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Abstract 

Background  DNA G-quadruplexes (G4s) represent a distinctive class of non-canonical DNA secondary structures. 
Despite their recognition as potential therapeutic targets in some cancers, the developmental role of G4 structures 
remains enigmatic. Mammalian embryonic myogenesis studies are hindered by limitations, prompting the use 
of chicken embryo-derived myoblasts as a model to explore G4 dynamics. This study aims to reveal the embryonic 
G4s landscape and elucidate the underlying mechanisms for candidate G4s that influence embryonic myogenesis.

Results  This investigation unveils a significant reduction in G4s abundance during myogenesis. G4s stabilizer 
pyridostatin impedes embryonic myogenesis, emphasizing the regulatory role of G4s in this process. G4 Cut&Tag 
sequencing and RNA-seq analyses identify potential G4s and DEGs influencing embryonic myogenesis. Integration 
of G4 and DEG candidates identifies 32 G4s located in promoter regions capable of modulating gene transcrip-
tion. WGBS elucidates DNA methylation dynamics during embryonic myogenesis. Coordinating transcriptome data 
with DNA G4s and DNA methylation profiles constructs a G4-DMR-DEG network, revealing nine interaction pairs. 
Notably, the NFATC2 promoter region sequence is confirmed to form a G4 structure, reducing promoter mCpG con-
tent and upregulating NFATC2 transcriptional activity.

Conclusions  This comprehensive study unravels the first embryonic genomic G4s landscape, highlighting 
the regulatory role of NFATC2 G4 in orchestrating transcriptional activity through promoter DNA methylation 
during myogenesis.
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Background
DNA G-quadruplexes (G4s) are unique DNA secondary 
structures formed from two or more stacked G-tetrads, 
which are square coplanar arrays of four guanine bases 
[1]. DNA G4 structures were first found in telomere 
regions [2]. As a kind of non-classical DNA structures, 
G4s have been confirmed with various roles in numer-
ous biological processes, including transcription, DNA 
replication, telomere protection, and so on [3–7]. The 
G4s in the promoter regions are thought to be involved 
in the regulation of transcription [8]. Several DNA G4s 
have been discovered in the promoter region of onco-
genes, suggesting a strategy to inhibit tumorigenesis by 
inducing G4s to block transcription of these oncogenes 
[3, 9, 10]. Multiple small molecule ligands that intercalate 
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into the G4 structure have been developed to target 
tumor-related G4s. It has been confirmed that TMPyP4 
suppresses c-MYC, while pyridostatin (PDS) shows an 
inhibition of telomere dysfunction and cancer growth 
[11–13]. Based on the regulation of transcriptional activ-
ity mediated by the G4s promoter region of oncogenesis 
genes, more selective G4 ligands have been developed 
for use in cancer therapy, such as CX-3543, CX-5461, 
and PDC12 [14–16]. Although the role of G4 in onco-
genesis is well known, it is still unclear how endogenous 
G4s realize their role in normal biological processes. G4 
structures have been reported to be widely distributed in 
the genomes of various organisms [17]. There is increas-
ing evidence that G4 structures are present in the pro-
moter of many genes [18–20], suggesting that G4s could 
be considered as a kind of structural motif to regulate the 
transcriptional activity of genes.

Our understanding and knowledge of the cell lineages 
and muscle morphogenesis of skeletal muscle develop-
ment is largely based on the avian model [21], which is 
tremendously conducive to the study of muscle develop-
ment during the embryonic period. Birds are advanta-
geous for embryonic development research because they 
lay eggs, making embryos easy to obtain and handle with-
out harming pregnant mammals, with controlled and 
short incubation times. Embryonic myogenesis is con-
trolled by myogenic regulatory factors (MRFs), including 
myogenic differentiation 1 (MyoD1), myogenin (MyoG), 
myogenic factor 5 (Myf5), and myogenic regulatory fac-
tor 4 (MRF4) [22]. Myf5, MyoD1, and MRF4 have been 
reported to play roles in myogenic determination, which 
directs progenitor cells to form the muscle lineage during 
development, while the downstream effector myogenin, 
together with MyoD1 and MRF4, activates the myogenic 
differentiation program [23, 24]. The fusion of myoblast 
into myotubes is one of the most important steps of 
myogenesis, which requires precise spatial and temporal 
regulation during embryonic development and is coordi-
nately controlled by multiple regulatory factors [25].

Notably, G-quadruplex (G4) density is associated with 
stem cell pluripotency, and G4 structures are lost dur-
ing lineage specification as human stem cells differentiate 
[26]. Furthermore, increased G4 density is highly detri-
mental to myoblast differentiation by inhibiting MyoD1 
transcription under TMPyP4 exposure in the C2C12 cell 
line [27]. Additionally, abnormal expression of DUX4, 
which leads to facioscapulohumeral muscular dystro-
phy (FSHD), can be alleviated by targeting G4 struc-
tures in the DUX4 gene [28]. These findings suggest that 
G4-mediated transcriptional regulation plays a crucial 
role in both muscle development and muscle disease. In 
contemporary research, G4 structures have been iden-
tified not only in DNA but also in RNA molecules. The 

helicase DHX36 is essential for muscle regeneration as 
it promotes satellite cell (SC) proliferation by unwinding 
RNA G-quadruplex (rG4) structures in the 5′ untrans-
lated regions of target mRNAs, particularly influencing 
the translation of Gnai2 mRNA [29]. Methodologically, 
the development of rG4-targeting L-RNA aptamers is 
expanding the current rG4 toolkit, enabling innova-
tive rG4-related applications, such as rG4-SELEX [30]. 
Although G4s have been referred with genes transcrip-
tional activity, the myogenesis-related genes regulated 
by G4s in birds at the embryonic stage are not yet well 
understood.

The landscape of G4s at the whole genome level in dif-
ferent species has been reported under some prediction 
models [17, 31–33]. G4s are relatively conserved in evolu-
tionary conservation analyses, while the number, length, 
and density of G4s generally increase during evolution 
in different species [32, 33]. It was reported that birds 
have the highest proportion of genes with G4 motifs in 
the promoter compared to other 14 species [33]. In addi-
tion, the G4 motifs were more enriched in transcriptional 
regulatory regions [17, 34]. However, to date, there is no 
report on how G4 regulates gene transcription in bird 
embryo.

In addition to G4, there are many other regulatory fac-
tors in the gene promoter region, such as CpG methyla-
tion, that share a common feature, namely that both are 
generally localized in regions of high GC content [35]. 
Although a few studies have reported the interaction 
between G4s and DNA methylation [33, 36], the under-
standing of this interaction remains largely unclear. 
In this study, we aim to comprehensively uncover the 
dynamics of the G4s landscape, mCpG, and gene tran-
scription during myoblast myogenesis.

