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ATAC-seq and RNA-seq reveal key genes
and pathways requlating lactation in the
mammary gland of Yili horses

Lingling Liu'", Bin Chen', Mengjiao Kong', Yujie Tian', Haiyu Ma', Hang Cao' and Wujun Liu'"

Abstract

Background Mammary gland development and lactation are dynamic biological processes governed by
coordinated changes in chromatin accessibility and gene expression.

Results We performed paired ATAC-seq and RNA-seq profiling to characterize stage-associated chromatin
accessibility and transcriptional programs in the Yili horse mammary gland. Using a conservative overlap-based
integration, we prioritized candidate genes showing concordant changes across both layers as hypothesis-generating
signals for future functional studies. We sequenced mammary gland tissues from early lactation (S1) and peak
lactation (S2) stages. We identified 32,187 S1-specific peaks and 46,661 S2-specific peaks. Upregulated genes were
enriched in biological processes related to cell differentiation, tissue development, and signaling pathways, including
PI3K-Akt, JAK-STAT, and Rap1 signaling, which may be involved in lactation regulation. In addition, motif enrichment
analysis suggested several key transcription factors, including STAT5, SMAD4, and KLF3. Integration of ATAC-seq and
RNA-seq data highlighted 22 differentially expressed genes (DEGs) with altered chromatin accessibility, including
PTGES, NFATC4, RET, RGS2, and EQMHCB2, which are involved in the oxytocin signaling pathway, glutathione
metabolism, and Wnt signaling.

Conclusions This study presents a stage-resolved atlas of chromatin accessibility and gene expression in the Yili
horse mammary gland, suggesting candidate pathways and genes for further validation.
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Background

Lactation is a fundamental physiological process in mam-
mals that ensures neonatal nutrition, immune protection,
and growth. In livestock, milk yield and composition
directly affect both animal productivity and the dairy
industry, with profound implications for food security
and agricultural sustainability [1-3]. Milk synthesis and
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networks may compromise milk production and animal
health.

Advances in high-throughput technologies have pro-
vided new opportunities to dissect the molecular mech-
anisms underlying lactation. Transcriptome profiling
(RNA-seq) has revealed stage-specific gene expression
and non-coding RNA regulation, while chromatin acces-
sibility assays (ATAC-seq) have identified cis-regulatory
elements and transcription factor networks involved in
mammary gland development [7, 8]. Integrated multi-
omics approaches have been widely applied in livestock
species such as cattle, pigs, and chickens, highlighting
genetic and epigenetic factors that influence lactation
performance [9-12].

By contrast, studies on equine lactation remain limited.
Recent transcriptomic analyses in Kazakh horses have
investigated the regulation of mammary gene expression
across lactation stages [13, 14], and proteomic studies
have described dynamic changes in equine milk proteins
[15]. However, to date, no studies have applied chroma-
tin accessibility profiling to investigate regulatory mecha-
nisms in the equine mammary gland.

In this study, we performed parallel ATAC-seq and
RNA-seq analyses of mammary tissues collected from
Yili horses at early and peak lactation stages. By inte-
grating transcriptomic and epigenomic data, we aimed
to identify transcription factors and candidate genes
involved in mammary development and milk synthesis.
Our findings provide novel insights into the molecular
regulation of equine lactation and a valuable resource for
future functional and breeding studies.

Animals and sample collection

Six clinically healthy lactating, non-pregnant Yili mares
(8 years old) were selected from a farm in Zhaosu
County, Yili Kazakh Autonomous Prefecture, Xinji-
ang, China. Based on lactation stage, the animals were
assigned to two groups: three mares in early lactation
(month 1; M1-M3; group S1) and three mares in peak
lactation (month 3; M4-M6; group S2). None of the
mares had been bred prior to sampling, and pregnancy
was therefore excluded at the time of tissue collection.
All animals were maintained under standardized feeding
and management conditions to minimize environmental
variation. Following humane slaughter at the same abat-
toir, mammary gland tissue samples were collected from
the same anatomical region in each mare to ensure sam-
ple consistency. Samples were immediately placed into
sterile, RNase-free Eppendorf tubes, snap-frozen in liq-
uid nitrogen, and transported to the laboratory for subse-
quent ATAC-seq and RNA-seq analyses.
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Total RNA extraction, library construction, and sequencing
Total RNA was extracted from each sample using TRIzol
reagent according to the manufacturer’s instructions.
RNA integrity and concentration were assessed using
a Qsep400 system to ensure high-quality input mate-
rial. For library preparation, 1 pg of total RNA was pro-
cessed using the VAHTS Universal V10 Library Prep Kit
for Illumina (NR606, Vazyme) [16]. Library construction
comprised poly(A) + RNA selection, controlled RNA
fragmentation, first-strand ¢cDNA synthesis using ran-
dom hexamers, second-strand cDNA synthesis, and PCR
amplification. The resulting libraries were sequenced on
the Illumina NovaSeq 6000 platform, producing 150 bp
paired-end reads.

