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Abstract 

Background The post-anal tail is a common physical feature of vertebrates including mammals. Although it exhibits 
rich phenotypic diversity, its development has been evolutionarily conserved as early as the embryonic period. Genes 
participating in embryonic tail morphogenesis have hitherto been widely explored on the basis of experimental dis-
covery, whereas the associated cis-regulatory elements (CREs) have not yet been systematically investigated for verte-
brate/mammalian tail development.

Results Here, utilizing high-throughput sequencing schemes pioneered in mice, we profiled the dynamic transcrip-
tome and CREs marked by active histone modifications during embryonic tail morphogenesis. Temporal and spatial 
disparity analyses revealed the genes specific to tail development and their putative CREs, which facilitated the iden-
tification of novel molecular expression features and potential regulatory influence of non-coding loci including long 
non-coding RNA (lncRNA) genes and CREs. Moreover, these identified sets of multi-omics data supply genetic clues 
for understanding the regulatory effects of relevant signaling pathways (such as Fgf, Wnt) dominating embryonic tail 
morphogenesis.

Conclusions Our work brings new insights and provides exploitable fundamental datasets for the elucidation 
of the complex genetic mechanisms responsible for the formation of the vertebrate/mammalian tail.

Keywords Vertebrate/mammal/mouse, Embryonic tail morphogenesis, Transcriptome, Epigenomic histone 
modification, Cis-regulatory element

†Yong-Xuan Chen and Xiu-Ping Zhang contributed equally to this work.

*Correspondence:
Dong-Dong Wu
wudongdong@mail.kiz.ac.cn
Wan-Dong Bao
baowandong@mail.kiz.ac.cn
1 State Key Laboratory of Genetic Resources and Evolution, Kunming 
Natural History Museum of Zoology, Kunming Institute of Zoology, 
Chinese Academy of Sciences, Kunming 650201, China
2 Kunming College of Life Science, University of the Chinese Academy 
of Sciences, Kunming 650204, China
3 Institute of Medical Genetics, School of Medicine, Cardiff University, 
Cardiff, Wales, UK
4 Key Laboratory of Genetic Evolution & Animal Models, Kunming 
Institute of Zoology, Chinese Academy of Sciences, Kunming, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-025-02192-0&domain=pdf


Page 2 of 20Chen et al. BMC Biology           (2025) 23:88 

Background
The post-anal tail is a prominent physiological structure 
in chordates and is associated with a rich diversity of 
traits in vertebrates, being involved in roles that are fun-
damental to locomotion and survival, including swim-
ming [1], balance [2, 3], attack [4], grabbing [5, 6], body 
support [7], and autotomy for escape [8]. Although some 
adult vertebrates (such as human [9, 10] and anuran [11]) 
appear not to have an obvious tail, they still possess an 
embryonic or larval tail that is degraded during develop-
ment. As early as the embryonic period, tail morphogen-
esis proceeds and is driven by a posterior extension of 
the embryo known as the tail bud [12, 13]. The axial pro-
genitors in the tail bud, descended directly from a subset 
of those contributing to the trunk region, generate the 
structural components of the embryonic tail primarily 
including the paraxial mesoderm, neural tube, and noto-
chord [14–17]. Not simply a developmental elongation of 
the anterior/posterior body axis, embryonic tail morpho-
genesis is regulated by specific molecular mechanisms 
that may be distinguished from those controlling trunk 
elongation [18–22].

To date, numerous genes have been identified as being 
important for tail morphogenesis, which is largely based 
on the discovery or construction of mutant animals with 
aberrant tail phenotypes. These genes generally act by 
participating in the fundamental biological processes 
dominating the posterior extension and specification. 
For instance, Wnt3a, a signal ligand gene essential for 
embryonic caudal development [23, 24], drives a con-
served regulatory network for the cell fate choices of 
neuromesodermal progenitors [25]. In mouse, the func-
tional disruption of Wnt3a or its responsive transcrip-
tion factor (TF) genes, e.g., Tbx6, Tcf1, and Lef1, causes 
a severe deficit in the paraxial mesoderm and hence an 
aberration/absence of the tail structure [26–28]. The Fgf 
signaling pathway is essential for the maintenance of neu-
romesodermal progenitors [29] and cell migration in the 
presomitic mesoderm [30, 31] to ensure axis extension. 
Mouse embryos with a disrupted Fgf3 or Fgf4/Fgf8 com-
pound deletion exhibit seriously abnormal elongation 
and shape of tail [32, 33]. Moreover, the genes crucial for 
somitogenesis, a basic function of the paraxial mesoderm 
in the tail bud, are needed to achieve normal morpho-
genesis of the embryonic tail [34–38].

High-throughput sequencing is widely used to reveal 
the gene expression dynamics associated with the 
embryological developmental processes [39–42], which 
could provide raw data for the mining of the marker or 
active genes involved but has still not been systemati-
cally designed for the exploration of embryonic tail mor-
phogenesis in vertebrates. Furthermore, CREs represent 
vital structural means for the expression modulation of 

gene loci, and also a general target of variations leading 
to changes of gene expression and hence the evolution 
of traits [43, 44]. With respect to the study of the genetic 
mechanisms underlying the structural generation or 
even the morphological diversity of vertebrate tails, one 
fundamental task may be to interrogate the CRE atlases 
responsible for the modulation of genes involved in the 
development of the embryonic tail.

In the present study, taking advantage of the general 
character of tail bud-restricted expression of genes par-
ticipating in tail morphogenesis, we implemented a tem-
poral series of transcriptome sequencing and epigenome 
sequencing of active histone modifications focused on 
murine embryonic tail tip tissues. Multiple omics data 
are indicative of the gene expression and chromatin 
state dynamics that correlate with embryonic tail devel-
opment, and help to reveal the novel molecular features 
and putative regulatory mechanisms underlying this 
basic developmental process that is strongly conserved in 
vertebrates.

Results
Transcriptome dynamics occurring in mouse embryonic 
tail tip tissue
To obtain the gene expression dynamics relevant to 
embryonic tail morphogenesis, we designed a system-
atic sampling scheme of mouse embryonic tail tip tissues 
for bulk transcriptome sequencing. Specifically, during 
the period of embryonic tail morphogenesis when the 
caudal somite count continuously increased [45], the 
tail terminal region (≈ 1  mm in anterior/posterior (AP) 
axis, termed T1) was sampled respectively at 6 consecu-
tive stages E10.5 ~ E15.5, and so was its proximally con-
tiguous region (also ≈ 1  mm, termed T2) as a control 
(Fig. 1a). Structurally, T1 contained tail bud and several 
newly formed somites, e.g., 2 ~ 3 somites at E10.5 based 
upon our observation, and would possess a higher somite 
count within itself as the developmental stage advances, 
when the tail bud area shrunk progressively, whereas T2 
simply corresponded to the somite regions formed ear-
lier. Principal component analysis (PCA) on the tran-
scriptome profiles revealed that T1 and T2 samples 
exhibited similar and parallel distribution trajectories 
along the timeline (Fig. 1b), perhaps owing to their adja-
cent sampling positions from the same tissue origin of 
embryonic tail. Meanwhile, the samples of E10.5 ~ E12.5, 
especially those from T1, showed an obvious clustering 
trend by sampling position (Fig.  1b, c and Additional 
file 1: Fig. S1), indicating the high similarity of T1 tran-
scriptome profiles and their collective distinction from 
those of T2 during this earlier phase. Yet the divergence 
between T1 and T2 transcriptome profiles appeared to 
become less significant during E13.5 ~ E15.5, given the 
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Fig. 1 Overview of the dynamic transcriptomic profiles of tail tip tissue during mouse embryonic development. a Summary of the sampling 
strategy underlying transcriptome sequencing. Two positions, viz. terminal and proximally adjacent regions (≈ 1 mm length for both) termed 
T1 and T2 respectively, of embryonic tail tip tissue were sampled at six consecutive stages (E10.5 ~ E15.5) during tail morphogenesis, with three 
biological replicates employed for each sampling. b PCA analysis of all the transcriptomic samples. The rlogTransformation function was used 
to normalize the count data for the PCA plot. The colored arrows indicate the trajectory direction of samples with time in the drawing, respectively 
for T1 and T2. c Correlation analysis on the transcriptomic profiles of all 12 sampling types (2 positions × 6 stages). The mean value of three 
biological replicates was calculated and the correlation heatmap was drawn with the value of log2(mean + 1). (d) Statistics of the DEG count in T1 
vs. T2 for each stage. Log2(fold change) > 2, FDR < 0.05; zFPKM > − 3 at least in one of T1 and T2 within each comparison. e Intersection analysis 
on the DEGs of E10.5 ~ E12.5 stages in T1 vs. T2, respectively for the up- and downregulated sets. The DEG counts in different parts of the Venn 
diagram are shown. For the E10.5 ~ E12.5-shared DEGs (grey part), their ratio in the set of each stage (ring) is indicated, in the accordant color 
with the set. f GO enrichment analysis on the E10.5 ~ E12.5-shared DEGs in T1 vs. T2. The DEG counts enriched in BP terms are indicated. P < 0.001. 
g Statistics of the dynamic DEG count enriched in the representative BP terms during embryonic tail morphogenesis after GO analysis on the DEGs 
in T1 vs. T2 for each stage. Four terms enriched in f are shown here, respectively for the up- and downregulated sets
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uniform clustering by sampling stage for the samples 
from this later phase (Fig.  1c and Additional file  1: Fig. 
S1).