Results
G4 may participate in embryonic myogenesis
During embryonic muscle development, myogenesis is a 
highly complex and essential process that is regulated by 
a convoluted network of intrinsic and extrinsic factors. 
To understand G4s potential in embryonic development, 
we investigated whether the abundance of G4s changes 
during chicken myoblast differentiation. Myoblast was 
stimulated to differentiate in DMEM medium with 4% 
HS until they developed into multinucleated myotubes. 
During myoblast differentiation, G4s abundance was 
gradually downregulated (Fig. 1A), suggesting that myo-
blast global DNA G4 might be modulated in myotube 
fusion under the stress of low nutrient/energy supply. 
This phenomenon was also observed in mouse myoblast 
differentiation (Additional File 1: Fig. S1A). Based on this 
evidence, we hypothesized that DNA G4 may be a regula-
tor during embryonic myogenesis.
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Here, PDS, which is generally regarded as a trigger or 
stabilizer for global DNA G4s, was used to induce the 
formation/stabilization of G4 in myoblasts (Fig.  1B). 
It was shown that G4s density increases with a dose-
dependent manner. After treating with PDS, the cell 
cycle of myoblasts was measured by cell cycle analy-
sis (Fig.  1C). As G4s increased, the proportion of cells 
that transitioned from G1 phase to S phase was greatly 
reduced (P < 0.0001). Furthermore, an EdU assay was 
performed to quantify G4-mediated cell proliferation. 
Similar to the results of cell cycle analysis, the EdU 
assay also revealed an agonist of PDS on regulating cell 
proliferation (Fig.  1D). In addition, PDS treatment was 
able to increase CCNB2 (Cyclin B2) and CCND1 (Cyc-
lin D1) mRNA levels, while downregulating CDKN1B 
(cyclin-dependent kinase inhibitor 1B) mRNA expres-
sion (Fig. 1E). Our data illustrated that PDS could impede 
myoblast proliferation. Here, the CDKN1B mRNA did 
not decrease in a dose-independent manner, which may 
be caused by possible DNA damage mediated by high-
dose PDS [12, 37]. On the other hand, myoblast differ-
entiation-related genes, including MyoD1, MyoG, and 
MyHC (myosin heavy chain), were downregulated in a 
dose-independent manner (Fig. 1E). In addition, Desmin 
protein level also decreased after PDS treatment (Addi-
tional file  1: Fig. S1B). In addition, MyoG positive cell 
proportion significantly decreased under PDS treatment 
in a dose-independent manner (Fig.  1F). To understand 
the specific role of PDS on myoblast differentiation, 
myoblasts treated with 10  μM, 20  μM, and 30  μM PDS 
were induced to differentiate. Interestingly, the index of 
myotube fusion gradually decreased with increasing PDS 

concentration (Fig. 1G). These results revealed that PDS 
altered G4 homeostasis which inhibits embryonic myo-
genic differentiation.

Global genome G4 dynamic during myogenic 
differentiation
G4s has been identified as a potential modulator of 
embryonic myogenic differentiation, but the global dis-
tribution of G4s in the chicken genome is still unknown. 
Moreover, the dynamics of G4s at the embryonic stage 
also remains to be characterized. Cut & Tag, a tech-
nique for exploring protein-DNA interactions, has been 
extended to map G4s in global genome DNA [38, 39]. 
Here, Cut & Tag assay and genome sequencing were 
performed in GM and DM (DM3) to investigate the G4 
structures in the global genome by using BG4 antibody. 
The size of fragments obtained from Cut & Tag was ana-
lyzed and it was found that DM had a higher frequency 
in the size of 400 to 800 bp, while GM had a higher fre-
quency in the size of 150 to 200 bp (Additional file 1: Fig. 
S2A). The generated data were filtered and mapped. The 
mapping rate was 88.82% and 88.30% for the NC and 
PDS groups, respectively (Additional file  2: Table  S1). 
The reads mapped in the genome were mainly located 
at ± 2 Kb region of TSS/TES, and the distribution of reads 
was very similar between DM and GM as it is close to 
TSS (Additional file 1: Fig. S2B).

Peak calling was then performed and 7812 peaks in 
GM and 5511 peaks in DM were detected. Their percent-
age of the genome in DM is much higher in DM than in 
GM (Additional file 2: Table S1). Here, MAnorm tool was 
used to adjust the difference between the groups and the 

(See figure on next page.)
Fig. 1  G4s participate in myoblast differentiation. A Chicken primary myoblasts treated with GM, DM for 24 h (DM1), 48 h (DM2), 72 h (DM3), 
and 96 h (DM4) were collected and performed G4-immunofluorescence staining (n = 3). The G4-stained cells proportion was quantified in a flow 
cytometry. Fluorescence value ≥ 104 was considered as the threshold for G4-stained cells. Ordinary one-way ANOVA was used to analyze 
the difference among groups. Different letters represent P < 0.05. B The left panel is the chemical structure formula of PDS. Different PDS 
concentrations (10 μM, 20 μM, and 30 μM) were set up in treating myoblasts for 48 h and DMSO was considered as the negative control. After 
treating with PDS, the cells were collected and used to perform a G4-immunofluorescence staining (n = 6). The G4-stained cells proportion 
was quantified in a flow cytometry. Fluorescence value ≥ 103 was considered as the threshold for G4-stained cells. Student’s t-test was used 
to analyze the difference among groups. ****P < 0.0001. C Myoblasts treated with PDS for 48 h were collected and used to perform a cell cycle 
analysis by PI staining (n = 6). Stained cells were measured in a clow cytometry and cell cycle was analyzed by using FlowJo. Student’s t-test 
was used to analyze the difference among groups. * P < 0.05, **P < 0.01, ****P < 0.0001. D Myoblasts treated with PDS for 48 h were collected 
and used to perform a EdU analysis (n = 3). Stained cells were captured in a fluorescence microscope. The scale length was 100 μm. EdU-stained cell 
rate was quantified in flow cytometry and fluorescence value ≥ 104 was considered as the threshold for EdU-stained cells. Student’s t-test was used 
to analyze the difference among groups. *P < 0.05, **P < 0.01, ****P < 0.0001. E Myoblasts treated with PDS for 48 h were collected and total RNA 
was extracted. The mRNA levels of CCNB2, CCND1, CDKN1B, MyoD1, MyoG, and MyHC were quantified by qPCR in Applied Biosystems QuantStudio 
5. Student’s t-test was used to analyze the difference among groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. F Different PDS concentrations 
(10 μM, 20 μM, and 30 μM) were set up in treating myoblasts for 48 h. The cells were collected and used to perform a MyoG-immunofluorescence 
staining (n = 6). The G4-stained cells proportion was quantified in a flow cytometry. Fluorescence value ≥ 104 was considered as the threshold 
for MyoG-stained cells. Student’s t-test was used to analyze the difference among groups. ****P < 0.0001. G Different PDS concentrations 
(10 μM, 20 μM, and 30 μM) were set up in inducing myotube fusion for 72 h (n = 3). Myotubes were labelled by MyHC immunofluorescence 
and captured in a fluorescence microscope. ImageJ was used to measure myotube fusion index. Student’s t-test was used to analyze the difference 
among groups. **P < 0.01, ***P < 0.001, ****P < 0.0001
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P-value < 0.05 and |M-value|> 1 were set as the criteria 
for differential peaks (DPs). A total of 615 DPs were gen-
erated and of which 395 DPs upregulated while 220 DPs 
downregulated (Fig. 2A and Additional file 2: Table S2). 
G4 DPs are not present on several MRF genes (Additional 
file 2: Table S2). However, one G4 peak was found in the 
promoter region of MyoD1, although it was not different 
between GM and DM (Additional file 1: Fig. S3), which 
is possible that in vitro differentiation condition was not 
sufficient to perturb it.

The DPs were primarily located in the region of the 
promoter (≤ 1 kb) (67.64%) (Fig. 2B), revealing a potential 

regulation of transcription. Analysis of the depth distri-
bution of DPs reads in the upstream and downstream 
sections showed a very similar trend in the peak distri-
bution between DM and GM, but the abundance in DM 
was significantly higher than in GM (Fig. 2C). GO enrich-
ment analysis was performed to comprehensively assess 
the biological function of these DPs. For GM, the DPs 
could be enriched in cardiomyocyte differentiation, posi-
tive regulation of MAP kinase activity, positive regulation 
of cardiomyocyte differentiation, and MAP-kinase scaf-
fold activity. For DM, the DPs were enriched in the posi-
tive regulation of mesenchymal cell proliferation and the 

Fig. 1  (See legend on previous page.)
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regulation of the MAPK cascade (Fig. 2D). Based on the 
distribution characteristics of DPs, which are mainly dis-
tributed in the promoter region, we defined these DPs as 
promoter-derived differential peaks (PDPs) and analyzed 
their biological functions separately. The results of GO 
enrichment show that they can be associated with mes-
enchyme migration, substrate-dependent cell migration, 
chondrocyte development, and regulation of the MAPK 
cascade (Fig.  2E). Moreover, KEGG pathway enrich-
ment analysis revealed that these PDPs may be enriched 
in some basic biological regulatory pathways such as 
TGF − beta signaling, FoxO signaling, MAPK signaling, 
and pyruvate metabolism (Fig. 2F). The results indicate a 
potential regulatory role of G4 in modulating these sign-
aling pathways to further alter myoblast differentiation.