ATAC-seq library preparation and sequencing

ATAC-seq was performed by Edson Biotechnology
Co., Ltd. (Xinjiang, China) as previously described [17].
Approximately 100 mg of mammary gland tissue was col-
lected and immediately homogenized in 2 mL pre-chilled
lysis buffer (15 mM Tris-HCI, pH 7.5; 20 mM NaCl; 80
mM KCI; 0.5 mM spermidine; 5 mM B-mercaptoethanol;
0.2% Triton X-100). The homogenate was filtered twice
through Miracloth and layered onto 2 mL of dense
sucrose buffer (20 mM Tris-HCI, pH 8.0; 2 mM MgCl,;
2 mM EDTA; 15 mM p-mercaptoethanol; 1.7 M sucrose;
0.2% Triton X-100) in a 10 mL Falcon tube. Nuclei were
pelleted by centrifugation at 2200 x g for 15 min at 4 °C
and resuspended in 500 pL of pre-chilled lysis buffer.

For transposition, 25 pL reaction buffer, 2.5 pL Nextera
Tn5 transposase, and 22.5 puL nuclease-free water were
combined. Crude nuclei were incubated with the trans-
position mixture at 37 °C for 30 min. Transposed DNA
was purified using the Qiagen MinElute PCR Purification
Kit. Libraries were amplified using NEBNext High-Fidel-
ity 2x PCR Master Mix for 10-15 cycles [18], subse-
quently purified with the MinElute kit, and eluted in 20
pL of elution buffer (10 mM Tris-HCI, pH 8). Library
quality was assessed using a Bioanalyzer and Qubit, and
qualified libraries were pooled and sequenced on an Illu-
mina NovaSeq 6000 platform (paired-end 150 bp).

Bioinformatics analysis of RNA-seq

Adapter sequences and low-quality bases were trimmed
with Cutadapt (v1.11), and high-quality reads were
mapped to the EquCab3.0 reference genome using
HISAT2 (v2.1.0), allowing up to two mismatches [19].
Gene annotation was performed based on the EquCab3.0
genome annotation, with functional annotation sup-
ported by the NCBI non-redundant (NR) protein data-
base. Read counts were generated using FeatureCounts
(v1.6.0) and normalized to Fragments Per Kilobase
of transcript per Million mapped reads (FPKM) [20].
Differential expression analysis was performed using
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Table 1 ATAC-seq data statistics
Sample RawReads RawBases CleanReads CleanBases CleanRatio Q20 Q30 GC
M1_RXL 101,097,400 15,164,610,000 100,962,750 10,378,570,064 99.87% 98.00% 93.35% 50.19%
M2_RXL 96,998,154 14,549,723,100 96,781,172 10,716,049,376 99.78% 97.84% 93.11% 49.35%
M3_RXL 101,695,756 15,254,363,400 101,501,998 9,554,390,238 99.81% 98.55% 94.99% 50.44%
M4_RXL 101,716,514 15,257,477,100 101,634,384 10,342,884,254 99.92% 97.23% 91.02% 51.46%
M5_RXL 100,166,260 15,024,939,000 100,012,328 9,574,133,758 99.85% 98.54% 95.02% 52.03%
Mé6_RXL 101,411,918 15,211,787,700 101,286,666 9,224,630,328 99.88% 98.33% 94.35% 50.72%
Table 2 Reference gene matching results
Group sample totalReads mappedReads mapRate uniq paired
ST M1_RXL 100,962,750 84,528,120 83.72% 76,002,117 73,276,672
M2_RXL 96,781,172 80,604,366 83.29% 74,739,967 72,178,976
M3_RXL 101,501,998 82,217,123 81.00% 74,053,632 71,656,338
S2 M4_RXL 101,634,384 82,249,942 80.93% 75,498,965 72,147,538
M5_RXL 100,012,328 81,913,581 81.90% 75,394,143 73,048,426
M6_RXL 101,286,666 80,943,537 79.92% 74,493,290 72,086,800

edgeR, with significance defined as p < 0.05 and |log,
fold change| > 1. Functional enrichment of DEGs was
assessed with clusterProfiler in R [21], and Gene Ontol-
ogy (GO) [22] and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment was evaluated
using a hypergeometric test, considering terms with p <
0.05 as significantly enriched [23].

