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ABSTRACT The liver undergoes a slow process for
lipid deposition during chick embryonic period. However,
the underlying physiological and molecular mechanisms
are still unclear. Therefore, the aim of the current study
was to reveal the epigenetic mechanism of hepatic tran-
scriptional reprogramming changes based on the integra-
tion analysis of RNA-seq and H3K27ac labeled
CUT&Tag. Results showed that lipid contents increased
gradually with the embryonic age (E) 11, E15, and E19
based on morphological analysis of Hematoxylin-eosin
and Oil Red O staining as well as total triglyceride and
cholesterol detection. The hepatic protein level of
SREBP-1c was higher in E19 when compared with that
in E11 and E15, while H3K27ac and H3K4me2 levels
declined from E11 to E19. Differential expression genes
(DEGs) among these 3 embryonic ages were determined
by transcriptome analysis. A total of 107 and 46 genes
were gradually upregulated and downregulated respec-
tively with the embryonic age. Meanwhile, differential
H3K27ac occupancy in chromatin was investigated. But
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the integration analysis of RNA-seq and CUT&Tag data
showed that the overlap genes were less between DEGs
and target genes of differential peaks in the promoter
regions. Further, some KEGG pathways enriched from
target genes of typical enhancer were overlapped with
those from DEGs in transcriptome analysis such as insu-
lin, FoxO, MAPK signaling pathways which were related
to lipid metabolism. DNA motif analysis identify 8 and
10 transcription factors (TFs) based on up and down dif-
ferential peaks individually among E11, E15, and E19
stages where 7 TFs were overlapped including COUP-
TFII, FOXM1, FOXA1, HNF4A, RXR, ERRA, FOXA2.
These results indicated that H3K27ac histone modifica-
tion is involved in the transcriptional reprogramming reg-
ulation during embryonic development, which could
recruit TFs binding to mediate differential enhancer acti-
vation. Differential activated enhancer impels dynamic
transcriptional reprogramming towards lipid metabolism
to promote the occurrence of special phenotype of hepatic
lipid deposition.
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INTRODUCTION

The liver is one of the most important metabolic
organs, governing many functions such as de novo lipo-
genesis (Leveille et al., 1975), detoxification (Zhao et al.,
2019), hematopoietic (Robinson et al., 2016), and bile
secretion (Goutam et al., 2022). It is a highly organized
architecture that requires coordination by complex regu-
latory networks to maintain homeostasis. Liver dysfunc-
tion often leads to a variety of diseases in humans and
animals, including non-alcohol fatty liver disease
(NAFLD) (Kazankov et al., 2019), fatty liver
hemorrhagic syndrome (FLHS) (Hamid et al. 2019),
and cirrhosis (Singal and Mathurin, 2021). Hence, it is
necessary to reveal the underlying regulatory mecha-
nism of hepatic dynamic development.
Chick embryo has been widely used as the ideal model

to explore the physiological and pathological research for
the merits of easy manipulation and visualization
(Vergara and Canto-Soler, 2012). On the other hand,
the liver is the main site for lipid metabolism in chicks,
but excessive abdominal fat deposition and FLHS caused
enormous economic losses in poultry industry
(Wang et al., 2017; Shini et al., 2019). All of these drive
us to carry out the study to investigate hepatic embryonic
development in chicks because the liver undergoes normal
organ development and lipid deposition during embryonic
period. Organ development is a systematic process along
with transcriptional reprogramming (Hwang et al., 2018;
Estermann et al., 2020) where great changes have
taken place in chromatin accessibility and epigenetic
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modifications (Kuznetsova et al., 2020). Many researchers
have applied varies of methods to depict the hepatic meta-
bolic or functional transitions during chick embryonic
stages such as transcriptomics (Cogburn et al., 2018;
Nguyen et al., 2022), proteomics (Yang et al., 2021a), and
metabolomics (Liao et al., 2020), while few studies have
focused on epigenetic changes.