According to the results of the differentially expressed 
gene (DEG) analysis in T1 vs. T2 (log2(fold change) > 2, 
FDR < 0.05; zFPKM > − 3 at least in one of T1 and T2), the 
count of DEGs between T1 and T2 transcriptome pro-
files indeed decreased progressively throughout embry-
onic tail morphogenesis, with a relatively sharp decline 
after E12.5 (Fig.  1d). Thus, we then focused upon the 
DEGs during the earlier phase to reveal the gene expres-
sion characteristics respectively in T1 and T2 regions. 
Corresponding to the developmental continuity, a large 
proportion of DEGs were shared among the up/down-
regulated sets of E10.5 ~ E12.5 in T1 vs. T2 (Fig. 1e) such 
that numerous DEGs were identified to be continuously 
enriched in T1 (upregulated, n = 98) or T2 (downregu-
lated, n = 134). Gene Ontology (GO) enrichment analysis 
revealed that these shared DEGs were significantly asso-
ciated with biological processes (BPs) including AP pat-
tern specification, somitogenesis, cell fate commitment, 
mesoderm development, and post-anal tail morphogen-
esis for T1, in contrast to the BPs relevant to musculature 
and nervous system development or function, e.g., stri-
ated muscle cell development, sarcomere organization, 
myotube differentiation, striated muscle contraction, 
neuron projection guidance, and axon development, for 
T2 (p < 0.001, Fig. 1f ). This distinction between the tran-
scriptome profiles of T1 and T2 was consistent with our 
expectation based on the different tissue components of 
the two sampling positions, i.e., T1 contained tail bud 
that drove embryonic tail morphogenesis, and overall 
had a lower degree of differentiation as compared with 
T2. Then, by reason of the processive tail bud diminu-
tion and tissue maturation, T1 gradually acquired more 
gene expression associated with the BPs responsible for 
tail tissue differentiation and functionalization, but less of 
that involved in the BPs dominating embryonic tail mor-
phogenesis (Additional file 1: Fig. S2a, b). This could help 

to explain the decreasing count of DEGs relating to both 
BP groups, between T1 and T2 with the passage of devel-
opmental time (Fig. 1g). In brief, we obtained a system-
atic set of transcriptome profiles that could reflect the 
gene expression dynamics involved in mouse embryonic 
tail morphogenesis.

Weighted gene coexpression network analysis (WGCNA) 
to acquire an embryonic tail morphogenesis‑specific gene 
module
Based on the general expression feature of genes respon-
sible for embryonic tail morphogenesis, i.e., specific 
expression enriched in the tail bud area, it might be 
easy to infer that these genes should collectively pos-
sess a relatively stable low level of expression in T2, but 
a high initial expression level (IEL, herein referring to the 
expression level at the earliest stage E10.5) in T1, which 
would then continually decline over time and eventually 
approach the T2 expression level. Indeed, this particular 
expression pattern was exhibited by representative key 
genes modulating embryonic tail morphogenesis, e.g., T 
[46], Wnt3a [26], Hes7 [37], and Fgf3 [32] (Fig. 2a), with 
relatively high expressions at the earlier stages and usu-
ally an apparent downregulation from E12.5 to E14.5 in 
T1. Following this pattern, we next tried to holistically 
obtain the set of genes potentially playing roles in embry-
onic tail morphogenesis, by performing a WGCNA anal-
ysis [47] on the transcriptome profiles.

After coexpressed gene module calculation, 7 mod-
ules were finally identified (Fig. 2b and Additional file 2: 
Table  S1), each of which represented genes that shared 
highly similar expression patterns in response to tem-
poral changes during embryonic tail morphogenesis. 
The blue module showed the highest correlation with 
T1 (r = 0.61, p = 9e − 05) and was revealed to be signifi-
cantly associated with BPs such as somitogenesis, AP 
pattern specification, and post-anal tail morphogenesis 
(Fig. 2c). Importantly, the coexpressed genes dominating 
the blue module exhibited a fitted expression pattern that 

Fig. 2 WGCNA analysis on the transcriptome profiles to yield an embryonic tail morphogenesis-specific gene module. a The expression profiles 
of the known essential genes responsible for mouse embryonic tail morphogenesis. These representative genes collectively possess relatively 
low and stable expression in T2 but a high IEL in T1 that progressively declines over time and eventually approaches the T2 expression level. 
n = 3 for each sampling type (Additional file 8: Table S41). Bars denote standard deviations. b Cluster dendrogram indicates the modules based 
on topological overlap of coexpressed genes in the WGCNA analysis on the DEG sets of T1 vs. T2 transcriptome profiles throughout embryonic 
tail morphogenesis. The colored bars below provide information on module membership. c Correlation analysis between the 7 coexpression 
modules and sampling positions or stages. Each square contains the corresponding correlation value and p-value (bracketed). The representative 
GO terms of BP enriched in the gene set are indicated on the right for each module. d The expression trajectory of the blue module for T1 and T2 
throughout embryonic tail morphogenesis, shown by means of the module eigengene that represents the gene expression profile of this module. 
n = 3 for each sampling type (Additional file 8: Table S42). Fit curves are applied by locally weighted scatterplot smoothing, and shading represents 
the confidence interval (95% confidence). e Network of the top 30 hub genes in the blue module. The hub genes were obtained in rank order 
of their MCC scores calculated by cytoHubba in Cytoscape

(See figure on next page.)
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tallied perfectly with the type we had anticipated above 
(Fig.  2d). Moreover, numerous known important genes 
for embryonic tail morphogenesis were found among the 
top 30 hub genes of the blue module, including T [46], 
Fgf3 [32, 48], Msng1 [49], Dll1 [50], Dll3 [34], Cdx2 [51, 
52], and Mesp2 [35] (Fig.  2e). Of them, T is known as 

a pivotal T-box TF gene that is autoregulated in a loop 
with the Wnt signaling pathway essential for embryonic 
caudal development [53–55], and the latter operates via 
the downstream TF effector genes such as Tbx6, Msng1, 
and certain Cdx genes, as reviewed in [25]. Dll1 and Dll3 
encode ligands for activating Notch signaling pathway, 

Fig. 2 (See legend on previous page.)
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which is crucial for somite formation in embryonic tail 
and involves the functional participation of Mesp2 gene 
[34, 56–58]. Fgf3 is known as a key signal factor gene 
indispensable for normal AP axis extension including the 
tail region [32, 48]. All of these characteristics helped to 
identify the blue module as the one specific for embry-
onic tail morphogenesis.

Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis revealed that genes in the 
blue module were significantly correlated with regula-
tion of the actin cytoskeleton (mmu04810, p = 1.04e − 03) 
which closely relates to cell motility including migra-
tion that is abundant in the presomitic mesoderm 
(PSM) [30, 31, 59], and also with the signaling pathways 
respectively driven by Rap1 (mmu04015, p = 6.16e − 04), 
Ras (mmu04014, p = 2.16e − 02), calcium (mmu04020, 
p = 3.25e − 04), and phosphoinositide 3-kinase (PI3K)-
Akt (mmu04151, p = 3.40e − 03). According to the cor-
responding KEGG pathway maps [60], these enriched 
signaling pathways are known to participate in the reg-
ulation of cell proliferation, adhesion, migration, gene 
activity, and cytoskeletal remodeling and could all be 
activated by Fgf signal transduction, suggesting a promi-
nent role for the Fgf signaling pathway in the modulation 
of the developmental and cellular BPs related to embry-
onic tail morphogenesis. In accordance with this postu-
late, many Fgf signal factor genes were noted in the blue 
module, e.g., Fgf3, Fgf4, Fgf15, Fgf17, and Fgf18, each 
of which has been found to be expressed specifically in 
PSM [33, 48, 61, 62]; additionally, Fgf3 and Fgf4 have also 
been shown to be required for normal axial elongation of 
the embryonic tail [29, 33]. Besides, as is also indicated 
in those KEGG pathway maps [60], all of the enriched 
signaling pathways mentioned above could be regulated 
by the cyclic adenosine monophosphate (cAMP) signal-
ing pathway (mmu04024), which was also significantly 
enriched in the blue module (p = 1.77e-02). Combined 
with the previous reports that mesodermal inhibition of 
the cAMP responsive element-binding proteins (CREBs), 
a TF family acting downstream of the cAMP pathway [63, 
64] as their names describe, caused defective segmenta-
tion and somite polarity [65, 66], this signaling pathway 
could be a potentially important regulator involved in 
embryonic tail development.

Novel expression characteristics revealed by the blue 
module for embryonic tail morphogenesis
To discover novel genes marking embryonic tail mor-
phogenesis, we then performed a detailed component 
analysis on the gene membership of the blue module. The 
vast majority of modular genes pertained to the positive 
correlation category (179/213), which we focused upon 
in the present study and referred to specifically as the 

blue module hereafter. Of the modular protein-coding 
and lncRNA genes, those within the top 100 gene set of 
positive correlation with high IEL (ranked by the z-nor-
malized fragments per kilobase per million mapped reads 
(zFPKM) value at E10.5) in T1 were investigated prefer-
entially (85/144 and 14/30, respectively, Fig. 3a). Accord-
ing to the relevant literature, more than half of these 
highly expressed protein-coding genes (51.8%, n = 44) are 
known to be expressed specifically in the tail bud area 
of mouse embryos (Additional file 2: Table S2), of which 
nearly half (45.5%, n = 20) have further been shown to 
play essential roles in the BPs governing tail morphogen-
esis by their mutant phenotypic data, primarily including 
the ligand and regulator/effector genes of Wnt (Wnt3a 
[23, 26], Wnt5a [67], T [46, 68], Tbx6 [69], Msgn1 [49], 
Cdx1 [70], Cdx2 [52], Cdx4 [71], and Sp5 [72]), Fgf (Fgf3 
[32, 48] and Fgf4 [29, 33]), and Notch (Dll1 [50], Dll3 [34], 
Hes7 [37], Lfng [38], Ripply2 [36], and Mesp2 [35]) signal-
ing pathways (Fig.  3a). The enrichment of these known 
tail bud-expressed genes further illustrates the specific-
ity of the blue module for embryonic tail morphogenesis 
and implies a high potential for other coexpressed genes 
within the module to participate in this conserved devel-
opmental process.

Focusing on the unreported group of protein-coding 
genes for tail bud expression (n = 41, Fig.  3a and Addi-
tional file 2: Table S3), in situ hybridization experiments 
were performed to detect their expression distribution 
in E10.5 embryos, preferentially for those top ones pos-
sessing high IELs in T1 such as Arl4d, Fabp7, Vwa2, 
Peli3, Magi1, and Rftn1 (IEL-T1 = 1.279, 0.960, 1.034, 
0.713, 0.609, and 0.416 (zFPKM value), respectively). As 
expected, these genes displayed, without exception, spe-
cific expression in the tail bud area with varying distri-
bution features (Fig. 3b). Specifically, Arl4d, encoding an 
adenosine diphosphate (ADP)-ribosylation factor (ARF)-
like protein known to act so as to promote cell migration 
activity [73, 74], showed significant expression restricted 
to the posterior PSM, where abundant cell movements 
occur at the highest level along the AP axis in PSM [30, 
31, 75]. Additional specific expression was also detected 
in the anterior-most region of PSM, implying the involve-
ment of Arl4d in the formation of somites. The fatty 
acid-binding protein gene Fabp7 exhibited mild but nev-
ertheless identifiable expression that was restricted to 
the posterior PSM region in the vicinity of the axial pro-
genitor zone, suggesting a potential expression label for 
the nascent mesoderm-fated progenies of this particular 
location. Vwa2, whose protein product is an extracellular 
matrix component able to mediate cell–matrix adhesion 
[76, 77], was detected specifically in PSM with fading 
expression in the anterior-most portion, which might 
emphasize the special extracellular matrix composition 
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within the PSM region prior to segmentation. Peli3, 
encoding an E3 ubiquitin protein ligase involved in the 
regulation of signal transduction [78–80], showed mod-
erate expression that was primarily concentrated in the 
posterior PSM. The membrane-associated guanylate 
kinase gene, Magi1, encoding a scaffolding protein local-
ized at cell junctions to help ensure signal transduction 
[81–83], exhibited robust expression at the sites of somite 
formation along with a relatively low level of expres-
sion in the more posterior region of PSM. Rftn1, a lipid 
raft linker gene whose protein product is necessary for 
the integrity of lipid raft in the plasma membrane and 
hence modulates signaling processes [84–86], exhibited 
an expression pattern resembling that of Magi1 in the 

tail bud area, with relatively more visible detection in the 
PSM overall. The particular distributions of Magi1 and 
Rftn1 expression might be indicative of a special molec-
ular environment respectively in the cortex and plasma 
membrane of PSM cells that guarantees signal transduc-
tion, perhaps specifically for somite formation. In any 
case, these detected genes represent novel markers of tail 
bud structures, thereby confirming the availability of the 
blue module for mining genes that participate in embry-
onic tail morphogenesis.