ATAC-seq data analysis

Adapter sequences and low-quality reads were removed
using Trimmomatic (v0.36). Clean reads were aligned to
the EquCab3.0 reference genome using HISAT2 (v2.1.0),
allowing up to two mismatches [24]. PCR duplicates were
removed using SAMtools (v1.3.1). Peaks were identi-
fied using MACS2 (v2.1.1.20160309) with parameters:
--nomodel, --shift — 100, --extsize 200, model fold =
5-50, and g-value < 0.05 [25]. Differential peaks were
determined with DiffBind (v1.16.3) [26]. Peaks were
assigned to genes if their midpoint was located within
5 kb upstream or downstream of the transcription start
site (TSS). Functional enrichment analysis of associated
genes was performed using clusterProfiler [21] in R for
GO [22] and KEGG [23], with significance assessed using
a hypergeometric test, with q < 0.05. Heatmaps depict-
ing regulatory region distributions were generated using
DeepTools (v3.2.1) [27], and motif enrichment was ana-
lyzed with HOMER (v3.0) using default settings and a
maximum motif length of 12 bp [28].

Integration of ATAC-seq and RNA-seq

To generate hypotheses and prioritize candidates sup-
ported by two orthogonal layers, DEGs from RNA-seq
were intersected with genes annotated to differential
ATAC-seq peaks (+5 kb around TSS). We defined genes
with concordant direction of change in both datasets as
“concordant candidates” This conservative integration is

intended for candidate prioritization rather than mech-
anistic inference, because long-range enhancer—gene
relationships cannot be resolved by proximity-based
annotation alone. Genes showing consistent regulatory
trends across both datasets were defined as candidate
genes and were subsequently subjected to GO and KEGG
enrichment analyses.

Results

Quality assessment of ATAC-seq data for Yili horse
mammary tissues

To investigate regulatory mechanisms underlying differ-
ences between two stages, ATAC-seq was performed on
the S1 and S2 groups to assess genome-wide chromatin
accessibility. A total of 97-102 million raw reads were
generated for each of the six samples. After quality con-
trol, more than 96 million clean reads were retained for
each sample (Table 1). On average, 82.67% and 80.92% of
clean reads from the S1 and S2 groups, respectively, were
successfully mapped to the EquCab3.0 reference genome
(Table 2). Library quality was evaluated based on insert
fragment length and peak signal distribution. As shown
in Fig. 1A, B, the non-redundant fraction (NRF), PCR
bottleneck coefficient 1 (PBC1), and PCR bottleneck
coefficient 2 (PBC2) were 0.99 +0.004, 0.99 +0.003, and
214.48 £100.66, respectively. NRF reflects the propor-
tion of uniquely mapped reads, while PBC1 and PBC2
indicate library complexity. Thresholds of NRF>0.9,
PBC1>0.9, and PBC2 > 3 are typically considered accept-
able. All values in this study exceeded these quality con-
trol criteria, demonstrating the high consistency and
complexity of the sequencing libraries.

The fragment length distribution of the ATAC-seq
data from all six samples (Fig. 1C) showed enrichment
at approximately 100 bp, indicating that most insert
fragments correspond to nucleosome-free regions. The
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Fig. 1 Quality statistics of ATAC-seq in Yili horse mammary. A, B ATAC-seq sequencing quality statistics, where NRF represents the non-redundant fraction,
calculated as NRF =number of uniquely aligned reads/total number of reads. PBC1 represents Phantom Peak Coefficient 1, calculated as PBC1=number
of uniquely aligned reads/number of reads aligned multiple times. PBC2 represents Phantom Peak Coefficient 2, calculated as PBC2=number of singly
aligned reads/total number of reads. C Statistics on the fragment size distribution of ATAC-seq libraries. The Insert Size represents the length of sequenc-
ing reads. FR (Forward-Reverse orientation) indicates the normal paired-end sequencing orientation. D ATAC-seq signal enrichment surrounding the TSS.
The y-axis represents the degree of enrichment of all genes at the TSS (Transcription Start Site), with enrichment gradually decreasing from top to bottom.
The x-axis represents the distance from the TSS, where negative values indicate upstream regions and positive values indicate downstream regions. E