Transcriptome dynamics during embryonic myogenic 
differentiation
Based on the above data, the potential role of G4s on 
embryonic myogenic differentiation was confirmed. 
However, the specific transcriptome dynamics of myo-
blasts during myogenic differentiation is still unclear. 
High-through RNA-seq has been an indispensable tool 
for transcriptome-wide analysis of differential gene 
expression [40]. To unfold the dynamics of the myoblast 
transcriptome before and after differentiation induction, 
RNA-seq was performed. The raw data generated from 
RNA-seq was submitted to SRA database. An overview 
of the RNA-seq data can be found in Additional file  2: 
Table  S3. The clean reads generated from this sequenc-
ing were mapped to the GRCg7b genome. The criteria 
for screening differentially expressed genes (DEGs) were 
P-value < 0.05 and |log2FC|> 1. A total of 808 DEGs were 
screened, of which 454 DEGs were downregulated while 
354 DEGs were upregulated (Additional file  2: Table  S4 
and Fig.  3A). The top 30 DEGs were selected to show 
their expression between groups (Fig. 3B). Among them, 
A4GALT (A4GALT – alpha 1,4-galactosyltransferase), 

the most significant DEG, was upregulated in DM. More-
over, myosin heavy chain 1 beta-subtype (MYH1B) was 
also upregulated in DM. To fully understand the biologi-
cal function of these DEGs, they were used in GO enrich-
ment analysis (Additional file 2: Table S5 and Fig. 3C). For 
the biological processes, these DEGs could be enriched in 
several GO terms of multiple skeletal muscle develop-
ment, including muscle contraction, positive regulation of 
stress fiber assembly, attachment of mitotic spindle micro-
tubules to kinetochore, and skeletal muscle thin filament 
assembly. For cellular component, these DEGs could be 
enriched in myofibril, myosin filament, and Z disc, which 
are essential components in the fusion of myotubes. 
The enriched molecular functions are also significantly 
associated with muscle development, such as calmodu-
lin binding, muscle alpha-actinin binding, actin filament 
biding, microtubule motor activity, and structural con-
stituent of muscle. Interestingly, DM treatment resulted 
in upregulation of the entire MYH1 family, including 
MYH1A, MYH1B, MYH1C, MYH1D, MYH1E, MYH1F, 
and MYH1G, suggesting a strong promotion of the myo-
sin filament biological process, which may be primarily 
responsible for the acceleration of embryonic myogenic 
differentiation in DM.

Candidate G4s associated with embryonic myoblast 
differentiation
RNA-seq analysis and G4 Cut & Tag sequencing analy-
sis revealed the potential regulatory factors modulat-
ing myogenesis. To further clarify the transcriptome 
dynamics mediated by G4, 454 upregulated DEGs, 354 
downregulated DEGs, 395 hyper DPs, and 220 hypo DPs 
were comparatively analyzed (Fig.  4A). There were 16, 
7, 22, and 0 genes in the overlay of upregulated DEGs-
hyper DPs, downregulated DEGs-hyper DPs, down-
regulated DEGs-hypo DPs, and upregulated DEGs-hypo 
DPs, respectively (Additional file  2: Table  S6). In addi-
tion, the correlation analysis results showed that DPs 

Fig. 2  Cut & Tag sequencing of G4 for myoblast DM-vs-GM. A The M-A plot for DPs generated from GM and DM. Every DP is shown as a dot, 
and the color of the dots represents -log10P-value. Horizontal axis represents normalized A value and vertical axis represents normalized M 
value. Peaks are colored based on the significance of the differences (p-value). Higher MA values with lower p-values suggest a higher likelihood 
that the peak is a differential peak. B The distribution of identified differential peaks (DPs) across genomic functional elements was annotated 
using ChIPseeker. The annotation results were statistically analyzed and represented as a pie chart, of which different colored regions indicate 
peaks annotated to various genomic functional elements. C The deeptools software was used to analyze the uniquely compared sequences of DM 
and GM and analyze their distribution in the differentially bound peaks and the upstream and downstream 2-kb regions. Horizontal axis showing 
the differentially bound peaks and the 2-kb regions before and after DM and GM, while the vertical axis showing the average value of the reads 
abundance in the region. D The chord plots of top 10 GO terms in GO enrichment analysis for GM DPs and DM DPs. The left-half circle represents 
the DPs enriched in the top 10 GO terms, of which light red represents upregulated DPs in DM and light blue represents upregulated DPs in GM. 
The right-half circle represents the top 10 GO terms. E The top 10 GO terms DPs enriched for biological process, cellular component, and molecular 
function. The vertical axis is the GO term name and the horizontal axis is -log10P-value. F The top 20 KEGG pathways DPs enriched. Horizontal axis 
represents enrichment score. Entries with larger bubbles contain more target genes and bubble color varies from blue-white-yellow–red. The 
smaller the enrichment p-value, the greater the significance

(See figure on next page.)
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were positively correlated with DEGs (R = 0.61 and 
P = 1.1e−5) (Fig.  4B). Most of these DPs were located in 
the promoter region (Fig. 4C), suggesting a potential role 
for these DPs in transcriptional regulation. PPI analy-
sis, GO enrichment, and KEGG pathway enrichment 
analysis of these DEGs were combined (Fig.  4D). The 
most significant GO term was the process of cholesterol 
biosynthesis (HMGCS1, IDI2, and INSIG1). In addition, 

cell proliferation (DLGAP5, ERBB4, and ID4) and myofi-
brils (MYH1G and TMOD1) were also enriched. The 
most significant KEGG pathway was the biosynthesis of 
the Terpenoid backbone (HMGCS1 and IDI2). TGF-beta 
signaling pathway (ID4 and TGFBR2) and MAPK sign-
aling pathway (ERBB4, PLA2G4A, and TGFBR2) were 
also enriched. The abundance of these genes in G4 Cut 
& Tag-seq and associated RNA-seq is shown in Fig. 4E, 

Fig. 2  (See legend on previous page.)
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Fig. 3  RNA-seq analysis for myoblast DM-vs-GM. A DESeq software was used to normalize the count number of each sample gene, calculate 
the multiplicity of differences, and test the significance of differences using NB (negative binomial distribution test). Screened DEGs generated 
from GM and DM were reflected into a volcano plot, of which the light-blue features represent the downregulated DEGs, while the light-red 
features represent the upregulated DEGs. The horizontal axis represents log2FC and the vertical axis represents -log10P-value. B The top 30 DEGs 
with the smallest p-value were displayed in a radar plot. For the first circle, the light red circle represents upregulated DEGs while light blue 
represents downregulated DEGs. The circle size depends on log2(FC) value. For the second circle, the light-yellow value represents the DEG average 
expression in PDS group while the light-blue value represents the DEG average expression in GM group. For the third circle, the peak represents 
DEG gene expression in different groups. C The chord plot of top 10 GO terms in GO enrichment analysis. The left-half circle represents the DEGs 
enriched in the top 10 GO terms, of which light red represents upregulated DEGs and light blue represents downregulated DEGs. The right-half 
circle represents the top 10 GO terms
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as well as their fold change, in which HMGCS1, IDI2, 
INSIG1, DLGAP5, and ID4 were downregulated, while 
the other five genes were upregulated. Among them, 
DPs in IDI2 and DLGAP5 are negatively correlated with 
RNA expression, while others are positively correlated. 
Myofibrillar protein is the terminal product of myogenic 
differentiation and the most basic component of myofib-
ers. MYH1G and TMOD1, which are enriched in Myofi-
bril GO term, were both enriched in G4 Cut & Tag and 
differentially expressed between GM and DM, suggest-
ing that they may be regulated by G4 and thus affect the 
myogenic differentiation. Here, the differential G4 peak 
sequences of TMOD1 and MYH1G were used to predict 
potential G4 PQSs. Two PQSs and one PQS were respec-
tively identified (Table 1). Cut & Tag PCR was performed 
and it was found that these PQSs were all differentially 
expressed between GM and DM (Fig.  4F). Addition-
ally, their RNA levels were also quantified by qPCR 
(Fig.  4G). Taken together, our data identified several 
potential G4 candidates that may affect gene transcrip-
tion, which could be responsible for embryonic myogenic 
differentiation.