Entanglement of DNA and histones in nucleus con-
trolled the accessibility of transcription factors (TFs) and
regulated gene expression. Histone modifications can serve
as anchorage sites to recruit TFs and alter interacting
nucleosomes. The histone H3 lysine 27 acetylation
(H3K27ac) is positively correlated with transcription
activation because it could shape a loosely chromatin state
that allows TFs entry and promote the passage of RNA
polymerase II (Valencia-S�anchez et al., 2021). Moreover,
H3K27ac was considered as the marker of the promoter
or enhancer regions, and both promoters and enhancers
play important roles in transcriptional regulation process
(Schoenfelder and Fraser, 2019; Chen et al., 2021). Thus,
transcriptional regulation mechanism might be elucidated
by integrating RNA-seq and histone modification analysis.

In the current study, we combined RNA-seq and
H3K27ac-labeled CUT&Tag to evaluate developmental
patterns in hepatic transcriptome and H3K27ac land-
scape of chick embryo, aiming to reveal the epigenetic
mechanism of hepatic transcriptional reprogramming
during chick embryonic period.
MATERIALS AND METHODS

All chick embryo and experimental protocol in the
study were approved by the Institution Animal Care
and Use Committee of the Northwest A&F University
(Permit Number:DK202123).
Animals and Sample Collection

All hatching embryos were obtained from the Yangling
Julong Poultry Industry Co. Ltd. (Yangling, China). At
the embryonic day (E) 11, E15, and E19, some eggs with
similar size and weight were taken out from the incubator
for sampling collections. After cracking eggs and checking
alive embryo, liver tissue was acquired by dissection.
First, the blood contamination on the surface of the liver
was washed away with ice-cold phosphate buffered saline;
then filter paper was used to remove the liquid. Finally,
about 1 cm3 liver samples were clipped and fixed in 4%
formaldehyde for histological analysis and other liver tis-
sues were put into tubes for quick freeze of the liquid
nitrogen. The frozen liver samples were transferred and
stored at�80°C for subsequent analysis.
Hepatic Morphology

Fixed liver samples were processed in paraffin or fro-
zen sections for hematoxylin-eosin (HE) and Oil Red O
staining respectively, which was carried out by Wuhan
Servicebio technology Co., Ltd (Wuhan, China).
Hepatic TG and TC Contents

About 50 mg liver tissue was cut from frozen liver and
immediately homogenized in a high-throughput homog-
enizer with cold phosphate-buffered saline on the ice.
The supernatant was collected after centrifugation at
3,000 rpm for 10 min at 4°C and the protein concentra-
tion of supernatant was determined by BCA Protein
Assay Kit (Thermo Fisher Scientific, Shanghai, China).
Meanwhile, the triglyceride (TG) and total cholesterol
(TC) contents were detected using commercial kits
according to the instructions of the kits and the data
were converted by protein concentration correction.
Western Blotting

Small piece of frozen liver was cut and lysed with cold
RIPA lysis buffer (ZhongHuiHeCai, Xi’an, China) with
protease and phosphatase inhibitors on the ice. The
BCA protein assay kits were used to determine the pro-
tein concentration of lysis supernatant. Then protein
samples were denatured and performed for SDS-poly-
acrylamide gel electrophoresis separation to detect
proteins expression. Detailed steps were reported to our
previous study (Liu et al., 2018). The primary antibodies
were used after 1:1,000 dilutions and their detailed
information were as follows: b-actin (CWBIO, CW0096,
Taizhou, China), SREBP (Wanleibio, wl01314,
Shenyang, China), H3K27ac (Abcam, ab4729, MA),
H3K4me2 (Abcam, ab32356, MA), and H3 (ABclonal,
A2348, Wuhan, China). The secondary antibodies were
used after 1:3,000 dilutions and goat anti-rabbit
(No.122107) or mouse (No.117228) IgG HRP conju-
gated secondary antibody was bought from Jackson
ImmunoResearch. The Image J software (National Insti-
tutes of Health, MD) was used to quantify blotting
bands with b-actin or H3 as an internal control.
RNA-seq and RT-PCR

