-induced angiogenesis (Poirier et al., 2012). The loss of BMPRII in
endothelial cells promotes endothelial apoptosis (Long et al., 2015; Teichert-Kuliszewska et
al., 2006). On the basis of the DMR results, we found that BMPRII was down-methylated
in TC compared to CH. We infer that this promotes its expression and further influences
endothelial apoptosis. In addition, the BMP signaling pathway can exhibit various degrees
of crosstalk with other pathways essential to vascular development, such as the VEGF
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and Wnt signaling pathways (Morrell et al., 2016; Shao et al., 2009). Although the BMP
signaling pathway was not enriched in KEGG pathway analysis in this study, the VEGF
signaling pathway and Wnt signaling pathways were detected.

In infarcted nude rats, HIF-1a induces the expression of ITGA2 and consequently
improves cardiac function, angiogenesis, and cardiomyocyte proliferation (Cerrada et
al., 2013). Analysis using genome sequencing and ChIP has shown that the ITGA2 gene
assists hypoxic adaptation in Tibetan pigs and great tits in the highlands (Ai et al., 2014;
Qu et al., 2015). In the present study, ITGA2 was down-methylated in promoter regions,
resulting in the upregulation of gene expression in TC compared to CH. We propose that
the high ITGA2 expression regulated by its low methylation level in TC embryos improves
angiogenesis and cardiac function for hypoxic adaptation.

CONCLUSIONS

In summary, we obtained the DNA methylation profiles of heart tissue from TC embryos,
as well as from embryos of a related lowland breed (CH) under hypoxic conditions.
Through genome-wide scanning of reads, 103,293 and 107,920 peaks were obtained

in TC and CH embryos, respectively, and 1,049 DMRs (and 695 related DMGs) were
screened, which are mainly involved in vascular smooth muscle contraction, VEGF
signaling pathway, calcium signaling pathway, TGF-beta signaling pathway, and fatty acid
metabolism. The genes EDNRA, EDNRB2, BMPRI1B, BMPRII, and ITGA2 might play roles
in hypoxic adaptation through DNA methylation in TC embryos. However, further studies
to validate the MeDIP-seq data using bisulfite PCR are needed. Our research provides
new insights into the epigenomic regulation necessary for adaptation to hypoxia in
highland animals.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the National Natural Science Foundation of China (91331118
and 31272401) and Program for Changjiang Scholar and Innovation Research Team in
University (IRT_15R62). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

National Natural Science Foundation of China: 91331118, 31272401.

Program for Changjiang Scholar and Innovation Research Team in University: IRT_15R62.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
e Yawen Zhang performed the experiments, analyzed the data, wrote the paper, prepared
figures and/or tables, reviewed drafts of the paper.

Zhang et al. (2017), PeerJ, DOI 10.7717/peerj.3891 10/15


https://peerj.com
http://dx.doi.org/10.7717/peerj.3891

Peer

Wenyu Gou performed the experiments, wrote the paper, reviewed drafts of the paper.
Jun Ma analyzed the data, prepared figures and/or tables, reviewed drafts of the paper.
Hongliang Zhang and Ying Zhang performed the experiments, reviewed drafts of the

paper.

Hao Zhang conceived and designed the experiments, contributed reagents/materials/-

analysis tools, wrote the paper, reviewed drafts of the paper.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

All experimental procedures and sample collections were approved by the State Key
Laboratory for Agro-biotechnology of CAU.

Data Availability

The following information was supplied regarding data availability:
GEO: GSE99129.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.3891#supplemental-information.

REFERENCES

Ai HS, Yang B, Li J, Xie XH, Chen H, Ren J. 2014. Population history and genomic
signatures for high-altitude adaptation in Tibetan pigs. BMC Genomics 15:834
DOI10.1186/1471-2164-15-834.

Alkorta-Aranburu G, Beall CM, Witonsky DB, Gebremedhin A, Pritchard JK, Di
Rienzo A. 2012. The genetic architecture of adaptations to high altitude in Ethiopia.
PLOS Genetics 8:e1003110 DOI 10.1371/journal.pgen.1003110.

Bao HG, Zhao CJ, LiJY, Zhang H, Wu C. 2007. A comparison of mitochondrial
respiratory function of Tibet chicken and Silky chicken embryonic brain. Poultry
Science 86:2210-2215 DOI 10.1093/ps/86.10.2210.