DNA methylation in embryonic myogenesis
DNA methylation is a major epigenetic modification that 
can influence gene transcription. Although DNA meth-
ylation is widely recognized as an important epigenetic 
regulator during myogenic differentiation, DNA meth-
ylation and gene expression patterns in chicken myo-
blast differentiation have been poorly understood. Whole 
genome bisulfite sequencing (WGBS) is considered the 
“gold standard” of DNA methylation research, which 
combines with bisulfite processing and high-through-
put sequencing techniques, to achieve the methylation 
analysis of single C-base in the whole genome, which is 
suitable for the construction of the whole genome fine 
methylation map [41]. Here, the same batch samples 
were used in a WGBS (Additional file  1: Fig. S4A). The 
summary of methylation is shown in Additional file  2: 
Table  S7. The DNA methylation level in DM (36.61%) 
was higher compared to GM (34.11%). Of the three types 

of methylation, mCG (mCpG) accounted for the major-
ity, in both DM and GM (Additional file  1: Fig. S4B). 
The methyl level at gene elements profiling showed a 
lower level for CHG and CHH in DM (Additional file 1: 
Fig. S4C), with no differences at promoter, exon, intron, 
and downstream. For CpG, the methyl level in DM was 
higher at promoter, exon, and downstream, while it was 
lower at intron (Fig.  5A). In general, DNA methylation 
levels are significantly increased in promoters and down-
stream regions during myogenic differentiation.

To further clarify the specific methylation dynamics 
during myogenic differentiation, a DMR analysis was 
performed. A window of 1000 bp was simply set as a win-
dow and DMR regions with significant differences were 
analyzed according to the degree and significance of dif-
ferences in window methylation levels (differences ≥ 10% 
and P-value ≤ 0.05). Based on the above result, the CpG 
methylation contributed the most to global DNA meth-
ylation. Here, we analyzed mCpG separately and 517,491 
DMRs were fully captured based on these screening cri-
teria. After annotation of these DMRs, they were used in 
GO and KEGG pathway enrichment analysis (Additional 
file  1: Fig. S5). These DMRs could be enriched in the 
activation of protein kinase activity, Wnt signaling path-
way, and stress-activated protein kinase signaling cascade 
(Additional file  1: Fig. S5A), which could be responsi-
ble for myogenic differentiation. In KEGG enrichment 
analysis, these DMRs were enriched in MAPK signaling 
pathway, mTOR signaling pathway, phosphatidylinositol 
signaling system, and Wnt signaling pathway (Additional 
file  1: Fig. S5B). It has been confirmed that promoter 
regions show the greatest methylation differences during 
myogenic differentiation (Fig. 5A), which is also the most 
important element for transcriptional regulation. A total 
of 20,579 DMRs were detected, of which 1897 DMRs 
were hyper-methylated and 3085 DMRs were hypo-
methylated (Fig. 5B). These DMRs could be enriched with 
Go terms of the meiotic cell cycle and cellular response to 
starvation (Fig.  5C), suggesting that methylation of the 
promoter regions may indeed respond directly to the ini-
tiation of embryonic myogenic differentiation.

Fig. 4  Potential candidates regulated by G4 during myogenic differentiation. A The Veen plot for the cross-talk between DEGs and DPs. The 
light-blue, light-red, light-yellow, and light-green circles represent down-regulated DEGs, up-regulated DEGs, hyper DPs and hypo DPs, respectively. 
B The correlation of the cross-talk between log2FC of DEGs and log2FC of DPs was calculated by using Pearson’s correlation coefficient analysis. 
The vertical axis represents log2FC for DEGs, while the horizontal axis represents log2FC for G4 DPs. C The gene element distribution of DPs, which 
were associated with gene expression change. D The PPI analysis, GO term enrichment analysis and KEGG pathway enrichment analysis for 45 DEGs 
were combinate in Cytoscape. p-value was shown by gradual color. E The abundance and their fold change of the 10 DEGs and DPs between GM 
and DM. F The G4 Cut & Tag of products were used to perform a PCR to validate the DPs regions in TMOD1 and MYH1G, which have been predicted 
with G4 PQSs (n = 3). Student’s t-test was used to analyze the difference among groups. ** P < 0.01. G The total RNA was extracted from DM and GM, 
then the mRNA levels of MYH1G and TMOD1 were quantified by qPCR (n = 6). Student’s t-test was used to analyze the difference among groups 
and ****P < 0.0001

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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DNA methylation regulates gene transcription 
during embryonic myogenesis
To comprehensively observe which genes were regulated 
by DNA methylation during myogenic differentiation, 
omics data generated from RNA-seq and WGBS were 
integrated. The selected CpG-type DMRs located in pro-
moter regions were used for association analysis with 
DEGs. A total of 196 DMR-DEG pairs were identified, 
of which 26 were hypermethylated DMR-upregulated 
DEGs (Hyper-up), 48 were Hypo-up, 42 were Hyper-
down, and 80 were Hypo-down (Fig.  6A). These 196 

DEGs were analyzed in GO enrichment analysis, and 
they were significantly enriched at the protein localiza-
tion to kinetochore, cell division, and mitotic chromosome 
condensation (Fig.  6B), which are associated with cell 
proliferation.

Interestingly, these DEGs associated with cell pro-
liferation were all downregulated, including NCAPG, 
NUSAP1, NCAPD3, CDCA3, MASTL, SGO1, ERCC6L, 
KIF11, SPC25, CCNB1, PTTG2, SMC2, MTBP, TTK, 
and MIS12. The promoter regions of NCAPG, NCAPD3, 
MASTL, and MTBP were hypermethylated, while others 

Table 1  The information of PQSs in MYH1G and TMOD1 

Gene promoter region sequences were submitted to QGRS (accession link: https://​bioin​forma​tics.​ramapo.​edu/​QGRS/​analy​ze.​php) for PQS prediction, with the 
parameter of max length ≤ 40 and min G-group ≥ 3 and loop size ≤ 20. The G-score represents the potential that PQS forms a G4 structure. Bold letters represent the 
G-group sequences. Here, the promoter regions sequences of TMOD1 and MYH1G were submitted for PQS prediction

Name Distance to TSS PQS G-score

TMOD1-1 435 nt GGG​GGG​CCT​GGC​TTAAA​GGG​AGGG​ 51

TMOD1-2 571 nt GGG​TGG​TCG​TGGG​TGG​CCA​GGT​GTG​TGGG​AGGG​ 50

MYH1G 5615 nt GGG​TTG​AGC​TGT​GTC​AGGG​GAGGG​TCA​GGT​TGGG​ 51

Fig. 5  The DNA methylation dynamics during myogenic differentiation. A Gene elements profiling analysis by CpG-type methylation 
was visualized in a line plot. The element segments including genebody, upstream 2 kb (promoter) and downstream 2 kb, were divided into 20 
bin, and the methylation level in each bin reflected the general trend of methylation level change of gene segment. The average methylation level 
for all genes in each bin was reflected in to the line plot. The light blue line represents GM, while the pink line represents DM. B CG-type DMRs 
located at promoter region (DMPs) were visualized in a volcano plot. FC ≥ 10% and P < 0.05 were considered as the threshold for DMPs. The blue 
plots represent the DMPs P < 0.05 and FC ≤  − 10%, red plots represent the DMPs P < 0.05 and FC ≥ 10%. C The top 10 Biological Process GO terms 
enriched by CG-type DMPs. The vertical axis is the GO term name and the horizontal axis is -log10P-value

https://bioinformatics.ramapo.edu/QGRS/analyze.php
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were hypomethylated (Fig.  6C, D). Moreover, they were 
also able to enrich in several biological processes related 
to myogenic differentiation, such as muscle contraction, 
cardiac myofibril assembly, and sarcomere organiza-
tion (Fig.  6B). The enriched DEGs, including LMOD2, 
MYBPC1, and ACTN2, were all upregulated, accompa-
nied by hypomethylation of promoter regions (Fig.  6C, 
D). Taken together, the dynamic changes in promoter 
methylation of genes related to cell proliferation and 
myogenic differentiation affect gene transcription 
and further drive the process of embryonic myogenic 
differentiation.