Meanwhile, the blue module suggests the involve-
ment of lncRNA genes with potential regulatory roles 
in the process of tail morphogenesis. LncRNAs are a 
category of RNA transcripts with a length of more than 

Fig. 3 Blue module reveals novel molecular expression characteristics involved in embryonic tail morphogenesis. a Overview of the gene 
components of the blue module. The gene members that were positively correlated with the module in terms of their expression pattern were 
focused upon here, of which the top 100 genes highly expressed (ranked by the zFPKM value at E10.5 in T1) were analyzed preferentially, primarily 
for the protein-coding genes (n = 85) and lncRNA genes (n = 14). The gene counts in different partitions are indicated. The red box represents 
the protein-coding genes with known tailbud expression that were further proved indispensable for the BPs participating in embryonic tail 
morphogenesis by their mutant data. b In situ hybridization experiments at E10.5 verify the specific tailbud expression of the protein-coding 
genes in the “unreported” group of a. Each gene was verified in at least four mouse embryos. The arrowheads indicate the location of the forming 
somite. Scale bar = 1 mm. c Coordinate expression between the lncRNA genes in the “antisense” group of a and their adjacent protein-coding genes 
in the sense strand during embryonic tail morphogenesis. The antisense lncRNA genes (red) that flank the known important protein-coding genes 
(blue) responsible for the fundamental BPs propelling embryonic tail morphogenesis are shown. n = 3 for each sampling type (Additional file 8: 
Table S43). Bars denote standard deviations
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200 nucleotides but no capacity to encode proteins [87, 
88], which have been shown to regulate the expression 
of neighboring genes in cis or remote genes in trans [89, 
90]. With regard to cis regulation, it is inferred, based 
upon experimental validation, that protein-coding genes 
may often be fine-tuned by their juxtaposed lncRNA 
loci, especially the divergent ones that are transcribed 
from the antisense strand and positioned head-to-head 
relative to the neighboring protein-coding genes [90, 
91]. Of these highly expressed lncRNA genes for pref-
erential analyses in the blue module, the antisense class 
accounted for half of the total (7/14, Fig.  3a and Addi-
tional file  2: Table  S4), of which most (n = 5), including 
Evx1os, 9130213A22Rik, Gm2670, Gad1os, and Lef1os1, 
were found to be located close to the known important 
signal ligand or TF genes responsible for the fundamen-
tal BPs relevant to tail morphogenesis, i.e., the protein-
coding genes Evx1 [92], Hes7 [37], Wnt5a [67], Sp5 [72], 
and Lef1 [28], respectively (Fig. 3c). In line with the pre-
vailing view that antisense lncRNAs tend to be tightly co-
regulated with adjacent protein-coding genes on account 
of their apparently frequent role in facilitating the expres-
sion of the latter [91], each of these antisense/sense gene 
pairs, without exception, exhibited an overall highly coor-
dinated expression trend during tail morphogenesis, with 
a relatively low expression level for the lncRNA genes in 
most cases (Fig. 3c). Moreover, as expected, nearly all the 
adjacent protein-coding genes were also allocated to the 
blue module (only missing Lef1), emphasizing the coex-
pression state of each antisense/sense gene pair.
Evx1os showed a high lncRNA transcript level meas-

ured by zFPKM value, which coincided strongly with 
that of Evx1 (Fig.  3c), and represented a typical case of 
divergent lncRNAs to illustrate the biological functions 
of this subclass based on regulating adjacent protein-
coding genes [91]. The other four antisense lncRNAs 
might all be classified as divergent, although they did not 
fully conform to the subclass as defined previously [91]. 
For instance, Gm2670, being located in the first intron of 
Wnt5a gene, could be regarded as a short divergent locus 
whose 3’-end did not extend beyond the body region of 
its neighboring protein-coding gene on the sense strand 
(Fig. 3c). Also, the exact divergent protein-coding gene of 
the Gad1os locus is Gad1, but intriguingly this 73.4-kb-
long antisense locus also has two additional neighbor-
ing protein-coding genes on the sense strand, i.e., Erich2 
and Sp5, which are respectively located in an intron 
and downstream of Gad1os locus (Fig.  3c). Since Gad1, 
Erich2, and Sp5 together exhibit prominent coexpres-
sion with Gad1os and were included in the blue module, 
Gad1os might appear to be a divergent lncRNA against 
the long genomic domain comprising the three protein-
coding genes and thereby might be capable of promoting 

the gene expression of this entire domain. These cases of 
non-strictly defined divergent lncRNAs should concur 
with the proposition that lncRNA-mediated cis-regula-
tion of adjacent protein-coding gene transcription might 
be a prevalent mechanism without limitation to the 
divergent lncRNA biotype [91]. Taken together, we may 
speculate that at least a subset of the lncRNA genes in the 
blue module, especially the antisense ones, might play 
potential regulatory roles in embryonic tail morphogen-
esis via cis-regulation of the expression of neighboring 
protein-coding genes responsible for relevant fundamen-
tal BPs.

Significant genome‑wide decline of active histone 
modification levels in embryonic tail tip
For a more comprehensive understanding of the genetic 
modulation of embryonic tail morphogenesis in combi-
nation with the associated epigenomic dynamics indica-
tive of CRE activities, we also performed a series of 
Cleavage Under Targets and Tagmentation-sequencing 
(CUT&Tag-seq) to map the dynamic genome-wide pro-
files of histone H3 lysine 4 trimethylation (H3K4me3) 
and histone H3 lysine 27 acetylation (H3K27ac), which 
are known to serve as epigenetic marks of active promot-
ers and enhancers respectively [93–96], in the T1 area of 
the embryonic tail tip with the passage of developmental 
time. For either modification, T1 was sampled selectively 
at the 3 stages of E10.5, E12.5, and E14.5 and was then 
sequenced (see Methods for more details).

After peak calling and biological replicate intersec-
tion, we obtained the genomic atlases of active epigenetic 
domains at each stage. Overall, the genome-wide levels 
of both H3K4me3 and H3K27ac dropped significantly 
in T1 during embryonic tail morphogenesis, with a very 
sharp decline (77.1 and 68.9% of domain count, 39.7 and 
71.1% of genomic coverage, respectively) from E10.5 
to E12.5 (Fig.  4a, b). Specifically, most of the H3K4me3 
domains of E10.5 pertained to the non-transcriptional 
start site (TSS)-containing class, whose abrupt reduc-
tion was then principally responsible for the marked 
drop of H3K4me3 domain count after E10.5, rendering 
the TSS-containing ones as the main class at E12.5 and 
E14.5 (Fig. 4a). The H3K4me3 modification at E10.5 was 
not primarily confined to the proximal regions (≤ 3  kb 
from the TSS) as indicated at E12.5 and E14.5, but rather 
had more domains in the distal regions (> 3 kb from the 
TSS) (Fig. 4a), pointing to a relatively special chromatin 
modification state with a wider range of H3K4me3-mod-
ified genetic locations at this early stage of embryonic 
tail morphogenesis. In contrast with H3K4me3, the 
reduction of H3K27ac domains did not exhibit any obvi-
ous regional preference, and the non-TSS-containing 
class (mainly the distal ones) were always in a majority 
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(Fig.  4a), which concurred with the characteristic of 
H3K27ac for marking active enhancers (typically distant 
from the TSSs) [95, 96]. Additionally, for both modifica-
tions, the TSS-containing class tended to have a larger 
width than the non-TSS-containing class irrespective 
of the developmental stage (Additional file  1: Fig. S3), 
perhaps suggesting a relatively richer distribution of 

cis-regulatory activities in the regions around TSSs (typi-
cally considered as promoters).

By integrating the biological replicates of all stages, 
a total of 78,631 and 65,591 domains were identified 
respectively for H3K4me3 and H3K27ac (Fig.  4c). To 
evaluate the modification level changes of the domains 
during embryonic tail morphogenesis, the analyses of 