Clustering heatmap of accessible regions in Yili horse mammary. F PCA plot

majority of accessible chromatin regions were located
within 3 kb of transcription start sites (TSSs), empha-
sizing their potential regulatory roles (Fig. 1D). Cor-
relation heatmap analysis of peak signals revealed clear
differences between the S1 and S2 groups, confirming
the reproducibility of biological replicates (Fig. 1E). Prin-
cipal component analysis (PCA) further supported this
finding, showing a distinct separation between the two
groups, with PC1 and PC2 explaining 74.5% and 8.6%
of the total variance, respectively (Fig. 1F). Collectively,
these results indicate that the ATAC-seq data are of suf-
ficient quality for downstream analyses.

Chromatin accessibility in the mammary gland of Yili
horses

A total of 32,187 peaks were uniquely identified in the S1
group, 46,661 peaks were specific to the S2 group, and
48,061 peaks were shared between both stages (Fig. 2A).
The chromosomal distribution of these peaks is shown
in Fig. 2B. Peaks were distributed across most chromo-
somes, including the X chromosome, whereas eight
chromosomes exhibited no detectable peak enrichment.

To characterize the functional genomic context of the
accessible chromatin regions, all peaks were anno-
tated using genomic reference files. The annotated
regions were categorized into intergenic, other intron,
first intron, promoter_Okb_1kb, other exon, first exon,
promoter_lkb_2kb, 5'UTR, promoter_2kb_3kb, and
3'UTR elements (Fig. 2C). The majority of peaks were
located within intergenic regions, first introns, and other
regions. Notably, peaks located within promoter regions
(0-1 kb upstream of the TSS) accounted for 3.37% of the
total in S1 and 2.72% in S2 (Fig. 2D, E).

GO and KEGG analysis of genes associated with differential
peaks and motif enrichment analysis

To identify open chromatin regions associated with
mammary gland development, stage-specific peaks were
annotated, resulting in 2,509 associated genes, includ-
ing 193 genes associated with peaks showing increased
accessibility and 2,316 genes associated with peaks show-
ing decreased accessibility. To investigate the biological
functions of these genes, GO and KEGG pathway enrich-
ment analyses were performed. For genes associated
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Fig. 2 Identification and analysis of peaks. A Venn diagram illustrates peak overlap between S1 and S2. B Chromosomal distribution of all peaks. C Dis-
tribution ratio of peaks in gene functional elements. D Distribution of S1-special peaks in gene functional elements. E Distribution of S2-special peaks in

gene functional elements

with decreased accessibility, GO terms were significantly
enriched in female pregnancy, vasculogenesis, immune
system processes, and signaling receptor or cytokine
binding (Fig. 3A, Table Sl[see Additional file 1]). A
total of 54 KEGG pathways were significantly enriched
(p<0.05), many of which were associated with metabolic
processes and cellular signal transduction (Fig. 3B, Table
S2[see Additional file 2]).

For genes associated with increased chromatin acces-
sibility, enriched GO terms were mainly related to cell
differentiation, tissue development, regulation of mul-
ticellular organismal processes, and signaling recep-
tor binding (Fig. 3C, Table S3[see Additional file 3]).
Thirty-nine KEGG pathways were significantly enriched
(p<0.05), many of which were associated with the PI3K-
Akt, JAK-STAT, and Rapl signaling pathways (Fig. 3D,
Table S4[see Additional file 4]). These pathways are
known to be associated with lactation, indicating that
chromatin accessibility changes during peak lactation
may influence milk production—related signaling.

To identify key transcription factors (TFs) potentially
regulating chromatin accessibility, de novo motif enrich-
ment analysis was conducted on the differential ATAC-
seq peaks. Motif enrichment analysis of differential
ATAC-seq peaks was performed using HOMER software.
The top 10 transcription factor binding motifs enriched
in peaks with increased accessibility included RBM28,
KLF1, PITX1, MET31, and SOX2 (Fig. 3E). In contrast,
motifs enriched in peaks with reduced accessibility were

primarily associated with the STAT and ETS transcrip-
tion factor families (Fig. 3F).