Cai Q, Qian X, Lang Y, Luo Y, XuJ, Pan S, Hui Y, Gou C, Cai Y, Hao M, Zhao J, Wang
S, Wang Z, Zhang X, He R, Liu J, Luo L, Li Y, Wang J. 2013. Genome sequence
of ground tit Pseudopodoces humilis and its adaptation to high altitude. Genome
Biology 14:Article R29 DOI 10.1186/gb-2013-14-3-129.

Cerrada I, Ruiz-Sauri A, Carrero R, Trigueros C, Dorronsoro A, Sanchez-Puelles JM,
Diez-Juan A, Montero JA, Sepulveda P. 2013. Hypoxia-inducible factor 1 alpha
contributes to cardiac healing in mesenchymal stem cells-mediated cardiac repair.
Stem Cells and Development 22:501-511 DOI 10.1089/scd.2012.0340.

Cheviron ZA, Bachman GC, Connaty AD, McClelland GB, Storz JF. 2012. Regulatory
changes contribute to the adaptive enhancement of thermogenic capacity in high-
altitude deer mice. Proceedings of the National Academy of Sciences of the United States
of America 109:8635-8640 DOI 10.1073/pnas.1120523109.

Zhang et al. (2017), PeerdJ, DOI 10.7717/peer|.3891 11/15


https://peerj.com
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99129
http://dx.doi.org/10.7717/peerj.3891#supplemental-information
http://dx.doi.org/10.7717/peerj.3891#supplemental-information
http://dx.doi.org/10.1186/1471-2164-15-834
http://dx.doi.org/10.1371/journal.pgen.1003110
http://dx.doi.org/10.1093/ps/86.10.2210
http://dx.doi.org/10.1186/gb-2013-14-3-r29
http://dx.doi.org/10.1089/scd.2012.0340
http://dx.doi.org/10.1073/pnas.1120523109
http://dx.doi.org/10.7717/peerj.3891

Peer

Clark SJ, Melki J. 2002. DNA methylation and gene silencing in cancer: which is the
guilty party? Oncogene 21:5380-5387 DOI 10.1038/sj.0nc.1205598.

Dasgupta C, Chen M, Zhang H, Yang S, Zhang L. 2012. Chronic hypoxia during
gestation causes epigenetic repression of the estrogen receptor-alpha gene in ovine
uterine arteries via heightened promoter methylation. Hypertension 60:697-704
DOI 10.1161/HYPERTENSIONAHA.112.198242.

De Vinuesa AG, Abdelilah-Seyfried S, Knaus P, Zwijsen A, Bailly S. 2016. BMP
signaling in vascular biology and dysfunction. Cytokine ¢» Growth Factor Reviews
27:65-79 DOI 10.1016/j.cytogfr.2015.12.005.

Dennis Jr G, Sherman HC, Hosack DA, Yang J, Gao W, Lane HC, Lempicki RA. 2003.
DAVID: database for annotation, visualization, and integrated discovery. Genome
Biology 4:Article P3 DOI 10.1186/gb-2003-4-5-p3.

Dyer LA, Pi XC, Patterson C. 2014. The role of BMPs in endothelial cell function
and dysfunction. Trends in Endocrinology and Metabolism 25:472—480
DOI 10.1016/j.tem.2014.05.003.

FengJX, Liu T, Qin B, Zhang Y, Liu XS. 2012. Identifying ChIP-seq enrichment using
MACS. Nature Protocols 7:1728-1740 DOI 10.1038/nprot.2012.101.

Gardinergarden M, Frommer M. 1987. CpG Islands in vertebrate genomes. Journal of
Molecular Biology 196:261-282 DOI 10.1016/0022-2836(87)90689-9.

GeRL, Cai Q, Shen YY, San A, Ma L, Zhang Y, Yi X, Chen Y, Yang L, Huang Y, He R,
HuiY, Hao M, Li Y, Wang B, Ou X, Xu J, Zhang Y, Wu K, Geng C, Zhou W, Zhou
T, Irwin DM, Yang Y, Ying L, Bao H, Kim J, Larkin DM, Ma J, Lewin HA, XingJ,
Platt 2nd RN, Ray DA, Auvil L, Capitanu B, Zhang X, Zhang G, Murphy RW, Wang
J, Zhang YP, Wang J. 2013. Draft genome sequence of the Tibetan antelope. Nature
Communications 4:Article 1858 DOT 10.1038/ncomms2860.