G4‑DMR‑DEG network construction in embryonic 
myogenesis
G4s and methylation are both essential epigenetic factors 
that may influence myogenesis, but their coordination is 
still unclear. The above results have confirmed that both 
G4s and promoter region methylation can regulate gene 
transcription during myogenic differentiation. There are 
45 intersections between DPs and DEGs (Fig.  4B) and 
196 intersections between DMRs and DEGs (Fig.  6B). 
A G4-DMR-DEG network was constructed by integrat-
ing the two intersections and nine overlays between two 
intersections were obtained (Fig. 7A). They were listed in 
Fig.  7B, including RPESP, HRH3, IDI2, LOC112532533, 

Fig. 6  Promoter methylation regulates myogenic differentiation. A The cross-talk between DEGs and DMRs. The DMRs were CpG-type methylated 
and were located at promoter regions. The horizontal axis represents gene expression, shown by Log2Fold Change, while vertical axis represents 
differential peaks, shown by percentage. B The top 10 GO term in biological process, enriched by 196 DEGs. C The mRNA levels and promoter 
region CpG-type methyl levels of genes related to cell proliferation and myogenic differentiation in RNA-seq and WGBS, respectively. D The fold 
change for DEGs abundance and the methyl difference percentage change for DMRs in RNA-seq and WGBS, respectively
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MBP, MYOCD, NFATC2, PLA2G4A, and TGFBR2. 
With the exception of the G4 DP at IDI2, other G4 
DPs were positively correlated with the fold change of 
their transcripts. In addition, the mRNA levels of IDI2, 
LOC112532533, and MBP were positively correlated with 
the methyl levels of their promoter regions, contradict-
ing the principle that methylation in the promoter region 
inhibits gene transcription. Subsequently, the sequences 

of the other six peaks which were pulled down by G4 Cut 
& Tag, were used to predict PQS (predicted quadruplex 
sequence) that had the potential to form G4 structure in 
QGRS Mapper. Herein, the PQSs were identified within 
3000 bp before TSS were captured and only three DEGs 
were predicted to have PQS of more than 30 G-score 
consistent with this criterion (Table 2, Fig. 7C and Addi-
tional file 1: Fig. S6). qPCR was used to verify the mRNA 

Fig. 7  G4-DMR-DEG network reveals a G4 candidate for myogenesis. A The Venn plot for the overlay indicated the intersection between G4DP-DEG 
and DMR-DEG. The light-yellow circle represents 45 G4DP-DEG interactions, while the light-blue circle represents 196 DMR-DEG interactions. B 
The 9 candidates derived from the 9 G4DP-DMR-DEG interactions information during myogenesis, including FC and P-value. C The 9 candidates 
were used to predict the PQSs in their promoter regions, of which HRH3 and NFATC3 respectively exhibited 2 and 3 high G-score PQSs. D Total RNA 
was extracted from GM and DM and used to quantify the mRNA levels of 9 DEGs by qPCR (n = 6). Student’s t-test was used to analyze the difference 
among groups. * P < 0.05 and **** P < 0.0001. E Total RNA was extracted from myoblast treated with PDS and used to quantify the mRNA levels 
of HRH3, NFATC2, and PLA2G4A by qPCR (n = 6). Student’s t-test was used to analyze the difference among groups. * P < 0.05 and **P < 0.01. F G4 Cut 
& Tag was performed in GM and DM and the products were used to run a PCR to validate the PQS NFATC2 G4s difference between GM and DM 
(n = 3). Student’s t-test was used to analyze the difference among groups and ***P < 0.001. G The mCpG/CpG (%) of promoter region in GM (n = 11) 
and DM (n = 12) was quantified by MSP. Student’s t-test was used to analyze the difference among groups and ***P < 0.001
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levels of the DEGs between DM and GM. It was found 
that the expression trends of these DEGs in qPCR were 
consistent with RNA-seq, except for PLA2G4A, and 
TGFBR2 (Fig. 7D). To further verify whether the mRNA 
dynamics of HRH3, NFATC2, and PLA2G4A were medi-
ated by potential G4s in the promoter regions during 
myogenic differentiation, their mRNA levels were quan-
tified upon treatment with PDS (Fig.  7E). Interestingly, 
all of their mRNA levels could be upregulated by PDS 
and have a dose-dependent effect. PDS has been shown 
to inhibit myogenesis (Fig.  1F). Herein, NFATC2 was 
downregulated during myogenic differentiation which 
is diametric to PDS treatment, suggesting that it may be 
the primary factor inhibiting myogenic differentiation 
mediated by G4s. Taken together, NFATC2 was con-
sidered a primary candidate. Cut & Tag PCR was per-
formed to validate the three PQSs and NFATC2-3 was 
found to be significantly enriched in GM (Fig. 7F), which 
was consistent with G4 Cut & Tag sequencing. Further-
more, NFATC2-3 sequence was considered as a poten-
tial G4. In addition, the methyl level at the CpG of the 
NFATC2 promoter in GM and DM was quantified by 

MSP (methylation-specific PCR). The methylated CpG 
(mCpG) on NFATC2 promoter in DM was higher com-
pared to GM (Fig.  7G), which was consistent WGBS 
result.

G4 promotes NFATC2 transcription by inhibiting NFATC2 
promoter methylation
The PQSs of NFATC2 were considered as candidate 
G4s, which were responsible for myogenesis. However, 
validation for their G4 structure is still required. Herein, 
we performed a PSA to verify whether they can form 
a G4 structure. Consistent with our speculation, lin-
ear sequence could be amplified in PCR, while the G4 
structure could not (Fig. 8A), confirming that NFATC2-
2 PQS can form a G4 structure. In conjunction with the 
Cut & Tag PCR result, NFATC2 was hypothesized as a 
potential epigenetic factor responsible for the regula-
tion of myogenesis. To verify whether chNFATC2 G4 
could regulate the NFATC2 transcription process, the 
specific ASO that could disrupt G4 formation was syn-
thesized. The principle of ASO treatment assay is shown 
in Fig. 8B. G4 formation was completely disrupted after 

Table 2  The information of PQSs in candidates

Gene promoter region sequences were submitted to QGRS (accession link: https://​bioin​forma​tics.​ramapo.​edu/​QGRS/​analy​ze.​php) for PQS prediction, with the 
parameter of max length ≤ 40 and min G-group ≥ 3 and loop size ≤ 20. The G-score represents the potential that PQS forms a G4 structure. Bold letters represent the 
G-group sequences. Here, the promoter region sequences of HRH3, NFATC2, and PLA3G4A were submitted for PQS prediction