Fig. 4 Decline in genomic H3K4me3 and H3K27ac modification of T1 during embryonic tail morphogenesis. a Statistics of the count of H3K4me3 
and H3K27ac domains identified at each sampling stage. b Statistics of the genome-wide coverage rate of H3K4me3 and H3K27ac domains 
identified at each sampling stage. c Total identified domains of H3K4me3 and H3K27ac after intertemporal merging and genomic annotation. 
The proportions of different genomic classes are indicated. d DMD analysis between every two stages respectively for H3K4me3 and H3K27ac. 
Fold change > 2, FDR < 0.05. The DMD counts of each comparison are indicated. e Statistics of the downregulated DMDs adjacent to the genes 
participating in the fundamental BPs relevant to embryonic tail morphogenesis, respectively in the proximal region for H3K4me3 and in the distal 
region for H3K27ac, based on the results of the analysis in d. The BP terms shown here are identical to those in Fig. 1g (upregulated in T1 vs. T2). 
Counts of downregulated adjacent DMDs are indicated for each BP term. Proximal and distal regions are delimited by the distance flanking TSS 
as presented in brackets for a, c and e, and so is the downstream region by the bracketed distance to the last exon for c 
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differentially modified domains (DMDs) were performed 
between every two stages (fold change > 2, FDR < 0.05). 
In line with the significant downward trend of genomic 
modifications, the downregulated DMDs invariably occu-
pied a majority in any stage comparison for H3K4me3 
and especially H3K27ac (Fig.  4d). Also, correspond-
ing to the sharp decline of modifications that occurred 
preferentially between E10.5 and E12.5, both H3K4me3 
and H3K27ac showed much more abundant modifica-
tion changes with an overwhelming majority of down-
regulated DMDs (83.4 and 98.0%, n = 57,508 and 10,920, 
respectively) during the earlier period (E12.5 vs. E10.5) 
as compared with those during the later period (E14.5 
vs. E12.5) (Fig. 4d). Here, we followed the downregulated 
DMDs with interest, given that the expression of genes 
promoting tail morphogenesis generally decreased over 
time in the T1 area, theoretically along with the activity 
and epigenetic mark of relevant promotive CREs includ-
ing promoters and enhancers. Indeed, numerous down-
regulated DMDs were linked to genes involved in the 
essential BPs dominating embryonic tail development 
by annotation to the nearest TSS. Of these, the distal 
H3K27ac ones as putative enhancers were downregulated 
primarily during the earlier period as expected, whereas 
the downregulation of those H3K4me3-modified in the 
proximal regions appeared to display a relative delay with 
a preponderance of downregulated DMDs during the 
later period (Fig.  4e). This could suggest a tendency to 
be temporally out-of-sync between the active epigenetic 
de-modifications of promoters and enhancers associated 
with the fundamental BPs responsible for tail morpho-
genesis, when the BPs decline gradually in T1 over devel-
opmental time.

Trans‑ and self‑regulation of the blue module
For exploring the potential mechanisms modulating 
embryonic tail morphogenesis based on the active epi-
genetic atlases identified above, we paid close attention 
to the domains annotated to genes within the blue mod-
ule. Among the H3K4me3 and H3K27ac domains linked 
to the blue module, most (638/731 and 383/607, respec-
tively) were significantly downregulated during tail mor-
phogenesis (E14.5 vs. E10.5), which we then preferentially 
focused upon as stated earlier. Furthermore, of these, 
the downregulated ones of H3K4me3 located in proxi-
mal regions (n = 185) and of H3K27ac wholly (n = 383) 
were then selectively merged based on their genomic 
interval locations to obtain a total of 487 domains as 
the putative CRE profile of the blue module, given that 
H3K4me3 marks the active promoters and H3K27ac 
can be enriched in both promoters and distal CREs (i.e., 
enhancers) [93, 95, 97]. Since promoter and enhancer 
regions are generally rich in the specific binding sites of 

TFs that actuate the expression of corresponding genes in 
trans [98, 99], we performed a motif enrichment analysis 
on the 487 putative CREs and obtained the predicted TFs 
modulating blue module expression. GO analysis of the 
predicted TF list indicated significant associations with 
the BPs of tissue morphogenesis, stem cell population 
maintenance, cell fate commitment, regionalization (clus-
tering with somitogenesis term in the GO enrichment 
network), muscle structure development, etc. (Fig. 5a and 
Additional file 1: Fig. S4), which actually occur in T1 for 
embryonic tail morphogenesis.

To help to explain the high coexpression state of blue 
module genes, we also attempted to parse out the key 
TF genes within the module itself, which could drive 
the expression of total modular genes to a large extent 
via their products acting in trans. It was noted that, of 
the motif-enriched TFs predicted to regulate blue mod-
ule expression, 10 had their (mouse orthologous) cod-
ing genes included in the module. Further, 6 of the 
TF genes were expressed with a relatively high IEL 
in T1, viz. Msgn1, Tbx6, Cdx2, Sp5, Cdx4, and Cdx1 
(IEL-T1 = 1.980, 1.781, 0.962, 0.941, 0.755, and − 0.435 
(zFPKM value), respectively) (Fig.  5b), suggesting that 
they might be a priori putative internal drivers facilitating 
gene coexpression within the blue module. According to 
previous studies, all these 6 driver genes possess tail bud-
specific expression and have been shown, by reference 
to their mutant data [49, 52, 69–72], to participate in the 
regulation of the fundamental BPs relevant to embry-
onic tail morphogenesis (Fig. 3a). Importantly, they also 
share another common point of significance, i.e., having 
been demonstrated/proposed as essential effectors at the 
downstream of Wnt(3a) signaling pathway [24, 25, 51, 
72, 100–102] which dominates embryonic caudal devel-
opment [23, 26, 101], implying an essential effect of the 
Wnt(3a) signaling pathway potentially on the expression 
modulation of the overall blue module.

Moreover, based on the information of putative bind-
ing interactions between TFs and true-positive sequences 
of CRE domains as indicated in the motif enrichment 
analysis, a presumptive trans-acting network of the 6 
TF drivers could be constructed with regard to the self-
regulation of the blue module. In the network, numer-
ous modular gene loci (n = 79, for those highly expressed 
genes of the top 100 set ranked by the zFPKM value of 
IEL-T1) were speculated to be targeted via binding to 
their linked CRE domains in a proximal and/or distal 
trans-regulatory manner by the products of driver genes 
(Fig. 5c). Moreover, the targeted modular genes included 
many ligand genes of the Wnt, Fgf, and Notch signaling 
pathways (Fig. 5c), possibly suggesting the self-feedback 
regulation of the Wnt signaling pathway during embry-
onic tail morphogenesis and its regulatory effects on 
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other vital signaling pathways responsible for normal tail 
development, via the downstream effector genes of Wnt 
such as these TF drivers. In general, the putative CRE 
profile of the blue module potentially provides valuable 

clues for studying the complicated regulatory mecha-
nisms of the genes and relevant signaling pathways that 
participate in embryonic tail morphogenesis.

Fig. 5 Trans-regulation of blue module gene expression. a GO enrichment network of the TFs whose binding motifs are enriched 
within the putative CREs responsible for regulation of blue module gene expression. Nodes represent enriched BP terms, and their sizes positively 
correlate with the gene counts enriched in specific terms. Terms were grouped into clusters based on their membership similarities, and the most 
statistically significant term within a cluster was chosen to represent the cluster. Only the clusters relevant to the BPs involved in embryonic 
tail morphogenesis are shown here, with the apparently irrelevant ones labeled as ‘Others’. b The 6 TFs with their binding motifs enriched 
within the putative CREs regulating blue module gene expression, which are also (homologously) encoded in the blue module, with a relatively 
high IEL (measured by the zFPKM value at E10.5) in T1 transcriptome data. For the curve diagrams of gene expression, the y-axis represents 
the 2^zFPKM values (n = 3 for each sampling type, Additional file 8: Table S44), whose mean is shown at each stage. c Self-regulation network 
construction for blue module with the 6 TF genes indicated in b as drivers, based on the presumed interactions between these TFs and their 
corresponding true-positive sequences of motif enrichment among the putative CREs regulating blue module gene expression. The blue module 
genes highly expressed within the top 100 set (ranked by the zFPKM value at E10.5 in T1) are selectively shown here. The ligand genes of Wnt, Fgf, 
and Notch signaling pathways are indicated (red italics). In the illustration of the types of targeting location (upper right corner), proximal and distal 
locations are delimited by the distance flanking TSS annotated in brackets. For either the TF genes (orange, inner) or other member genes (blue, 
outer) in the network diagram, node sizes are indicative of the counts of nodes’ linked edges that represent the presumed regulatory relationships 
between genes
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Discussion
Compared to other appendages of vertebrates (i.e., the 
forelimbs and hindlimbs), the tail has always received rel-
atively lower scientific attention. Not simply a late-stage 
product of the posterior extension of body axis, the tail is 
an organ essential for the environmental adaptation and 
survival habits of animals. Until recent years, scientists 
in related fields have called for more research on the tail 
as a relatively independent object, considering its impor-
tance, trait diversity, and contribution in biomimetic 
applications [103, 104]. In this study, we designed a series 
of transcriptome sequencing and epigenome sequencing 
of active histone modifications focused on the process 
of tail morphogenesis, in order to systematically analyze 
this highly conserved developmental procedure with 
the widely applied high-throughput omics sequencing 
measures.