Gou X, Wang Z, LiN, Qiu F, Xu Z, Yan DW, Yang SL, Jia J, Kong XY, Wei ZH, Lu SX,
Lian LS, Wu CX, Wang XY, Li GZ, Ma T, Jiang Q, Zhao X, Yang JQ, Liu BH, Wei

DK, Li H, Yang JF, Yan YL, Zhao GY, Dong XX, Li ML, Deng WD, Leng J, Wei CC,
Wang C, Mao HM, Zhang H, Ding GH, Li YX. 2014. Whole-genome sequencing of
six dog breeds from continuous altitudes reveals adaptation to high-altitude hypoxia.
Genome Research 24:1308—1315 DOI 10.1101/gr.171876.113.

Goujon M, Mcwilliam H, Li W, Valentin F, Squizzato S, Paern ], Lopez R. 2010. A

new bioinformatics analysis tools framework at EMBL-EBI. Nucleic Acids Research
38:W695-W699 DOI 10.1093/nar/gkq313.

Huang YZ, Sun JJ, Zhang LZ, Li CJ, Womack JE, Li ZJ, Lan XY, Lei CZ, Zhang CL, Zhao

X, Chen H. 2014. Genome-wide DNA methylation profiles and their relationships
with mRNA and the microRNA transcriptome in bovine muscle tissue (Bos taurine).
Scientific Reports 4:1-17 DOI 10.1038/srep06546.

Hui AS, Bauer AL, Striet JB, Schnell PO, Czyzyk-Krzeska MF. 2006. Calcium signaling

stimulates translation of HIF-alpha during hypoxia. Faseb Journal 20:466—475
DOI 10.1096/1j.05-5086com.

Zhang et al. (2017), PeerdJ, DOI 10.7717/peer|.3891 12/15


https://peerj.com
http://dx.doi.org/10.1038/sj.onc.1205598
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.198242
http://dx.doi.org/10.1016/j.cytogfr.2015.12.005
http://dx.doi.org/10.1186/gb-2003-4-5-p3
http://dx.doi.org/10.1016/j.tem.2014.05.003
http://dx.doi.org/10.1038/nprot.2012.101
http://dx.doi.org/10.1016/0022-2836(87)90689-9
http://dx.doi.org/10.1038/ncomms2860
http://dx.doi.org/10.1101/gr.171876.113
http://dx.doi.org/10.1093/nar/gkq313
http://dx.doi.org/10.1038/srep06546
http://dx.doi.org/10.1096/fj.05-5086com
http://dx.doi.org/10.7717/peerj.3891

Peer

Jia CL, He L], Li PC, Liu HY, Wei ZH. 2016. Effect of egg composition and oxidoreduc-
tase on adaptation of Tibetan chicken to high altitude. Poultry Science 95:1660—1665
DOI 10.3382/ps/pew048.

Li MZ, Tian SL, Jin L, Zhou GY, Li Y, Zhang Y, Wang T, Yeung CKL, Chen L, Ma JD,
ZhangJB, Jiang AA, LiJ, Zhou CW, Zhang ], Liu YK, Sun XQ, Zhao HW, Niu
ZX, Lou PE, Xian L], Shen XY, Liu SQ, Zhang SH, Zhang MW, Zhu L, Shuai SR,
Bai L, Tang GQ, Liu HF, Jiang YZ, Mai MM, Xiao J, Wang X, Zhou Q, Wang ZQ,
Stothard P, Xue M, Gao XL, Luo ZG, Gu YR, Zhu HM, Hu XX, Zhao YF, Plastow
GS, Wang]JY, Jiang Z, Li K, Li N, Li XW, Li RQ. 2013. Genomic analyses identify
distinct patterns of selection in domesticated pigs and Tibetan wild boars. Nature
Genetics 45:1431-U1180 DOI 10.1038/ng.2811.

LiRQ, YuC, Li YR, Lam TW, Yiu SM, Kristiansen K, Wang J. 2009. SOAP2: an
improved ultrafast tool for short read alignment. Bioinformatics 25:1966—-1967
DOI 10.1093/bioinformatics/btp336.

Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR,
Lee L, Ye Z, Ngo QM, Edsall L, Antosiewicz-Bourget ], Stewart R, Ruotti V,

Millar AH, Thomson JA, Ren B, Ecker JR. 2009. Human DNA methylomes at
base resolution show widespread epigenomic differences. Nature 462:315-322
DOI 10.1038/nature08514.

Long L, Ormiston ML, Yang XD, Southwood M, Graf S, Machado RD, Mueller M,
Kinzel B, Yung LM, Wilkinson JM, Moore SD, Drake KM, Aldred MA, Yu PB,
Upton PD, Morrell NW. 2015. Selective enhancement of endothelial BMPR-II
with BMP9 reverses pulmonary arterial hypertension. Nature Medicine 21:777-785
DOI10.1038/nm.3877.

Lorincz MC, Dickerson DR, Schmitt M, Groudine M. 2004. Intragenic DNA methyla-
tion alters chromatin structure and elongation efficiency in mammalian cells. Nature
Structural & Molecular Biology 11:1068—1075 DOI 10.1038/nsmb840.

Majmundar AJ, Wong WH], Simon MC. 2010. Hypoxia-inducible factors and the
response to hypoxic stress. Molecular Cell 40:294—-309
DOI 10.1016/j.molcel.2010.09.022.

Mason K, Liu ZC, Aguirre-Lavin T, Beaujean N. 2012. Chromatin and epigenetic
modifications during early mammalian development. Animal Reproduction Science
134:45-55 DOI 10.1016/j.anireprosci.2012.08.010.

Morrell NW, Bloch DB, ten Dijke P, Goumans MJTH, Hata A, Smith J, Yu PB, Bloch
KD. 2016. Targeting BMP signalling in cardiovascular disease and anaemia. Nature
Reviews Cardiology 13:106-120 DOI 10.1038/nrcardio.2015.156.

Poirier O, Ciumas M, Eyries M, Montagne K, Nadaud S, Soubrier F. 2012. Inhibition
of apelin expression by BMP signaling in endothelial cells. American Journal of
Physiology: Cell Physiology 303:C1139—C1145 DOI 10.1152/ajpcell.00168.2012.

Qiu Q, Zhang GJ, Ma T, Qian WB, WangJY, Ye ZQ, Cao CC, Hu QJ, Kim J, Larkin DM,
Auvil L, Capitanu B, Ma J, Lewin HA, Qian X]J, Lang YS, Zhou R, Wang LZ, Wang
K, Xia JQ, Liao SG, Pan SK, Lu X, Hou HL, Wang Y, Zang XT, Yin Y, Ma H, Zhang
J, Wang ZF, Zhang YM, Zhang DW, Yonezawa T, Hasegawa M, Zhong Y, Liu WB,

Zhang et al. (2017), PeerdJ, DOI 10.7717/peer|.3891 13/15


https://peerj.com
http://dx.doi.org/10.3382/ps/pew048
http://dx.doi.org/10.1038/ng.2811
http://dx.doi.org/10.1093/bioinformatics/btp336
http://dx.doi.org/10.1038/nature08514
http://dx.doi.org/10.1038/nm.3877
http://dx.doi.org/10.1038/nsmb840
http://dx.doi.org/10.1016/j.molcel.2010.09.022
http://dx.doi.org/10.1016/j.anireprosci.2012.08.010
http://dx.doi.org/10.1038/nrcardio.2015.156
http://dx.doi.org/10.1152/ajpcell.00168.2012
http://dx.doi.org/10.7717/peerj.3891

Peer

Zhang Y, Huang ZY, Zhang SX, Long R]J, Yang HM, Wang J, Lenstra JA, Cooper
DN, Wu Y, Wang J, Shi P, Wang J, Liu JQ. 2012. The yak genome and adaptation to
life at high altitude. Nature Genetics 44:946-951 DOI 10.1038/ng.2343.

QuY, Tian SL, Han NJ, Zhao HW, Gao B, Fu J, Cheng YL, Song G, Ericson PGP, Zhang
YE, Wang DW, Quan Q, Jiang Z, Li RQ, Lei FM. 2015. Genetic responses to seasonal
variation in altitudinal stress: whole-genome resequencing of great tit in eastern
Himalayas. Scientific Reports 5:14256 DOI 10.1038/srep14256.