RNA-seq data from mammary tissues of Yili horses
High-quality RNA was obtained from all mammary tis-
sue samples, as indicated by quality control metrics
(Table S5 [see Additional file 5]). More than 98% of clean
reads were successfully mapped to the EquCab 3.0 ref-
erence genome. The majority of reads aligned to coding
sequence (CDS) regions in all six samples, indicating
high data reliability (Fig. S1 [see Additional file 6]).

In total, 393 DEGs were identified between the two
groups, including 326 upregulated and 67 downregulated
genes. GO and KEGG pathway enrichment analyses were
performed separately for upregulated and downregulated
mRNAs. The DEGs were enriched in GO terms mainly
related to immune response, inflammatory regulation,
cytokine signaling, and extracellular matrix (ECM) orga-
nization and function, including extracellular matrix
organization and extracellular structure organization.
These processes are involved in ECM remodeling and
play critical roles in mammary branching morphogenesis
and epithelial cell differentiation (Fig. 4A, Table S6 [see
Additional file 7]). Additionally, 23 KEGG pathways were
significantly enriched (adjusted p<0.05). Many of these
pathways are associated with mammary gland develop-
ment and lactation, particularly the PI3K-Akt and Rapl
signaling pathways (Fig. 4B).
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Integration analysis of ATAC-seq and RNA-seq

To explore cross-layer concordance between chroma-
tin accessibility and transcription, we intersected DEGs
with genes annotated to differential ATAC-seq peaks.
This integrative analysis identified 22 DEGs showing
concordant changes in both chromatin accessibility and
transcription, including 16 downregulated and 6 upregu-
lated genes (Fig. 5A, B; Table 3). Functional enrichment
analysis showed that these DEGs were enriched in bio-
logical processes related to enzyme activity, cell growth,
chromatin binding, and the calcineurin—-NFAT signal-
ing pathway (Fig. 5C, E). Among these DEGs, PTGES,
NFATC4, RET, RGS2, and EQMHCB2 were highlighted
as candidate genes of interest. KEGG enrichment analysis

indicated that these genes were involved in the oxytocin
signaling pathway, glutathione metabolism, and Wnt sig-
naling (Fig. 5D, F; Table S7[see Additional file 8]).

Discussion

Milk yield, which is largely determined by mammary
gland development, is a key factor in evaluating the
economic value of livestock [29]. Understanding the
molecular mechanisms underlying mammary gland
development is therefore essential for the selective
breeding of high-yield dairy horses and for improving
production efficiency. In recent years, studies in horses
have mainly relied on approaches such as single-cell
RNA sequencing and chromatin immunoprecipitation
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sequencing [30]. However, investigations of equine traits
from the perspective of chromatin accessibility remain
limited [31]. To address this gap, we profiled chroma-
tin accessibility at two stages and integrated these data
with transcriptomic profiles. Furthermore, we integrated
ATAC-seq and RNA-seq data to highlight candidate reg-
ulators that may contribute to mammary gland develop-
ment in Yili horses.

RNA-seq provides reliable tissue-level expression pro-
files that reflect downstream transcriptional outputs,
whereas ATAC-seq profiles chromatin accessibility and
provides regulatory context that can help link genomic
variation to transcriptional regulation [32]. Increas-
ing evidence suggests that integrating RNA-seq with
chromatin accessibility data improves biological inter-
pretation and the accuracy of candidate gene prioritiza-
tion. For instance, Zhang et al. combined endometrial
ATAC-seq and RNA-seq to pinpoint candidate genes
associated with reproductive performance, including
ANXA4 [9]. More broadly, multi-omics studies indicate
that expression divergence can occur even when global
accessibility patterns appear relatively stable, because
allele-specific expression is largely explained by allele-
specific DNA methylation and chromatin accessibility
[33]. Taken together, these findings support the necessity
of performing both ATAC-seq and RNA-seq in parallel:
RNA-seq delineates lactation stage—associated transcrip-
tional programs, while ATAC-seq provides the regulatory
landscape that facilitates mechanistic interpretation and
prioritization of candidate genes and pathways for down-
stream validation.