Name Distance to TSS PQS G-score

HRH3-1 489 nt GGG​GGG​TGC​AGC​GGTG​GGG​CCG​TCG​CGGG​ 33

HRH3-2 548 nt GGG​CCG​CGG​AGGG​GCGCC​GGG​CCCG​GGG​ 39

NFATC2-1 2961 nt GGG​AGT​GAT​GCT​GGG​GGAC​GGG​TGGG​ 34

NFATC2-2 1443 nt GGG​AGCT​GGG​TGGGG​CCTG​GGG​ 40

NFATC2-3 1852 nt GGG​GAGC​GGG​AGG​TGA​GGGG​ACA​ACC​TGGG​ 39

PLA2G4A 59 nt GGG​GGG​AGGC​GGG​TGA​CTC​ACGGC​GGG​ 31

Fig. 8  G4 promotes NFATC2 transcription by changing promoter mCpG. A The left panel is a schematic diagram of PSA. Simply put, after G4 
is formed, it is not easy or cannot be unlocked to initiate the PCR reaction. The G4 and mutant G4 sequences were amplified with a specific FAM 
labelled primer, under the G4 induction or not. PCR product couldn’t be obtained with a G4 induction, while PCR product could be obtained 
without G4 induction. The PSA on mutant G4 sequence was used as a negative control (n = 3). B The upper panel is the principle schematic diagram 
that NFATC2 G4 specific ASO regulates G4 formation. During G4 induction, ASO and unspecific single-strand DNA were separately added. The 
specific primer was used to PCR amplification. Double-strand DNA (PCR product) could be obtained with ASO treatment, while double-strand 
DNA could not be obtained with ASO control (n = 3). C Total RNA was extracted from myoblasts that treated with NFATC2 G4 specific ASO or 5-AZA 
and mRNA level of NFATC2 was quantified by qPCR (n = 6). Student’s t-test was used to analyze the difference among groups and *P < 0.05. D 
DNA was extracted from myoblasts that treated with NFATC2 G4 specific ASO or 5-AZA and mCpG level was quantified by MSP (n = 6 for NC, 
n = 11 for ASO control, n = 12 for ASO and n = 12 for ASO + 5-AZA). Student’s t-test was used to analyze the difference among groups. *P < 0.05 
and ****P < 0.0001. E Total RNA was extracted from the myoblasts treated with NFATC2 overexpression or knockdown and mRNA levels of MyoD1, 
MyoG and MyHC were quantified by qPCR (n = 6). Student’s t-test was used to analyze the difference among groups. *P < 0.05 and **P < 0.01. F 
Myoblasts treated with NFATC2 overexpression or knockdown for 48 h were collect for MyoG-immunofluorescence staining and quantified in a flow 
cytometry. The fluorescence value ≥ 104 was considered as the threshold for MyoG-stained cells. Student’s t-test was used to analyze the difference 
among groups. **P < 0.01, ****P < 0.0001. G Myoblasts treated with NFATC2 overexpression and knockdown in inducing myotube fusion for 72 h 
(n = 3). Myotubes were labelled by MyHC immunofluorescence and captured in a fluorescence microscope. ImageJ was used to measure myotube 
fusion index. Student’s t-test was used to analyze the difference among groups. **P < 0.01, ****P < 0.0001

(See figure on next page.)

https://bioinformatics.ramapo.edu/QGRS/analyze.php
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treating with ASO oligonucleotides, whereas G4 could be 
formed after treating with unspecific ASO oligonucleo-
tides (Fig. 8B). Furthermore, the specific ASO was used 
to treat myoblasts and the mRNA level of NFATC2 was 
quantified. It was found that ASO could downregulate 

NFATC2 mRNA level (Fig. 8C). This result suggests that 
G4 formation on NFATC2 promoter region could inhibit 
NFATC2 transcription. Additionally, MSP was per-
formed after treating with ASO. mCpG level of NFATC2 
promoter region was significantly increased (Fig.  8D), 

Fig. 8  (See legend on previous page.)
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demonstrating an inhibitory effect of G4 on DNA meth-
ylation of the NFATC2 promoter. To validate whether 
G4-mediated mCpG dynamics at the NFATC2 promoter 
could alter transcriptional activity, 5-AZA, a common 
inhibitor of DNA methylation, was added. Interestingly, 
5-AZA was able to reverse the ASO-mediated increase in 
mCpG, which was accompanied by a strong upregulation 
of NFATC2 mRNA levels (Fig.  8C, D). Taken together, 
NFATC2 G4 was able to inhibit mCpG which could 
upregulate transcriptional activity.

Considering NFATC2 transcription activity down-
regulation mediated by reducing G4 during myoblast 
differentiation, its potential in myoblast differentiation 
needs to be further validated. Here, NFATC2 overex-
pression plasmid was constructed and specific siRNA 
(si-NFATC2) was designed and synthesized to over-
express and knockdown NFATC2 in myoblast. After 
overexpressing NFATC2 in myoblast, the mRNA levels 
of MyoD1, MyoG, and MyHC were all downregulated, 
while the knockdown of NFATC2 would increase these 
mRNA level (Fig.  8E). Furthermore, NFATC2 decreased 
MyoG positive rate and its downregulation was able to 
increase MyoG positive cell (Fig. 8F). Moreover, NFATC2 
low expression could promote myotube fusion (Fig. 8G). 
Overall, NFATC2 expression downregulation boosts 
myoblast differentiation.

Discussion
DNA G4 is a class of non-classical DNA second-
ary structures related to the transcriptional activity of 
genes [1, 19, 20]. Although the chicken G4 promoter 
region of chickens is particularly abundant in the pre-
dictions, there have been no studies directly reporting 
the function and mechanism of G4 in chickens [33]. In 
this study, we report that G4 is directly associated with 
embryonic myogenic differentiation and downregulation 
of G4 abundance in the NFATC2 promoter region can 
increase mCpG levels in order to decrease mRNA levels 
of NFATC2.

Myoblast differentiation at the embryonic stage is a 
convoluted process that mainly involves the fusion of 
myoblasts and the secondary fusion of myoblasts to 
form myotubes [42]. Intra-envelope cation balance medi-
ated by potassium–calcium channels during embryonic 
development plays crucial role for myogenic differentia-
tion. The concentration of potassium and calcium ions in 
MuSCs is to some extent negatively correlated with the 
capacity for myogenesis [26, 43–45]. Among them, the 
monovalent cations are required for stacking of G-quar-
tets, typically potassium in a cellular context [46]. Our 
data show that the abundance of G4s gradually decreases 
during myogenesis (Fig. 1A). This phenomenon could be 
due to the dynamics of monovalent cations suggesting 

that G4s may be involved in myogenesis to some extent. 
G4-ligand pyridostatin (PDS) has been widely used as a 
stabilizer for DNA G4, which could increase the overall 
level of G4s [47]. At this point, PDS treatment was able 
to promote myoblast proliferation and inhibits myo-
blast differentiation (Fig. 1), revealing a negative effect of 
whole G4s level on myogenesis. However, the distribu-
tion of G4s in the chicken is still unknown.

To comprehensively uncover the G4 landscape in 
the chicken genome, a G4 Cut & Tag was performed in 
myoblasts with GM treatment or DM treatment and a 
total of 615 DPs were obtained (Fig.  2A). Although the 
number of G4 structures per nucleus in chicken cells 
is lower compared to human cells, the proportion of 
G4s in the promoter region of chicken cells is higher in 
comparison with human [33]. It was reported that the 
average frequency of potential G4 motifs in the whole 
genome was only 0.107, while the frequency in the region 
from − 1000 bp to TSS increased to 0.768 [48], revealing 
the transcriptional regulatory potential of G4s. Based on 
the G4 Cut & Tag data, most DPs (67.64%) were localized 
in the promoter region (− 1000 bp to TSS), which is con-
sistent with other studies.

To further assess the regulation of transcriptional 
activity mediated by these G4s, RNA-seq was performed. 
By combining the G4 Cut & Tag sequencing and RNA-
seq, a total of 45 DP-DEG pairs were identified (Fig. 4A), 
of which 32 DPs were localized in the promoter regions. 
Among them, MYH1G and TMOD1 were both highly 
expressed in DM (Fig. 4F). MYH1G is a type of myosin 
heavy chains that has been implicated as a terminal prod-
uct for myoblast differentiation [49, 50]. In contrast to 
MYH1, tropomodulins (TMODs) are capping proteins 
that specify the length of thin filament to optimize skel-
etal muscle function during myofibril formation [51, 52], 
not to mention that TMOD1 was required for skeletal 
muscle stem cell differentiation [53]. The enrichment of 
DPs in G4 Cut & Tag of MYH1G and TMOD1 along with 
their RNA levels suggest that G4s can directly promote 
myoblast terminal differentiation by increasing these 
myofibril genes.