Total RNA was extracted from liver samples based on
the introduction of TRIZOL reagent kits (TaKaRa,
Dalian, China). RNA-seq libraries for each embryonic
day were constructed by Shanghai Personal Biotechnol-
ogy Co., Ltd and sequenced using Illumina NovaSeq.
The sequencing reads data were firstly processed for
checking the quality. The filtered reads were compared
to the reference genome (GRCg7b, https://www.ncbi.
nlm.nih.gov/genome/111) using HISAT2 software
(http://ccb.jhu.edu/software/hisat2/index.shtml). The
gene expression was normalized using Fragments Per
Kilo bases per Million fragments (FPKM). Normalized
read counts were used to identify differential expression
genes (DEGs) by applying DESeq2 based on the
parameters of log2 fold change > 1 and P-value < 0.05.
The heat map packages were applied to map bivariate
clustering for the comparison groups. All DEGs were
annotated to the Database of Kyoto Encyclopedia of
Genes and Genomes (KEGG, http://www.kegg.jp/);
then KEGG enrichment analyses were carried out using
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Clusterprofiler based on P-value <0.05. Detailed data
processing for RNA-seq was referred to the previous
report (Cogburn et al. 2018).

For RT-PCR, the extracted RNA was first converted
into cDNA based on the protocol of UEIris RT mix with
DNase (US Everbright Inc., Nanjing, China). Some
DEGs were verified and evaluated their expression using
2 £ SYBR Green qPCR Master Mix (US Everbright
Inc.) on a Roche-LightCycler 96 instrument (Switzer-
land, Basel). Primer sequences are listed in Table 1.
Detail PCR reaction and calculation methods are
detailed in our previous study (Liu et al., 2020).
H3K27ac Labeled CUT-Tag Analysis

H3K27ac (Abcam, ab4729) labeled CUT-Tag assay
was carried out to map chromatin epigenomic profiling
based on the previous report (Kaya-Okur et al., 2019).
Briefly, cell suspension was firstly prepared from liver
samples. Concanavalin A-coated magnetic beads were
added to mix with cells. Then H3K27ac primary anti-
body was incubated, followed by the secondary antibody.
Next, Protein A-Tn5 adapter complex was added to the
above system, which could recognize antibody. Finally,
DNA was recovered from each sample after Tn5 transpo-
sase cuts the genome and inserts adapter sequences
nearby the target protein. Library construction and
sequencing were performed on an Illumina NovaSeq plat-
form at Jiayin Biotechnology Ltd. (Shanghai, China).
Clean reads were obtained and aligned to the reference
chicken genome GRCg7b (https://www.ncbi.nlm.nih.
gov/genome/111)) using BWA program. H3K27ac peaks
were called by MACS2 and differential peaks were
assessed using DESeq2 under the condition that the
absolute value of the log2 fold change is >1 at a P-value
<0.05. Heat map plots were drawn by the R based on
the differentially peak analysis. Peaks were annotated by
the function of annotatePeak of ChIPseeker and the pro-
moter region was set as <3 kb from transcriptional start
Table 1. Forward and reverse primer sequences for PCR analysis.

Gene Accession number

b-actin L08165 F: ATTG
R: AAA

C21orf62 XM040658298 F: CTGT
R:GTGC

ITGBL1 XM046909491 F: GACG
R: ACA

PDK4 NM001199909 F: CACC
R: ATG

IGFBP2 NM001159982 F: TCAC
R: AGC

LBFABP NM204634 F: CCAG
R: CCAT

CETP NM001034814 F: AGTC
R: GCA

PCK1 NM205471 F: TCAA
R: CCTC

FGF19 NM204674 F: TTCG
R: CTCC

DNMT3b NM001024828 F: CCCG
R: GGG
site where the target genes could also be predicted based
on differential peaks in promoter regions.
Enhancer and DNA Motif Analysis

Based on the definition and identification method of
super enhancer (SE) from Young lab (Whyte et al.,
2013), ROSE software was employed to find super
enhancer within 12.5 kb region of one another to be
stitched together; all enhancers were firstly ranked, and
the enhancers above the point of the slope 1 were
regarded as SE while others as typical enhancer (TE).
Targeted genes for enhancers were set within 100 kb dis-
tance to TSS from the peak center. The DNA sequence
of differential peaks is compared with the Motif database
(https://jaspar.genereg.net/) to perform DNA motif
analysis based on HOMER tool.
Statistical Analysis