Qu YH, Zhao HW, Han NJ, Zhou GY, Song G, Gao B, Tian SL, Zhang JB, Zhang
RY, Meng XH, Zhang Y, Zhang Y, Zhu XJ, Wang W], Lambert D, Ericson PGP,
Subramanian S, Yeung C, Zhu HM, Jiang Z, Li RQ, Lei FM. 2013. Ground tit
genome reveals avian adaptation to living at high altitudes in the Tibetan plateau.
Nature Communications 4:Article 2071 DOT 10.1038/ncomms3071.

Rountree MR, Selker EU. 1997. DNA methylation inhibits elongation but not initiation
of transcription in Neurospora crassa. Genes ¢ Development 11:2383-2395
DOI10.1101/gad.11.18.2383.

Schneider MP, Boesen EI, Pollock DM. 2007. Contrasting actions of endothelin ET(A)
and ET(B) receptors in cardiovascular disease. Annual Review of Pharmacology and
Toxicology 47:731-759 DOI 10.1146/annurev.pharmtox.47.120505.105134.

Shao ES, Lin L, Yao YC, Bostrom KI. 2009. Expression of vascular endothelial growth
factor is coordinately regulated by the activin-like kinase receptors 1 and 5 in
endothelial cells. Blood 114:2197-2206 DOI 10.1182/blood-2009-01-199166.

Sharma M, Singh SB, Sarkar S. 2014. Genome wide expression analysis suggests
perturbation of vascular homeostasis during high altitude pulmonary edema. PLOS
ONE 9:¢85902 DOI 10.1371/journal.pone.0085902.

Simonson TS, Yang Y, Huff CD, Yun H, Qin G, Witherspoon DJ, Bai Z, Lorenzo
FR, XingJ, Jorde LB, Prchal JT, Ge R. 2010. Genetic evidence for high-altitude
adaptation in Tibet. Science 329:72—75 DOI 10.1126/science.1189406.

Storz JF. 2010. Evolution. Genes for high altitudes. Science 329:40—41
DOI 10.1126/science.1192481.

Teichert-Kuliszewska K, Kutryk MJB, Kuliszewski MA, Karoubi G, Courtman DW,
Zucco L, Granton J, Stewart DJ. 2006. Bone morphogenetic protein receptor-

2 signaling promotes pulmonary arterial endothelial cell survival—implications
for loss-of-function mutations in the pathogenesis of pulmonary hypertension.
Circulation Research 98:209-217 DOI 10.1161/01.RES.0000200180.01710.e6.

Thaete LG, Jilling T, Synowiec S, Khan S, Neerhof MG. 2007. Expression of endothelin
1 and its receptors in the hypoxic pregnant rat. Biology of Reproduction 77:526—532
DOI 10.1095/biolreprod.107.061820.

Vadapalli S, Rani HS, Sastry B, Nallari P. 2010. Endothelin-1 and endothelial nitric
oxide polymorphisms in idiopathic pulmonary arterial hypertension. International
Journal of Molecular Epidemiology and Genetics 1:208-213.

Wang GD, Fan RX, Zhai WW, Liu F, Wang L, Zhong L, Wu H, Yang HC, Wu SF,

Zhu CL, LiY, Gao Y, Ge RL, Wu CI, Zhang YP. 2014. Genetic convergence in the

Zhang et al. (2017), PeerdJ, DOI 10.7717/peer|.3891 14/15


https://peerj.com
http://dx.doi.org/10.1038/ng.2343
http://dx.doi.org/10.1038/srep14256
http://dx.doi.org/10.1038/ncomms3071
http://dx.doi.org/10.1101/gad.11.18.2383
http://dx.doi.org/10.1146/annurev.pharmtox.47.120505.105134
http://dx.doi.org/10.1182/blood-2009-01-199166
http://dx.doi.org/10.1371/journal.pone.0085902
http://dx.doi.org/10.1126/science.1189406
http://dx.doi.org/10.1126/science.1192481
http://dx.doi.org/10.1161/01.RES.0000200180.01710.e6
http://dx.doi.org/10.1095/biolreprod.107.061820
http://dx.doi.org/10.7717/peerj.3891

Peer

adaptation of dogs and humans to the high-altitude environment of the Tibetan
plateau. Genome Biology and Evolution 6:2122-2128 DOI 10.1093/gbe/evul62.