Chromatin accessibility is a key determinant of gene
regulation and is closely associated with gene expression.
Active genes and regulatory elements are typically located
within or adjacent to DNA regions that are accessible to
transcription factors. Thus, identifying open chromatin

regions is important for characterizing tissue-specific
regulatory elements and for advancing the understand-
ing of complex traits in horses [31]. ATAC-seq is widely
used to detect such open chromatin regions [7]. In this
study, ATAC-seq peaks were enriched near transcription
start sites (TSSs) in both the S1 and S2 groups, support-
ing their potential roles as regulatory hubs for transcrip-
tion factor binding. In both groups, a large proportion of
peaks was located in intergenic regions and introns, with
intergenic regions accounting for 38.43% on average and
other introns accounting for 31.17%. These were followed
by peaks located in the first intron, exons, and promoter
regions. Notably, promoter-associated peaks accounted
for 5.88% on average, which is higher than the 4.3%
reported in bovine mammary tissue [34], but lower than
values reported in pigs, where promoter peaks within 3
kb accounted for 31.31% + 4.47% [35]. These interspecies
differences may reflect differences in genome annotation,
peak-calling definitions, tissue composition, and species-
specific regulatory architectures.

We next compared chromatin accessibility between two
groups. ATAC-seq identified 46,661 peaks with increased
accessibility and 32,187 peaks with decreased accessibil-
ity. Functional enrichment analysis of genes annotated to
these differential peaks indicated enrichment in pathways
related to signal transduction, metabolism, and tissue
processes, including PI3K-Akt signaling. Previous stud-
ies in bovine cells have shown that PI3K/Akt/mTORC1
can activate MMP9 through NF-kB and thereby contrib-
ute to mammary gland remodeling [36]. In ZEA-induced
mouse and cell models, NAC was reported to reverse
ROS-mediated inhibition of this pathway, supporting
a role of PI3K-Akt signaling in maintaining lactation
capacity [37]. Consistent with this, PI3K-Akt signaling
has also been implicated in regulating milk fat synthe-
sis in mammary epithelial cells [38]. In addition, motif
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Table 3 Chromatin accessibility of diferentially expressed genes

Upregulated Gene  Downregulated Total
Number Gene Number
ATAC-seq 193 2316 2509
RNA-seq 326 67 393
Overlap 6 16 22

enrichment analysis suggested potential involvement of
transcription factors such as STAT5, SMAD4, CTCF, and
ELF3 in mammary gland development. Knockout studies
have shown that STAT5 deficiency does not impair nor-
mal development but disrupts mammary lobuloalveolar
outgrowth during pregnancy, resulting in lactation failure

due to impaired terminal differentiation, supporting its
central role in mammopoietic and lactogenic signaling
[39]. Another enriched pathway, JAK-STAT signaling,
particularly involving STAT5a and STAT5b, is known to
regulate mammary-specific gene expression during preg-
nancy and lactation [40]. STAT5a primarily regulates
alveolar formation and milk synthesis, whereas STAT5b
promotes ductal growth and branching. Both have been
reported to be important for mammary development
[41]. During mid-pregnancy, RANK signaling promotes
precursor cell expansion and alveolar generation, but
may also inhibit prolactin activity by interfering with
STATS5 activation [42]. Collectively, these pathways and
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their interactions with hormones and growth factors are
likely to contribute to mammary gland maturation and
function. SMAD4, a central mediator of canonical trans-
forming growth factor-beta (TGF-p) signaling, plays an
important role in cell fate determination in multicellular
organisms [43]. SMAD4 forms complexes with recep-
tor-regulated SMADs (R-SMADs), including SMAD?2,
SMAD3, and SMAD1/5, thereby enabling diverse SMAD
complexes downstream of BMP or TGF-§ signaling.
These complexes can bind TGF-f-responsive elements,
typically CAGA motifs, thereby influencing cell prolif-
eration, differentiation, and tissue remodeling [44—46].
CTCF establishes regulatory boundaries between genes
and can influence enhancer activity in a context-depen-
dent manner. CTCF contributes to genome topology,
domain boundary formation, and long-range chromatin
interactions. In the mammary gland, CTCF binding sites
have been implicated in promoter—enhancer interac-
tions of highly expressed genes, such as caseins. Disrup-
tion of these sites has been reported to alter mammary
gene expression [47, 48]. Epithelium-specific ETS (ESE)
transcription factors, a subgroup of the ETS family, have
been reported to play roles in epithelial development,
differentiation, and homeostasis. ELF3 is upregulated in
the mammary epithelium of mice during pregnancy and
early lactation and has been reported to regulate milk
protein genes such as WAP while maintaining epithelial
identity [49].