All experimental data were expressed as means and
analyzed by one-way ANOVA using the GLM program
of SPSS 20.0 (SPSS Inc., Chicago, IL). And Duncan’s
multiple comparisons test was used to determine signifi-
cant differences among different embryonic days. A
probability value less than 0.05 was considered statisti-
cally significant. Special statistical analysis for RNA-seq
and CUT-Tag were mentioned and defined at the corre-
sponding position when introducing methods above.
RESULTS

Phenotype Observation for Hepatic Lipid
Metabolism of Chick Embryos

To investigate the dynamic changes of hepatic lipid
metabolism during embryonic development in chicks,
we performed HE and Oil Red O staining for the liver at
E11, E15, and E19. As shown in Figure 1A, white
Primer sequences, 50 to 30 Product size, bp

TCCACCGCAAATGCTTC 113
TAAAGCCATGCCAATCTCGTC
GACTACAGCCTGGCAA 174
CACAGAAGGAGAGCTT
GAGGCTGGCAAATACT 79

GACCTTCCCGTCGTAGA
AAGGCCAAGGATGGAT 250

CACCAGTCATCTGCCTC
AACCACGAGGACTCAA 170

CATGCTTGTCACAGTTG
GCAGACTGTGACTAACT 100
TTGCCAAGTGCACAGTA
TCGCCCTTCCTGAGAT 149

GCTTGGATAGTGACCGT
CACCAGATTCCCAGGC 137
ATGCTAGCCACCACAT
TCCAGACGGCTACAAC 149
ACTGGCACAGTGTTGA
TTATGATCGACGCTAT 225

CTACTCGCAGGCAAA
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Figure 1. Phenotype observation for hepatic lipid metabolism of chick embryos. (A) Histological sections stained by H&E and Oil Red O
(magnification:10 £ 20), respectively. (B) TG and TC contents in the liver. (C) Western blot analysis for protein molecules about histone modifica-
tion and lipogenesis. (D) The quantification of western blot bands where SREBP-1c was normalized to b-actin and histone modification was normal-
ized to H3. All data are expressed as mean § SEM (n = 6). a−cValues with different superscript letters on the bars are statistical significant (P <
0.05). Abbreviations: TC, total cholesterol; TG, triglyceride.
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cavities and red lipid droplets became more and more
with the increasing of embryonic day. The contents of
hepatic total TG and TC were found to be higher at E19
when compared with those at E11 and E15 (Figure 1B).
In addition, the protein expression of SREBP-1c,
which is related to lipogenesis, was also higher at E19
(Figures 1C and 1D). Simultaneously, hepatic
H3K4me2 and H3K27ac protein abundance, markers of
transcriptional activation, decreased gradually along
with the embryonic development (Figures 1Cand 1D).
DEGs Identification and KEGG Pathway
Enriched From Transcriptome Analysis

To reveal hepatic transcriptional reprogramming dur-
ing chick embryonic development, transcriptome was
applied to detect DEGs. As shown in Figure 2A, the
number of upregulated and downregulated DEGs
between E11 and E15 was 358 and 174 respectively.
While the number of DEGs between E15 and E19 was
689 upregulation and 800 downregulation. The heatmap
for cluster analysis of DEGs showed that some genes
were increased or decreased gradually with embryonic
days (Figure 2B). The number of up- and downregula-
tion genes among E11 vs. E15 vs. E19 comparison was
106 and 47 separately (Figures 2C and 2D). We selected
9 genes that are interrelated to hepatic development or
lipid metabolism to verify their mRNA abundance
by RT-PCR. As demonstrated in Figures 2E−2M,
C21orf62, ITGBL1, PDK4, IGFBP2, LBFABP, and
CETP were elevated constantly, while PCK1, FGF19
and DMNT3b were decreased sharply with embryonic
development, which were consistent with RNA-seq
results.