Wang GL, Jiang B-H, Rue EA, Semenza GL. 1995. Hypoxia-inducible factor 1 is a basic-
helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proceedings
of the National Academy of Sciences of the United States of America 92:5510-5514
DOI 10.1073/pnas.92.12.5510.

Wang MS, Li Y, Peng MS, Zhong L, Wang Z], Li QY, Tu XL, Dong Y, Zhu CL, Wang
L, Yang MM, Wu SF, Miao YW, Liu JP, Irwin DM, Wang W, Wu DD, Zhang
YP. 2015a. Genomic analyses reveal potential independent adaptation to high
altitude in tibetan chickens. Molecular Biology and Evolution 32:1880—1889
DOI 10.1093/molbev/msv071.

Wang Y, Yang LD, Wu B, Song ZB, He SP. 2015b. Transcriptome analysis of the plateau
fish (Triplophysa dalaica): implications for adaptation to hypoxia in fishes. Gene
565:211-220 DOI 10.1016/j.gene.2015.04.023.

Watson JA, Watson CJ, McCann A, Baugh J. 2010. Epigenetics, the epicenter of the
hypoxic response. Epigenetics 5:293-296 DOI 10.4161/epi.5.4.11684.

Yu L, Wang GD, Ruan J, Chen YB, Yang CP, Cao X, Wu H, Liu YH, Du ZL, Wang XP,
Yang J, Cheng SC, Zhong L, Wang L, Wang X, HuJY, Fang L, Bai B, Wang KL,
Yuan N, Wu SF, Li BG, Zhang JG, Yang YQ, Zhang CL, Long YC, Li HS, Yang JY,
Irwin DM, Ryder OA, Li Y, Wu CI, Zhang YP. 2016. Genomic analysis of snub-
nosed monkeys (Rhinopithecus) identifies genes and processes related to high-
altitude adaptation. Nature Genetics 48:947-952 DOI 10.1038/ng.3615.

Zhang H, Burggren WW. 2012. Hypoxic level and duration differentially affect em-
bryonic organ system development of the chicken (Gallus gallus). Poultry Science
91:3191-3201 DOI 10.3382/ps.2012-02449.

Zhang Q, Gou WY, Wang XT, Zhang YW, Ma ], Zhang HL, Zhang Y, Zhang H. 2016.
Genome resequencing identifies unique adaptations of tibetan chickens to hypoxia
and high-dose ultraviolet radiation in high-altitude environments. Genome Biology
and Evolution 8:765-776 DOI 10.1093/gbe/evw032.

ZhangY, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nussbaum C,
Myers RM, Brown M, Li W, Liu XS. 2008b. Model-based analysis of ChIP-Seq
(MACS). Genome Biology 9:Article R137 DOI 10.1186/gb-2008-9-9-r137.

Zhang H, Wang XT, Chamba Y, Ling Y, Wu CX. 2008a. Influences of hypoxia on
hatching performance in chickens with different genetic adaptation to high altitude.
Poultry Science 87:2112-2116 DOT 10.3382/ps.2008-00122.

Zilberman D, Gehring M, Tran RK, Ballinger T, Henikoff S. 2007. Genome-wide analy-
sis of Arabidopsis thaliana DNA methylation uncovers an interdependence between
methylation and transcription. Nature Genetics 39:61-69 DOI 10.1038/ng1929.

Zhang et al. (2017), PeerJ, DOI 10.7717/peerj.3891 15/15


https://peerj.com
http://dx.doi.org/10.1093/gbe/evu162
http://dx.doi.org/10.1073/pnas.92.12.5510
http://dx.doi.org/10.1093/molbev/msv071
http://dx.doi.org/10.1016/j.gene.2015.04.023
http://dx.doi.org/10.4161/epi.5.4.11684
http://dx.doi.org/10.1038/ng.3615
http://dx.doi.org/10.3382/ps.2012-02449
http://dx.doi.org/10.1093/gbe/evw032
http://dx.doi.org/10.1186/gb-2008-9-9-r137
http://dx.doi.org/10.3382/ps.2008-00122
http://dx.doi.org/10.1038/ng1929
http://dx.doi.org/10.7717/peerj.3891