WGCNA analysis helped to reveal the specific gene set 
involved in tail morphogenesis, which included numer-
ous known regulatory genes playing important roles in 
the related BPs, showing a significant consistency with 
the results in previous studies. Typically, the transcrip-
tion factor gene T, also known as Brachyury/Tbxt, was 
indicated as one of the hub genes presenting high con-
nectivity within the coexpression network of the gene 
set. According to existing literature, T gene function is 
vital for embryonic development including tail morpho-
genesis, during which T is indispensable for tail noto-
chord development [46, 105] and can regulate the Wnt 
signaling pathway responsible for the formation of par-
axial mesoderm [54, 106]. The mutations of T gene have 
proven to be the cause of abnormal tail (length) develop-
ment in many mammals [107–109], and the generation of 
its novel type of spliced transcripts has been revealed to 
be the fundamental evolutionary mechanism for the tail 
loss in humans and apes [110]. This detail of our analy-
sis results is well aligned with the hub status of T gene 
in modulating tail morphogenesis. Interestingly, based 
on the results of motif enrichment analysis on the associ-
ated CRE domains, the transcription factor T/Brachyury/
Tbxt was not predicted to directly play roles in regulating 
the gene coexpression of the blue module, whereas the 
speculated modular driver TF genes point to the impor-
tant regulatory role of Wnt signaling pathway in the gene 
coexpression of the entire module. This may suggest that 
T gene is at a relatively upstream position in the regula-
tory network controlling tail morphogenesis, and its pro-
found effects tend to strongly rely on the downstream 
signaling pathways (such as Wnt) and related TF effector 
genes, as summarized in [25].

Our transcriptome data reveals numerous novel pro-
tein-coding genes with enriched expressions in tail bud, 
and the validated specific expression patterns suggest 

their involvement in the relevant BPs. Also, it reminds 
us to consider the role of lncRNA genes in regulating the 
tail development. Based on the current understanding of 
lncRNA loci in modulating the expression of neighbor-
ing protein-coding genes [91, 111], it should be inevitable 
that lncRNA loci participate in and play a certain regu-
latory effect in tail morphogenesis, at least for the ones 
neighboring the important protein-coding genes respon-
sible for the fundamental BPs dominating tail formation. 
It may be an interesting research direction, but there is 
currently a lack of exploration.

The overall decrease in the level of genome-wide active 
histone modifications was indicated as an evident char-
acteristic of the developing tail tip tissues of embryos. 
As the tissue differentiation and maturation proceed, 
the genome-wide H3K27ac modification level declines 
significantly, meaning that a huge number of putative 
enhancers are downregulated in activity and may fur-
ther get resolved into heterochromatin from the poised 
state. Given the prevalence of H3K4me3 signal existing at 
highly active enhancers [112, 113] and its loss during the 
resolution of poising [114], the pronounced reduction of 
H3K4me3 signal away from genes may be correlated with 
a decrease in H3K4me3 signal at the enhancers. Based 
on the compositions of tail tip tissues of T1 samples at 
the different stages for CUT&Tag-seq, it could be theo-
retically inferred that the widespread downregulation of 
both active histone modifications should primarily occur 
in the tail bud region, which contains the precursor cell 
populations and abundant differentiating offspring cells 
for tail morphogenesis. Therefore, it seems interesting 
to analyze the epigenetic modification information of 
embryonic tail tip tissues, especially the tail bud, at the 
cell-type level in the subsequent work.

Overall, our multi-omics analyses yield new insights 
into the genetic modulation of vertebrate/mammalian 
tail development, as a basic data resource of exploitable 
values for relevant research. Yet, the present study may 
also have some limitations. For instance, the sampling 
strategies for sequencing just roughly utilized the differ-
ences in tissue composition of embryonic tail tip among 
the developmental stages, employing a simplification to 
sample the tail tip regions of the same physical length (≈ 
1 mm) at each stage or position, without accurately quan-
tifying the count of somites contained in each sampling 
type, which might vary depending on the stage or posi-
tion. Given the general high degree of structural simi-
larity among the determined somites, the overlook for 
this detail might not have actually caused interferences 
with the subject. Additionally, our multi-omics data was 
obtained at the bulk levels, so the genetic/genomic infor-
mation indicated by the analyses could not be intuitively 
associated with specific cell types or tissue locations, 
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which however is able to be efficiently addressed utiliz-
ing single-cell and spatial transcriptome techniques. As 
an important breakthrough point for studying the genetic 
regulatory mechanisms underlying the tail morphogen-
esis procedure, the associated CREs identified by the 
CUT&Tag-seq may further require their corresponding 
three-dimensional genomic information, which could 
be acquired by the Hi-C sequencing techniques, to help 
achieve a more accurate genetic annotation for them. 
Therefore, the new path of utilizing high-throughput 
omics sequencing methods to explore the genetic mecha-
nisms of the development of vertebrate/mammalian tail 
still has a lot of research work to be carried out, and the 
present study is only a foundational step at the beginning.

Conclusions
Utilizing systematic transcriptome and CUT&Tag 
sequencing approaches, the present study character-
izes the gene expression and chromatin state dynam-
ics that correlate with embryonic tail morphogenesis in 
the mouse, and identifies candidate genes and CREs that 
reveal novel molecular markers and potential regulatory 
mechanisms from non-coding chromatin regions for this 
evolutionarily conserved process. Our multi-omics anal-
yses provide new insights into the genetic modulation of 
vertebrate/mammalian tail formation and serve as a fun-
damental data resource with exploitable value for future 
research.

Methods
Mouse model
All the mice used in present study were on the genetic 
background of wild-type C57BL/6 J and were purchased 
from Liaoning Changsheng Biotechnology Co. LTD 
(Benxi, China). Mouse care and all the experimental 
procedures were conducted in compliance with relevant 
guidelines (see our declaration related to ethics approval).

Sampling for high‑throughput sequencing
For the transcriptome sequencing, 3 pregnant females 
were identified by abdominal morphology at each embry-
onic stage of E10.5, E11.5, E12.5, E13.5, E14.5, and E15.5, 
and were dissected to harvest embryos after sacrifice 
under deep anesthesia. Embryos were washed at least 3 
times in precooled phosphate buffered saline (PBS) to 
remove maternal blood. For each embryo, the tail termi-
nal region of ≈ 1 mm length, termed T1, was excised and 
transferred to a 1.5-ml Eppendorf (EP) tube filled with 
RNAlater stabilization solution (Invitrogen, AM7021). So 
was a tail region of ≈ 1 mm length proximally contiguous 
to T1, termed T2, using another 1.5-ml EP tube with an 
identical stabilization solution. The sampling procedure 
was performed strictly on ice, and in principle for either 

of T1 and T2, the tissue blocks from the litter embryos 
(n = 6 ~ 8) were integrated in the same tube as one bio-
logical replicate sample. Three replicates were obtained 
for T1 and T2 at each stage. Samples were then stabilized 
overnight at 4℃ and stored temporarily at − 30℃.

For the CUT&Tag-seq of H3K4me3 or H3K27ac his-
tone modification, embryos were harvested at each stage 
of E10.5, E12.5, and E14.5 from pregnant females dis-
sected after sacrifice under deep anesthesia, and were 
washed at least 3 times in precooled PBS. On ice, the T1 
region was sampled and transferred into a 2-ml cryovial 
half-filled with PBS. Every 30 tissue blocks of the same 
stage were collected into a cryovial as one biological 
replicate, and 3 replicates were prepared for each stage. 
After the removal of PBS, the cryovials were immediately 
immersed in liquid nitrogen for flash freezing and short-
term storage.