For a better understanding of DEGs, we further
performed KEGG enrichment analysis to predict the
potential metabolic pathway during embryonic
development. As shown in Figures S1 and S2, total,
up and down DEGs were used for KEGG pathway
analysis, respectively. Metabolic pathways related to
liver organ development were significantly enriched
such as cell adhesion, cell cycle, DNA replication.
Especially, insulin and FoxO signaling pathways,
involving in lipogenesis, were gathered based on up
DEGs from E15 vs. E19 and E11 vs. E15 vs. E19
(Figures S1E and S2B).
Differential H3K27ac Regions and Targeted
Genes Based on CUT&Tag Analysis

To address whether H3K27ac, a histone modification
of active promoters and enhancers, was involved in the
regulation of transcriptional reprogramming, we exam-
ined the genome-wide H3K27ac profiling in the liver of
chick embryo. As shown in Figure 3, when compared
with E11, 1,148 hyperacetylated and 2,422 hypoacety-
lated peaks were obtained at E15. Similarly, a total of
7,032 differential H3K27ac regions were observed at E19
in comparison with those at E15. Ulteriorly, poorly, or
highly differential acetylated peaks in the promoter
region were selected for predicting down- or upregulated
target genes, which were used to overlap with DEGs
identified from transcriptome analysis. However, only 12
upregulation and 8 downregulation genes were linked
between E11 and E15 (Figures 4A and 4B), which
accounted for just 4% of all DEGs; likewise, overlapped
genes between E15 and E19 occupied 11% among more
than 1,400 DGEs (Figures 4C and 4D). In order to
reveal whether enhancers are involved in hepatic tran-
scriptional reprogramming, differential typical and
super enhancers were distinguished. As demonstrated in
Figures 4E and 4F, a total of 781 (E15 vs. E11) and
1,086 (E19 vs. E15) typical enhancers were found,
respectively.



Figure 2. DEGs identification during embryonic development based on transcriptome analysis. (A) The number of DEGs in pairwise compari-
son among three embryonic days. (B) The heat map of hepatic DEGs. Higher expression genes were shown in red color, whereas lower genes are pre-
sented in blue color. (C, D) Venn diagram for overlapping up and down DEGs between E11 vs. E15 and E15 vs. E19. (E−M) Genes expression of
selected DEGs by RT-PCR. Data are expressed as mean § SEM (n = 5). a−cValues with different superscript letters on the bars are statistical signif-
icant (P < 0.05). Abbreviation: DEGs, differential expression genes.
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KEGG Pathway Enriched From Differential
Enhancers-Predicted Genes

Considering the enhancer function on gene transcrip-
tion via enhancer-promoter loop, we then performed
KEGG pathway enrichment analysis based on predicted
target genes from up- or downregulation enhancers. As
presented in Figure 5, metabolic pathways about liver
organ development were observed on basis of upregula-
tion enhancer-predicted genes such as tight junction,
cell cycle, and VEGF signaling between E15 and E11
comparison as well as focal adhesion in the E19 vs. E15
comparison; lipid metabolism pathways including
glycerolipid metabolism, insulin, FoxO, and MAPK
signaling were also significantly enriched along with
embryonic day. These pathways based on enhancers-
predicted gene lists were shared with KEGG pathways
enriched from DEGs of RNA-seq analysis.
DNA Motifs Prediction Based on Differential
H3K27ac Peaks

TFs and coactivators or chromatin remodeling com-
plexes are required for enhancers to interact proximity
with their target promoters in 3D space. The top 20
DNA motifs were shown in Figures 6A−6D based on up
or down differential peaks for E11 vs. E15 and E15 vs.
E19 severally. We performed the intersection analysis
and found that there were 8 and 10 TF binding motifs



Figure 3. Differential peaks analysis through H3K27ac labeled CUT&Tag (n = 2). (A) The number of differentially acetylated peaks in pairwise
comparison among three embryonic days. (B−D) The heat map of differentially acetylated peaks in the liver. The upregulated peaks are shown in
red color, whereas the downregulated peaks are presented in blue color.
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enriched by up or down differential H3K27ac peaks
respectively along with embryonic days (Figures 6E and
6F). Among these TF binding motifs from different
trend peaks, 7 TFs are the same including COUP-TFII,
FOXM1, FOXA1, HNF4A, RXR, ERRA, and FOXA2.
DISCUSSION