DNA methylation plays a crucial role as epigenetic 
factors on numerous biological processes. It has been 
reported that G4s can influence the transcriptional 
activities of genes by regulating adjacent DNA methyl-
ation [54, 55]. G4s were positively correlated with CpG 
density, while there was an inverse correlation with 
mCpG/CpG [54, 56]. Here, we performed a WGBS 
to clarify their potential interaction during myogen-
esis. The promoter region methyl level of DM was 
higher compared to GM, which was in contrast to G4s 
(Fig. 1A and Fig. 5A). Based on G4 prediction and vali-
dation, NFATC2 was considered as a candidate due to 
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its promoter could form a G4 that inhibits the mCpG 
portion of the promoter. NFATC2 G4 and mRNA levels 
were downregulated, while mCpG level was increased. 
The NFATC2-IL4 axis was widely considered to be an 
activator for secondary fusion of myoblasts to myo-
tubes and NFATC2 was required for myotube fusion by 
maintaining MHC production [57, 58]. NFATC2 was 
able to play the role of a transcription factor for IL4 
secreted by the myotube to target the IL4R on the sur-
face of myoblast, which drives secondary fusion [59]. 
Secondary fusion from myoblast to myotube medi-
ated by the NFATC2-IL4 axis was dependent on IL4R 
[42]. In this study, NFATC2 was downregulated in DM, 
which was in contrast to other reports. This could 
be due to the chicken IL4R having too little homol-
ogy with mammals. The role of NFATC2 in myogen-
esis may require completely different mechanisms in 
mammals which needs further validation. Overall, the 
abundance of G4s is reduced during myogenic differ-
entiation, in contrast to promoter methylation. Among 
them, the downregulation of G4 of the NFATC2 pro-
moter leads to increased DNA methylation, which in 
turn reduces the mRNA level of NFATC2.

Conclusions
As a class of non-classical DNA secondary structure, 
G4s have been referred with capabilities on regulat-
ing genes transcriptional activity, but its dynamics and 
how does it mediate transcriptome dynamics in the 
embryonic stage are not yet well understood. Birds are 
tremendously conducive to the study of muscle devel-
opment during the embryonic period. In this study, 
embryo chicks were used as the model for exploring 
embryonic G4s dynamics during myogenesis. Con-
sidering G4s abundance reduction during myogenesis 
and the myogenic differentiation inhibition mediated 
by G4s inducer, G4s were inferred to be associated 
with embryonic myogenesis. Embryonic G4s were 
comprehensively revealed during myogenic differ-
entiation and totally 6777 G4 peaks were obtained, 
of which 45 DPs associated with the transcription of 
embryonic myogenesis-related DEGs were identified. 
Based on the cooperation on myogenesis mediated by 
DNA methylation, 196 DMR-DEG pairs were identi-
fied. By constructing a G4-DMR-DEG network, nine 
DP-DMR-DEG pairs were further identified, of which 
the promoter of NFATC2 was capable of forming a 
G4 structure to inhibit promoter mCpG to promote 
NFATC2 transcription.

Methods
Animal experiments and ethic statement
All animal experiments in this research were approved 
by the Animal Welfare Committee of South China Agri-
cultural University (Approved ID: SCAU#2021F074). 
All animal experiments were conducted in compliance 
with the regulations of the People’s Republic of China for 
the control of experimental animals. The fertilized eggs 
derived from Mahuang Chicken, were purchased from 
Xufeng Husbandry Co., Ltd. (Kaiping, China).

Cell culture, cell transfection, and cell differentiation
The chicken myoblast was isolated as described in our 
previous study [60]. Myoblast was cultured in growth 
medium (GM), consisting of DMEM medium (GBICO, 
CA, US) with 20% fetal bovine serum (GBICO, CA, US) 
and 1% penicillin/streptomycin (Invitrogen, CA, US) in a 
37 °C cell incubator with 5% CO2.

For cell transfection, Lipofectamine 3000 Reagent Kit 
(Invitrogen, CA, US) was used by following its instruc-
tion when the cells were 80% confluent. The DNA trans-
fection dose was 1  μg per well in a 12-well plate and 
2.5 μg per well in a 6-well plate.

For cell differentiation, differentiation induction 
medium (DM) consisting of DMEM medium (GBICO, 
CA, US) supplemented with 4% horse serum (GBICO, 
CA, US) and 1% penicillin/streptomycin (Invitrogen, CA, 
US) was used for myoblast differentiation for 72 h when 
myoblast reached 100% confluence.

For PDS treatment, 10  μM, 20  μM, and 30  μM PDS 
(MCE, NJ, US) were added to the growth or differentia-
tion medium to culture the myoblasts when the cell con-
fluence was higher than 90%, while equal DMSO was 
used as a negative control.

For anti-sense oligonucleotide (ASO) treatment, 
0.5  mM ASO was used to transfect the myoblasts and 
the cells were collected for DNA or RNA extraction after 
48  h of transfection. A random oligonucleotide of the 
same length was used as a negative control. The ASO 
information is listed in Additional file 2: Table S8; 5 μM 
5-azacytidine (5-AZA) (Solarbio, Beijing, China) was 
used to inhibit DNA methyltransferase in myoblasts.

5‑Ethynyl‑2′‑deoxyuridine (EdU) assay
Cell-Light EdU Apollo488 in vitro Kit and Cell-Light EdU 
Apollo567 in vitro Kit (RioBio, Guangdong, China) were 
used to observe the cell proliferation ratio according to 
the manufacturer’s protocol. For Apollo567 dye staining 
with EdU and Hoechst, myoblasts were captured in vis-
ual fields using a DMi8 microscope (Leica, Wetzlar, Ger-
many). For staining with Apollo488 dye EdU, myoblasts 
were flushed in a flow cytometry (Beckman, US) and the 
data were analyzed using FlowJo 10.0 software.
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Quantitative PCR (qPCR)
Total RNA of cells was isolated using Trizol reagent 
(Magen, Guangzhou, China) according to the manufac-
turer’s instruction. The first strand of cDNA synthesis 
was performed using HiScriptR II Q RT SuperMix for 
qPCR (+ gDNA wiper) (Vazyme, Nanjing, China) accord-
ing to its protocol. Finally, qPCR was performed using 
ChamQ Universal SYBR qPCR Master Mix (Vazyme, 
Nanjing, China) in an ABI QuantStudio 5 instrument 
(Thermo Fisher, NY, US) according to the protocol. 
GAPDH was used as a reference gene in qPCR. The 
primers used in qPCR were designed in NCBI Primer-
Blast and synthesized by Tsingke company (Guangzhou, 
China). The primer sequence information is listed in 
Additional file 2: Table S8.

MSP (methylation‑specific PCR)
MSP was performed to quantified mCpG in this study. 
EpiArt DNA Methylation Bisulfite Kit (Vazyme, Nanjing, 
China) was used to transfect cytosine (C) into thymine 
(T) in DNA bisulfite library as its manufacturer. 2 × Epi-
Art HS Taq Master Mix (Dye Plus) (Vazyme, Nanjing, 
China) was used to run the PCR reaction according to 
its standard construction. MSP primers were designed 
in MethPrimer (accession link: http://​www.​uroge​ne.​org/​
cgi-​bin/​methp​rimer/​methp​rimer.​cgi). The primers were 
listed in Additional file  2: Table  S8. PCR products were 
cloned into pUC57 plasmid and transfected into DH5a 
cell. The sanger sequence for monoclonal colonies was 
used to quantify mCpG levels.

Western blot
Gene expression at the protein level was analyzed by 
western blot. Total protein was isolated using ice-cold 
radio immunoprecipitation (RIPA) lysis buffer (Tsingke, 
Guangzhou, China) with 1% phenylmethyl sulfonyl 
fluoride (PMSF) (Biosharp, Shanghai, China) in ice 
for 20  min. After centrifugation at 4  °C, 13,000 × g for 
15 min, the supernatant was transfected into a new tube. 
Then the sample was incubated with 5 × SDS protein 
loading buffer (Servier, Guangzhou, China) at 95  °C for 
10 min. The protein was isolated in 4–20% SDS-PAGE at 
120  V for 90  min. Subsequently, the protein was trans-
fected into a PVDF membrane (BioRad, US) at 200 mA 
for 2 h. After blocking with 5% BSA (Servier, Guangzhou, 
China), the PVDF membrane was incubated overnight 
at 4 °C with the primary antibody. Anti-Desmin (1:1000, 
DSHB) was used in this study. The anti-mouse secondary 
antibody (1:10,000, proteintech) was incubated for 1 h at 
room temperature. BeyoECL Plus Kit (Beyotime, Shang-
hai, China) was used in chemiluminescence reaction. No-
Stain™ Protein Labeling Reagent (Invitrogen, CA, US) 
was used for total protein normalization, according to 

its instruction, which was used as the load reference. The 
original images were shown in Additional file 3.