RNA extraction
All operations were performed on ice or at 4℃. Samples 
stabilized in RNAlater solution were transferred to 1 ml 
TRIzol reagent (Invitrogen, 15,596,026), homogenized 
by means of a SCIENTZ-48 tissue grinder with small 
steel balls, and then mixed with 200 μl chloroform with 
shaking, followed by standing for 3 min and centrifuga-
tion at 13,000 rpm for 15 min. The supernatant was care-
fully transferred into a new 1.5-ml EP tube, then mixed 
with isochoric 70% ethanol, and further transferred to a 
spin column of RNeasy Mini Kit (Qiagen, 74,104). Sub-
sequently, total RNA was purified according to the pro-
tocol of Kit (HB-0570–003) and finally eluted with 30 μl 
RNase-free water. RNA integrality and contamination 
were monitored on 1% agarose gels, and RNA purity was 
checked using a Thermo Scientific NanoDrop-2000 spec-
trophotometer. RNA samples were then stored at − 80℃.

Transcriptomic library preparation and sequencing
RNA integrity was further assessed using the Agilent 
Bioanalyzer 2100 system. At least 1  μg total RNA per 
sample was used as input material for library preparation. 
The NEBNext UltraTM RNA Library Prep Kit for Illu-
mina was used to generate sequencing libraries following 
the manufacturer’s recommendations. Briefly, mRNAs 
were purified from total RNA using Oligo(dT)-attached 
magnetic beads, and then fragmented using divalent 
cations at elevated temperature in NEBNext First Strand 
Synthesis Reaction Buffer (5 ×). First-strand cDNA was 
then synthesized with M-MuLV reverse transcriptase 
 (RNaseH−) and random hexamer primers. With RNaseH 
digestion, second-strand cDNA was subsequently syn-
thesized using DNA Polymerase I. After the double-
stranded cDNA was purified, remaining overhangs were 
converted into blunt ends by exonuclease/polymerase 
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activities, followed by adenylation of 3’ ends of DNA frag-
ments and ligation with sequencing adapter. The library 
fragments were then purified using the Beckman Coul-
ter AMPure XP system to collect the cDNA fragments of 
preferentially 250 to 300  bp in length. The size-selected 
and adaptor-ligated cDNA was treated with NEB USER 
Enzyme at 37℃ for 15  min followed by 5  min at 95℃, 
and subsequently amplified with Phusion High-Fidelity 
DNA polymerase, Universal PCR primers, and Index (X) 
primer. Finally, amplified products were purified by Beck-
man Coulter AMPure XP system, and library quality was 
assessed with the Agilent Bioanalyzer 2100 system. The 
clustering of the index-coded samples was performed on 
a cBot Cluster Generation System using Illumia TruSeq 
PE Cluster Kit v3-cBot-HS. The cDNA libraries were 
then sequenced on an Illumina Novaseq platform, and 
150-bp paired-end reads were generated.

CUT&Tag library preparation and sequencing
CUT&Tag assays were performed as described previ-
ously [115]. Briefly, T1 samples were homogenized and 
nuclei were extracted. Approximately 50,000 nuclei were 
collected and incubated with Concanavalin A-coated 
magnetic beads for 15  min at room temperature. Bead-
bound nuclei were then resuspended and incubated 
with H3K4me3 Rabbit pAb (1:100, Abcam, ab8580) or 
H3K27ac Rabbit pAb (1:100, Abcam, ab4729) overnight 
at 4℃. The magnetic stand was used to remove unbound 
antibodies, and the nuclei were incubated with Goat anti-
Rabbit IgG H&L (1:100, ABclonal, AS014) for 30 min at 
room temperature. After several washes using the mag-
netic stand, the nuclei were incubated in pA-Tn5 adapter 
complex preparation for 1  h at room temperature, fol-
lowed by removal of unbound pA-Tn5 proteins. The 
nuclei were resuspended and incubated in tagmentation 
buffer for 1 h at 37o; the mixture was then treated with 
Proteinase K to stop tagmentation. Afterwards, DNA was 
extracted using Beckman Coulter AMPure XP beads and 
amplified with NEBNext HiFi 2 × PCR Master Mix, uni-
versal i5 primer, and uniquely barcoded i7 primer. After 
the purification of amplified products with AMPure 
XP beads, library quantity was determined by Life Inv-
itrogen Qubit 3.0, whereas library quality was assessed 
by the Agilent Bioanalyzer 2100 system. Libraries were 
sequenced on an Illumina Novaseq 6000 platform using 
the PE150 method.

cDNA preparation and riboprobe synthesis
Using the BeyoRT First-Strand cDNA Synthesis Kit 
(Beyotime, D7166), cDNA was prepared with total RNA 
extracted from the T1 of E10.5, and was then used as a 
template to amplify the probe sequences designed for 
in  situ hybridization with Ex Taq DNA Polymerase 

(TaKaRa, RR001A) and specific primers (SP6-prefixed 
for the reverse ones, Additional file 2: Table S5). Ampli-
fied fragments were purified by PCR Clean Up Kit 
(Beyotime, D0033), and used as templates for antisense 
riboprobe synthesis by DIG RNA Labeling Kit (Roche, 
11,175,025,910, using the SP6 RNA polymerase). Ribo-
probes were purified with a RNA Probe Purification Kit 
(Omega, R6249), then quantitated by Thermo Scientific 
NanoDrop-2000 spectrophotometer, mixed well with iso-
choric prehybridization solution, and stored at − 30℃.

In situ hybridization
Whole-mount in  situ hybridization was performed by 
integrating previous protocols [116, 117]. Embryos were 
harvested at E10.5, washed 3 times in cold PBS, and fixed 
overnight in 4% paraformaldehyde (PFA) in PBS at 4℃. 
After the removal of PFA by three cold PBTX (PBS + 0.1% 
Triton X-100) washes, embryos were dehydrated through 
a PBTX-methanol series and stored at − 30℃ in 100% 
methanol. For hybridization, embryos were rehydrated 
through a methanol-PBTX series, bleached in 6% hydro-
gen peroxide in PBTX for 1 h, and then washed twice in 
PBTX. After treatment with 10  μg/ml proteinase K in 
PBTX for 15  min at room temperature and two gentle 
PBTX washes, embryos were re-fixed with 4% PFA/0.2% 
glutaraldehyde in PBTX for 20  min and washed twice 
in PBTX. Embryos were transferred to prehybridization 
solution for 2 h at 68℃, followed by overnight incubation 
with the hybridization solution containing 500  ng/ml 
digoxigenin-labeled riboprobe at 68℃. The next day, after 
the recovery of riboprobe solution, embryos were washed 
7 times (30  min each) with 2 × saline sodium citrate 
(SSC)/50% formamide/0.1% Triton X-100 at 68℃, and 
then gradiently transferred to maleic acid buffer/0.1% 
Triton X-100 (MABTX) at room temperature, followed 
by blocking treatment with 10% goat serum (Solar-
bio, SL038)/2% blocking reagent (Roche, 11096176001) 
diluted in MABTX for 2 h at 4℃. Subsequently, embryos 
were incubated with an anti-digoxigenin primary anti-
body conjugated to alkaline phosphatase (Roche, 
11093274910) at a concentration of 1:2000 in 2% blocking 
reagent in MABTX overnight at 4℃ with rocking. The 
following day, embryos were washed 6 times (1  h each) 
in MABTX at room temperature, and then washed over-
night in MABTX at 4y antibody conjugated to alkaline 
phosphatase (Roche, 11093274910) at a concentration 
of 1:2000 in 2% blocking reagent in MABTX overnight 
at 4℃42074001), and then washed 3 times in PBTX. 
Lastly, embryos were post-fixed with 4% PFA, washed 
twice in PBTX, and transferred to 100% glycerol through 
a PBTX-glycerol series for storage and convenient imag-
ing. Embryos were imaged using an Olympus SZX7 ste-
reo microscope and a FluoCa BioHD-C20 digital camera. 
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A minimum of four embryos were processed for each 
riboprobe.