The chick embryo is an easily operating and accessible
model, whose physiological and pathological changes
can be detected and visualized straightforwardly, thus it
is usually employed for immune research (Garcia et al.,
2021), drug evaluation (Wu et al., 2018b), cancer
(Ribatti and Tamma, 2018), and epigenetic research
(Bednarczyk et al., 2021). As a multifunctional organ,
liver is involved in detoxification, bile secretion, and is
also the main organ of de novo lipogenesis in humans
and chicks. When dysregulated, the hepatic homeostasis
was disturbed and many diseases followed. In our previ-
ous study, we analyzed morphological characteristics in
the liver of chicks and found that hepatic lipids increased
gradually during embryonic period (Liu et al., 2020),
and the same results were found in the current study
that lipid contents were increased along with the embry-
onic day. In addition, hepatic abundance of adipogenic
marker SREBP-1c progressively increased in protein
level, suggesting that hepatic lipid metabolism has expe-
rienced significant changes.
Previous study reported that great changes genome-

wide H3K27ac profiles changed a lot in the liver of
FLHS chicks (Zhu et al., 2020). Consistent with the
results in the present study, hepatic total H3K27ac and
H3K4me2 levels were different among 3 embryonic days.
These 2 epigenetic modifications were considered to be
the marker for identifying enhancers and promoters
(Hnisz et al., 2013) and positively associated with genes
expression (Zheng et al., 2019). These results suggested
that transcriptional reprogramming of hepatic lipid
metabolism has changed along with chick embryonic
development, which might be mediated by histone epi-
genetic modifications.
To uncover hepatic transcriptional changes, we

applied RNA-seq to detect gene expression patterns



Figure 4. Overlap genes analysis and enhancer identification. (A−D) Venn diagram for overlap genes obtained from DEGs and target genes of
differential peaks in the promoter. Up DEGs were overlapped with target genes of hyperacetylated differential peaks in the promoter while down
DEGs with hypoacetylated differential peaks. (E) The number of differential typical enhancers in pairwise comparison among three embryonic days.
(F) The number of differential super enhancers in pairwise comparison among three embryonic days. Abbreviation: DEGs, differential expression
genes.
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during E11, E15, and E19. Results showed that some
genes were increased or decreased gradually with embry-
onic days. Among DEGs from E11 vs. E15 vs. E19 com-
parison, we selected 9 genes which were involved in
hepatic development or lipid metabolism for subsequent
RT-PCR verification. ITGBL1 is considered as the hub
gene interrelated to hepatic fibrogenesis, cell migration,
and adhesion (Li et al., 2015; Huang et al., 2020).
FGF19, as a member of fibroblast growth factors, was
closely related to embryonic development. PDK4 is a
critical regulator of lipid metabolism and could coordi-
nate with liver growth (Zhao et al., 2020) as well as
hepatocyte apoptosis (Wu et al., 2018a). IGFBP2,
LBFABP, and CETP were involved in hepatic energy or
lipid metabolism. In the present study, these genes
expression increased during embryonic development,
which was in accordance with the phenotype of hepatic
lipid deposition. Indeed, KEGG pathway analysis
showed that cell adhesion, insulin, and FoxO signaling
pathways were enriched based on up DEGs which were
related to organ development or lipogenesis. In contrary,
some pathways associated with lipid catabolism were
gained from down DEGs such as MAPK signaling, fatty
acid degradation and so on. PCK1 is decreased dramati-
cally with embryonic development, which acts as the
rate-limiting enzyme in gluconeogenesis. Previous study
has shown that glycolysis is not the main way to gener-
ate energy from E19 to hatching in chicks (Hu et al.,
2017). Collectively, these results demonstrated that
hepatic transcriptional change was toward lipid deposi-
tion with chick embryonic growth. However, genetic and
molecular mechanisms underlying transcriptional
reprogramming remain largely unknown.