Cleavage under target and tagmentation (Cut & Tag) 
and library construction
Cut & Tag was performed using the Hyperactive Uni-
versal Cut  & Tag Assay Kit for Illumina (Vazyme, 
Nanjing, China). This protocol was slightly modified. 
Myoblasts treated with differentiation medium (DM) 
and growth medium (GM) were used in Cut & Tag. They 
were counted in an automated cell counter (Countstar, 
Shanghai, China). About 105 cells were harvested with 
Trypsin-0.25% EDTA (GBICO, CA, US) and cell nuclei 
were extracted with NE buffer. They were then incu-
bated with activated ConA Beads. Subsequently, diluted 
BG4 antibody (1:10; Sigma, Shanghai, China) was used 
to incubate with extracted nuclei in ice for 6 h. The BG4 
was probed by anti-FLAG epitope tag antibody (1:50; 
Sigma, Shanghai, China) at 4  °C overnight. Anti-rabbit 
IgG secondary antibody (Vazyme, Nanjing, China) was 
used to bind BG4 at room temperature for 1  h. pA/G-
Tnp was used to bind with IgG for 1 h, and the genome 
was excised by transposase at 37  °C for 1 h. Finally, the 
genomic DNA fragments were extracted and purified 
with DNA Extract Beads and stored at − 80 °C.

The purified DNA fragments were used in library 
amplification using TruePrep Index Kit V2 for Illumina 
(Vazyme, Nanjing, China) according to the associated 
protocol. The amplified products were purified using 
VAHTS DNA Clean Beads (Vazyme, Nanjing, China) 
according to the instruction to obtain sequencing library. 
Agilent Technologies 2100 Bioanalyzer (Agilent, CA, US) 
was used for library quality control. Sequencing was per-
formed on the Illumina platform. Bioinformatic analysis 
was conducted using the OECloud tools at (https://​cloud.​
oebio​tech.​com). The genome for mapping was GRCg7b 
(accessed link: http://​ftp.​ncbi.​nlm.​nih.​gov/​genom​es/). 
The raw data obtained from this sequencing was submit-
ted in SRA database (submission ID: PRJNA1022420).

Whole genome bisulfite sequencing (WGBS) library 
construction
For WGBS library construction, the same batch samples 
were collected for DNA extraction. After DNA quality 
detection, the genomic DNA was randomly fragmented 
in the range of 200 bp to 300 bp. The ends of the inter-
rupted DNA were repaired; A-tail and sequencing adap-
tor with all cytosine methylated were added. The DNA 
were then treated with bisulfite using the EZ DNA 
Methylation-Glod Kits (Zymo Research, Irvine, CA, 
USA). After PCR amplification and product purifica-
tion, the library sequencing was performed on the Illu-
mina NovaSeq 6000 platform (Illumina Inc., San Diego, 

http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi
http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi
https://cloud.oebiotech.com
https://cloud.oebiotech.com
http://ftp.ncbi.nlm.nih.gov/genomes/
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CA, USA). Sequencing and analysis were performed 
by OE Biotech Co., Ltd. (Shanghai, China). The raw 
data were submitted to the SRA database (accessed ID: 
PRJNA1025099).

Bioinformatic analysis was performed using the 
OECloud tools at (https://​cloud.​oebio​tech.​com). Clean 
reads were aligned to the reference genome (GRCg7b) 
using Bismark. Differentially methylated regions (DMRs) 
were analyzed using MethylKit, with region window 
size = 1000  bp and step size = 1000  bp. P < 0.05 and dif-
ference ≥ 10% were set as the cutoff for significant DMRs. 
The promoter region was defined as 2000 bp upstream of 
the TSS of a gene and the differentially methylated pro-
moters were analyzed with the same criterion for DMRs.

RNA‑seq
Total RNA was extracted from the same batch samples 
using TRIzol reagent (Takara, Toyoko, Japan). Following 
RNA quality detection, the library was constructed using 
VAHTS Universal V6 RNA-seq Library Prep Kit accord-
ing to the instruction. Illumina Novaseq 6000 platform 
was used for sequencing. The data obtained from this 
sequencing was submitted to SRA database (accessed 
ID: PRJNA1023305). The clean reads were mapped to 
chicken genome (GRCg7b). Differential expression genes 
(DEGs) analysis was carried out and P-value < 0.05 and 
|log2FC|> 1 were considered as the cutoff for DEGs. 
Transcriptome sequencing and analysis were conducted 
by OE Biotech Co., Ltd. (Shanghai, China).

Immunofluorescence staining
MyHC immunofluorescence staining was used to quan-
tify myoblast differentiation. After treatment with PDS 
with different concentrations, myoblasts were cultured 
in differentiation medium for 3 days. The cells were fixed 
in 4% paraformaldehyde (Solarbio, Beijing, China) for 
30  min at room temperature, permeabilized with 0.1% 
Triton-X100 (Solarbio, Beijing, China) for 10 min at room 
temperature, and then blocked in 5% goat serum (Solar-
bio, Beijing, China) for 1  h at room temperature. Then 
the MyHC antibody (1:50; DSHB) was incubated over-
night at 4  °C. On the following day, anti-mouse FITC-
conjugated (1:200; CST, MA, USA) secondary antibody 
was incubated for 1 h at room temperature. Nuclei were 
counterstained with 4,6‐diamidino‐2‐phenylindole dihy-
drochloride (DAPI, Solarbio, Beijing, China). Finally, the 
cells were captured in a Leica fluorescence microscope.

G4 immunofluorescence staining was used to exam-
ine the difference in myoblasts before and after differen-
tiation. Following treatment of myoblasts with growth 
medium, myoblasts were treated with differentiation 
medium for 3 days and they were fixed in 2% paraform-
aldehyde (Solarbio, Beijing, China) for 30  min at 4  °C. 

Myoblasts were permeabilized with 0.1% Triton-X100 
(Solarbio, Beijing, China) for 30  min at 4  °C and then 
blocked in 5% BSA (Solarbio, Beijing, China) overnight 
at 4  °C. BG4 antibody (1:50; Sigma, Shanghai, China) 
was then incubated overnight at 4  °C. Anti-rabbit Alexa 
594-conjugated (1:1000; CST, MA, USA) secondary 
antibody was incubated for 1  h at room temperature. 
After washing four times with 0.1% Tween-20, the cov-
erslips were mounted with Gold/DAPI (Solarbio, Bei-
jing, China), and confocal images were acquired and 
viewed with a Leica DMi8 confocal microscope. Cells 
were washed for G4 positive cell quantification in a flow 
cytometry (Beckman, Brea, CA, USA) and the data were 
analyzed using FlowJo software.

Polymerase stop assay (PSA)
PSA was performed using NFATC2 G4 sequence or 
its mutant sequence as a template. The template DNA 
was synthesized by TSINGKE. The DNA was diluted in 
50 nM Tris–HCl (pH7.4) with 100 mM KCl and heated at 
95 °C for 15 min, then cooled to room temperature over 
4  h to allow G4 structure to form. Varying amounts of 
PDS were used to incubate with an annealed template at 
room temperature. PCR was performed using 2 × AceTaq 
Master Mix (Dye Plus) (Vazyme, Nanjing, China) and 
the product was separated in a 4–20% denaturing poly-
acrylamide gel (TSINGKE, Guangzhou, China). The 
concentration of template and primer were 10  μM and 
2.5 μM, respectively. The single-stranded DNA of the G4 
sequence and its mutant sequence were synthesized by 
TSINGKE. The primer was labelled with FAM at 5’ ter-
minal. The oligonucleotides used in this study are listed 
in Additional file 2: Table S8.

Statistical analysis
Statistical analysis was executed in Prism Graph-
Pad 9.5. The data presented in this study was shown as 
mean ± SEM and differences between groups were ana-
lyzed using a two-tailed t-test. The level of significance 
was presented as *(P < 0.05), **(P < 0.01), ***(P < 0.001), 
and **** (P < 0.0001).
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