Transcriptome data processing and analysis
The FASTQ files of all samples were evaluated for qual-
ity control using FastQC [118] (v0.11.9). According to the 
results of FastQC, we further used TrimGalore (v0.6.4_
dev) to trim FASTQ clean data with the parameters of “–
quality 25 –stringency 4 –length 30 –clip_R1 10 –clip_R2 
10 -e 0.1 –paired –phred33 –gzip.” Sequence alignments 
were performed on all clean reads using HISAT2 (v2.1.0) 
with default parameters and the reference genome of 
GRCm38/mm10. Gene expression of RNA-seq was 
quantified using featureCounts (v2.0.1). DEG analyses 
were performed using edgeR (v4.0.16), with a multiple-
factor analysis approach that included sampling stage 
and sampling position as factors in the design matrix. 
The functions of normLibSizes, estimateDisp, glmQLFit, 
glmQLFTest, and topTags in edgeR were used for nor-
malization, dispersion estimation, hypothesis testing, and 
extraction of DEGs (log2(fold change) > 2, FDR < 0.05). 
Further, DEGs were filtered by zFPKM > − 3 (the thresh-
old for considering the genes actually expressed [119]) at 
least in one of the two compared samplings to obtain the 
final DEG set for each comparison.

WGCNA analysis and hub gene screening
Using the R package WGCNA (v1.70–3), WGCNA anal-
ysis was performed based on the DEG sets of T1 vs. T2 at 
all sampling stages. The values of 2^zFPKM of the DEGs 
were input for WGCNA analysis and were used for dis-
tance matrix computation to perform hierarchical clus-
ter analysis, and no obvious outliers were indicated in 
the sample clustering (Additional file 1: Fig. S5). The cor-
relation between modules and traits was calculated. For 
the interesting gene module (blue), the visual software 
Cytoscape [120] (v3.7.2) was used for network construc-
tion, and its cytoHubba plug-in was utilized to calculate 
gene node scores by the maximal clique centrality (MCC) 
algorithm. The higher score of MCC, the greater weight 
of node gene in the network. Based on the ranking of 
MCC scores, the top genes were recruited as the hub 
ones in the module (the top 30 here for the blue module).

CUT&Tag‑seq data processing and analysis
Raw data of FASTQ files were filtered using TrimGa-
lore software to obtain clean data with the param-
eters of “–quality 25 –stringency 4 –length 30 -e 0.1 
–paired –phred33 –gzip,” and FastQC was used for 
quality control before and after data filtering. Clean 
reads were mapped to GRCm38/mm10 using Bowtie2 
(v2.4.1) with the parameters of “-I 10 -X 700 –phred33 
–end-to-end –very-sensitive –no-unal –no-mixed 

–no-discordant.” Briefly, we removed the reads from 
mitochondrial genome, included the reads with mapping 
quality (MAPQ) > 30, and removed duplicates by Picard 
(v2.23.8). Detailed statistical information of the reads 
of all samples is supplied in the supplementary materi-
als (Additional file  2: Table  S6). The length distribution 
of aligned fragments was assessed, and all the samples 
were confirmed to achieve a successful CUT&Tag experi-
ment, with typical zigzag curves that peaked around 
the (multifold) length of nucleosomal DNA (Additional 
file 1: Fig. S6). We performed the peak calling analysis on 
CUT&Tag-seq data using MACS2 (v2.2.7.1) according to 
the code of “macs2 callpeak -p 1e-3 -g mm -f BAM -B –
keep-dup all” (Additional file 2: Table S7), and annotated 
the peak sets by ChIPseeker (v1.26.2) and ChIPpeakAnno 
(v3.24.2). The correlation and PCA clustering analyses 
on samples were performed using affinity data for all 
domains, both of which indicated an obvious straying of 
H3K4me3 E10.5–2 sample from the other two replicates 
(Additional file 1: Fig. S7), and hence this sample was dis-
carded in the subsequent analyses. All the samples uti-
lized in the present study exhibited evident enrichment 
of H3K4me3/H3K27ac signal around TSSs (Additional 
file 1: Fig. S8 and Fig. S9), matching the genomic distribu-
tion characteristics of the both modifications. The DMDs 
(fold change > 2 and FDR < 0.05) between every two sam-
pling stages were identified in a single test using stage as 
a factor with three levels (E10.5, E12.5, E14.5), by the R 
package DiffBind (v3.0.15).

GO and KEGG enrichment analyses
All the GO and KEGG enrichment analyses in the pre-
sent study were performed online using Metascape [121] 
(https:// metas cape. org/ gp/ index. html#/ main/ step1). 
Associated significant results are shown in the sup-
plementary materials for the GO enrichment analyses 
respectively on the DEGs consistently up/downregu-
lated during E10.5 ~ E12.5 in T1 vs. T2 (Additional file 3: 
Table  S8 and Table  S9), the DEGs up/downregulated 
at each sampling stage in T1 vs. T2 (Additional file  4: 
Table S10-S21), the DEGs up/downregulated in the other 
sampling stages vs. E10.5 within the T1 region (Addi-
tional file  5: Table  S22-S31), the genes in each module 
of WGCNA analysis (Additional file  6: Table  S32-S38) 
and the predicted TFs regulating blue module expres-
sion (Additional file  7: Table  S39), and for the KEGG 
pathway enrichment analysis on the genes (the positive-
correlated ones, n = 179) in blue module (Additional 
file 7: Table S40). The gene lists of GO terms involved in 
the analysis of downregulated DMDs of histone modi-
fications were downloaded from the GO database [122, 
123] (http:// geneo ntolo gy. org/). The map information of 
the KEGG pathways enriched in the blue module was 
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acquired from the KEGG database [60] (https:// www. 
kegg. jp/ kegg/ pathw ay. html).

Motif enrichment analysis and putative trans‑regulatory 
network construction
The motif enrichment analysis on the 487 putative CREs 
linked to blue module genes was performed online using 
the Analysis of Motif Enrichment (AME, v5.5.7) tool in 
the MEME Suite [124] (https:// meme- suite. org/ meme/ 
tools/ ame), with the motif database of JASPAR CORE 
(2022) vertebrates, average odds scoring method of 
sequence, and Fisher’s exact test. The motif logos used 
in the figure were acquired from the JASPAR database 
[125] (https:// jaspar. elixir. no/). When using the AME 
tool online, all the primary sequences (input) are “labeled 
as positive”, whereas all the control sequences (shuf-
fled input sequences) are “labeled as negative”. Then, 
sequences with Position Weight Matrix (PWM) score 
greater than or equal to the optimal threshold (PWM_
min) are “classified as positive”, thus defining the “true 
positive” (both labeled and classified as positive) for 
the primary sequences (input), but the “false positive” 
(labeled negative but classified as positive) for the con-
trol sequences—please refer to the sample output page of 
AME online (https:// meme- suite. org/ meme/ doc/ examp 
les/ ame_ examp le_ output_ files/ ame. html) for more infor-
mation. For the construction of putative trans-regulatory 
networks within the blue module, the presumed bind-
ing interactions between the 6 driver TFs and their cor-
responding true-positive CRE sequences indicated in the 
motif enrichment analysis, were utilized. Combining with 
the genetic annotation result of the CRE sequences, the 
predicted trans-regulatory relationships between the TFs 
and the corresponding target genes were then obtained 
for the network construction. The targeting manner was 
classified (proximal or distal) according to the genetic 
location of CREs relative to the TSSs. The network dia-
gram was plotted using Cytoscape [120] (v3.9.1).
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