Considering the role of H3K27ac in gene transcrip-
tion (Dunislawska et al., 2022) and its dynamic
changes along with chick embryonic growth in the
study, we speculated that H3K27ac epigenetic modifi-
cation might take part in hepatic transcriptional
reprogramming. We then applied H3K27ac labeled
Cut-Tag assays to assess genome-wide H3K27ac profil-
ing in the liver. As we all known, gene transcription is
strictly controlled by promoters and H3K27ac is a fea-
ture of accessible chromatin. Thus, differential
H3K27ac peaks in the promoter regions were firstly
used to predict target genes. But unexpectedly, the
overlap genes were less when linked with transcrip-
tome-identified DEGs, indicating that our traditional
understanding might be biased. Except for promoters,
enhancers also take part in the regulation of gene
expression as the regulatory element (Marsman and
Horsfield, 2012; Zabidi and Stark, 2016;
Andersson and Sandelin, 2020), which recruit TFs and
cofactors to activate transcription from target pro-
moters via enhancer-promoter loop 3D structure
(Sengupta and George, 2017). Then differential
enhancers were identified and used for differential
genes prediction, while numbers of enhances and pre-
dicted genes were far more than DEGs obtained from
transcriptomics. Overlap analysis might be not suit-
able for linking predicted or differential genes from 2
methods. Hence, we mapped predicted genes from dif-
ferential enhancer to KEGG database to monitor
potential metabolic pathway changes. Surprisingly,
focal adhesions, tight junction, cell cycle, insulin and
FoxO signaling, glycerolipid metabolism, fatty acid
elongation pathways were significantly enriched based
on predicted genes from upregulation enhancers. These
pathways are consistent with those obtained from
DEGs in the study. During chick embryonic period,
the liver organ is still undergoing growth development.



Figure 5. KEGG analysis based on the differential typical enhancers-predicted genes. Target genes predicted from up differential typical
enhancers were used for up KEGG pathways enrichment (A and C). Likewise, down KEGG pathways were enriched from target genes of down dif-
ferential enhancer (B and D). The larger size circles indicated more genes contributing to the enriched pathway, and the color indicated pathway
impact values from green to red.
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Focal adhesion and tight junction-related pathways
help maintain cell proliferation and differentiation in
the process of liver structure formation (Singh et al.,
2017; Du et al., 2021). All these findings suggested
that the enhancer was potentially participated in regu-
lating hepatic transcriptional reprogramming.

It is reported that TFs contribute to enhancers-medi-
ated gene transcription via promoting enhancer-pro-
moter loop formation (Weintraub et al., 2017). We next
sought to interrogate the potential TFs involved in
enhancers-mediated 3D chromatin structure. DNA
motif analysis based on up or down differential peaks
identified 7 TFs that are shared including COUP-TFII,
FOXM1, FOXA1, HNF4A, RXR, ERRA, and FOXA2.
COUP-TFII has been shown to be involved in the regu-
lation of metabolic processes, such as adipogenic, gluco-
neogenesis, and cholesterol processing in the liver
(Ashraf et al., 2019). As a pioneer TF, FOXA1 cell type-
specific functions mainly depended on differential
recruitment to chromatin at distant enhancers rather
than promoters (Lupien et al., 2008). FOXM1 is a typi-
cal proliferation-related transcription factor, which reg-
ulates cell proliferation through a cell cycle-dependent
manner (Wang et al., 2001; Hu et al., 2019). Many
reports support the notion that HNF4A is a master regu-
lator of hepatocyte phenotype and can regulate gene
expression by binding promoter regions and coordinat-
ing lipolysis, p53, and bile acid signaling pathways,
thereby preventing diet-induced NAFLD development
(Xu et al., 2021; Yang et al., 2021b). RXR, ERRA and
FOXA2 were reported to develop functions in lipid
metabolism, endocrine, and immune system, respec-
tively (Wahab et al., 2019; Helmst€adter et al., 2022;
Y�anez et al., 2022). Taken together, these screened TFs
might be involved in the regulation of organ develop-
ment and lipid metabolism during embryonic periods.
But 7 TFs mentioned above were screened from both up
and down differential peaks, implying that TFs could
dynamically bind various DNA positions to mediate epi-
genetic regulation.



Figure 6. DNA motifs analysis based on differential H3K27ac peaks. (A, B) DNA motifs predicted from up and down differential H3K27ac
peaks for E11 vs. E15, respectively. (C, D) DNA motifs predicted from up and down differential H3K27ac peaks for E15 vs. E19, respectively.
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CONCLUSIONS

In summary, our results found H3K27ac histone modi-
fications could mediate enhancer activation by recruit-
ing TFs binding, leading to hepatic transcriptional
reprogramming toward organ development and lipid
metabolism during embryonic stages. These observa-
tions expand current knowledge and provide new
insights into transcriptional regulation of liver organ
development of chick embryo.
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