A total of 22 DEGs were identified with concordant
evidence from both datasets. Functional enrichment
analysis indicated that these genes were enriched in the
Wnt and oxytocin signaling pathways. Among these can-
didates, PTGES, NFATC4, RET, and RGS2 were high-
lighted due to potential relevance to mammary gland
development and lactation in Yili horses. PTGES partici-
pates in PGE, synthesis, and PGE, has been implicated in
regulating inflammation and angiogenesis in mammary
tissue, potentially shaping the mammary microenviron-
ment via aromatase-related mechanisms. PGE, levels
vary across development and lactation, and genetic dele-
tion of mPGES-1 has been shown to reduce mammary
PGE, and affect angiogenesis and tissue phenotypes,
supporting PTGES as a candidate regulator in Yili horses
[50-52]. The NFAT family of transcription factors, acti-
vated by the calmodulin/calcineurin pathway, has been
implicated in regulating cell differentiation, prolifera-
tion, angiogenesis, and inflammation. Calcineurin—NFAT
signaling has been reported to be active in mammary
morphogenesis and stromal-vascular interactions and
is also implicated in tumor biology. NFAT family mem-
bers such as NFATc1, NFATc3, and NFATC4 have been
implicated in mammary development, and NFATcl
has been reported to play roles in mammary morpho-
genesis and stem cell differentiation. NFATC4 has been
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studied in breast cancer contexts and has been reported
to influence proliferation and migration, suggesting
potential roles in mammary epithelial cell fate determi-
nation and transcriptional regulation [53-55]. RGS2
has been reported to be highly expressed in mammary
myoepithelial and basal cells. Functional studies have
shown that it can modulate oxytocin receptor (OXTR)
signaling, thereby influencing the contractile response
of myoepithelial cells. Because oxytocin-induced myo-
epithelial contraction is essential for milk ejection, RGS2
may influence lactation physiology by modulating OXTR
signaling [56, 57]. RET has been reported to be highly
expressed in the mammary gland during lactation and to
decline during weaning and involution. Persistent RET
expression during lactation has been reported to activate
STAT3-associated inflammatory pathways and to disrupt
tissue remodeling [58, 59]. In summary, these genes and
pathways represent candidate regulators of mammary
gland development and lactation. Motif enrichment and
pathway analyses highlighted TF families and signaling
pathways previously implicated in mammary develop-
ment and lactation in other species. In the absence of
long-range regulatory mapping and functional perturba-
tion, these results should be interpreted as hypothesis-
generating associations rather than causal mechanisms.
Nevertheless, the concordant candidates (e.g., PTGES,
NFATC4, RET, RGS2) provide a focused shortlist for
future validation in equine mammary biology.

Limitations

The main limitation of this study is the small sample size
(n=3 mares per lactation stage), largely due to the prac-
tical constraints of obtaining mammary tissue in large
livestock, which typically requires slaughter. Our multi-
omics integration has inherent limitations. Proximity-
based peak-to-gene annotation cannot resolve distal
enhancer—gene relationships, and without temporal/per-
turbation or 3D genome evidence, regulatory direction-
ality and causal inference remain unclear. Therefore, the
enriched TF motifs, associated pathways, and concordant
ATAC-RNA candidates reported here may serve as valu-
able starting points for hypothesis generation and can-
didate prioritization. Future studies with larger cohorts,
additional lactation time points, and independent popu-
lations are needed to validate the identified regulatory
elements, pathways, and candidate genes, together with
functional validation (e.g., qPCR and targeted assays).

Conclusions

This study provides an initial (first-pass) chromatin
accessibility map and transcriptomic profile of the Yili
horse mammary gland across early and peak lactation
stages. This study presents the first chromatin accessibil-
ity map of Yili horse mammary tissue, revealing regions
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of accessible chromatin. In addition, the genes identified
by RNA-seq exhibited distinct transcriptional patterns
between the two stages. By integrating the results from
both approaches, we identified five key candidate genes
potentially involved in mammary gland development.
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