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Abstract 

The evolution of limb morphology plays an important role in animal adaptation to different ecological niches. To fully 
adapt to aquatic life, cetaceans underwent hindlimb degeneration and forelimb transformed into flipper; however, 
the molecular mechanisms underlying the limb changes in cetaceans remain unclear. We previous study had shown 
that the Tbx4 hindlimb enhancer A (Tbx4-HLEA) in cetaceans exhibited specific deletions and nucleotide substitutions, 
with significantly reduced regulatory activity. To further investigate whether cetacean HLEA has a potential impact 
on hindlimb development in vivo, a knock-in mouse model was generated by knocking in the homologous ceta-
cean HLEA in the present study. Phenotypic analysis showed a significant reduction in hindlimb bud development 
in homozygous knock-in mice at embryonic day (E)10.5; however, the phenotypic difference was rescued after E11.5. 
Transcriptomic and epigenetic analyses indicated that the cetacean HLEA acts as an enhancer in the mouse embryos 
and significantly reduces the transcriptional expression levels of Tbx4 at E10.5, supporting that downregulation 
of cetaceans HLEA regulatory activity reduces the expression of Tbx4. Additionally, both the number of activated non-
coding elements and chromatin accessibility near Tbx4 were increased in homozygous knock-in mice at E11.5. The 
functional redundancy of enhancers compensated for the functional defect of cetacean HLEA, rescuing the expres-
sion level of Tbx4, and may account for the phenotype restoration after E11.5. In conclusion, our study suggested 
that the evolution of cetacean HLEA may be an important link with relevant molecular mechanism for the hindlimb 
degeneration.
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Introduction
In the complex natural environment, diversification of 
limb morphology is particularly important for better 
survival and movement of animals. Cetacea (whales, dol-
phins and porpoises), originated from a clade of ances-
tral artiodactyl about 50 million years ago, fully adapted 
to the aquatic environment through secondary entry 
into the water [1, 2]. In order to improve hydrodynamic 
swimming efficiency, their somatotype evolved into 
streamlined morphology, especially with the hindlimb 
degeneration and the flipper-like forelimb, with evidence 
for the dramatic change in somatotype from a wealth 
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of fossils during the Eocene (56 to 34 million years ago) 
[3–5]. Although the molecular mechanisms of verte-
brate limb development have been minutely explained 
in model species such as mice and chickens, the relevant 
molecular evolutionary mechanisms underlying hindlimb 
degeneration in cetaceans remain largely unknown [6, 7].

Vertebrate limb development involves two signaling 
centers (the apical ectodermal ridge, AER and the zone 
of polarizing activity, ZPA) and three axes (the proximo-
distal axis, the antero-posterior axis, and the dorso-ven-
tral axis) [8]. These important biological processes are 
tightly regulated by tissue-specific transcriptional regu-
lators in  vivo, meanwhile signaling pathways and genes 
that regulate limb development are highly conserved in 
vertebrates [9], making it difficult to explore the molecu-
lar mechanism underlying the evolution of diverse limbs 
in different vertebrates. It has been found that muta-
tion or the absence of genes that regulate limb develop-
ment can cause limb development defects. For example, 
the hindlimb-specific transcription factor Tbx4 plays an 
important role in the developmental initiation and mor-
phological construction of hindlimb buds [10, 11]. In 
humans, Tbx4 haploinsufficiency caused small patella 
syndrome (SPS), a hindlimb specific defect [12]. Com-
plete inactivation of Tbx4 in mice resulted in embryonic 
lethality and impaired hindlimb development [13, 14]. 
However, in recent years, an increasing number of stud-
ies have shown that non-coding regulatory regions of the 
genome play an important role in the development of tis-
sues and organs (such as limbs, eyes, phallus, heart, etc.) 
[15–18]. In one of these cases, two enhancers of Tbx4—
hindlimb enhancer A (HLEA) and hindlimb enhancer B 
(HLEB)—were identified as regulators of hindlimb devel-
opment from E10.5 to E12.5, and deletion of HLEA led to 
downregulation of Tbx4 expression, resulting in abnor-
mal hindlimb development [19].

Compared with other mammals, four specific dele-
tion and substitutions have been identified in cetacean 
HLEA, and cellular functional experiments have shown 
that the ability of cetacean HLEA to drive reporter gene 
expression is significantly lower than that of mice [20]. 
Enhancers bond with transcription factors to regulate 
the expression of target genes [21]. ChIP-seq experi-
ments demonstrated that Pitx1, a transcription factor 
that specifies hindlimb morphology, could bind to HLEA 
and HLEB to regulate Tbx4 expression [22]. The reduced 
enhancing activity of cetacean HLEA may be due to 
the loss of a binding site for a key transcription factor 
involved in limb development caused by sequence dele-
tions. However, the functional significance of modified 
cetacean HLEA in the hindlimb degeneration and related 
mechanisms remains unresolved and requires further 
in vivo experiments.

In this study, the homologous cetacean HLEA was 
knocked into the genome of mice using CRISPR/Cas9 
technology. Compared with wild-type (WT) mice, the 
hindlimb buds of homozygous knock-in mice (HKM) 
were significantly reduced at E10.5. In combination 
with genomics, Cleavage Under Targets and Tagmenta-
tion (CUT&Tag) and RNA-seq, it was found that ceta-
cean HLEA also functioned as an enhancer in mice and 
regulated the expression of many genes that control limb 
development. Furthermore, phenotypic difference in the 
hindlimb buds of HKM was rescued after E11.5. Tran-
scriptome analysis showed that the number of signifi-
cantly differentially expressed genes (DEGs) decreased 
sharply at E11.5, and in particular, it became almost 
undetectable at E12.5. Meanwhile, epigenomic analy-
sis revealed an increased number of activated enhanc-
ers near Tbx4 in HKM at E11.5 compared with E10.5, 
suggesting that the functional redundancy of enhanc-
ers compensated for the functional defect of cetacean 
HLEA, thereby rescuing the expression level of target 
gene Tbx4, and further led to phenotypic recovery after 
E11.5. Therefore, the evolution of HLEA may be part of a 
molecular mechanism related to hindlimb degeneration 
in cetaceans.

Results
Construction of a cetacean Tbx4‑HLEA knock‑in mouse 
model
We designed a homologous recombination vector (HRV) 
containing a 1.1 kb sequence of cetacean HLEA (Fig. 
S1A). The HRV was then injected into C57BL/6J mouse 
zygotes to achieve editing of the HLEA locus, enabling 
phenotypic and omics analyses (Fig. 1A). The genome of 
the offspring obtained from mating heterozygous mice 
was extracted and used as a template for polymerase 
chain reaction (PCR), and the homozygous mice were 
successfully identified (Fig. S1B). In order to verify the 
integrity of the editing site, we designed the same pair 
of primers to amplify the 1.3 kb target sequence from 
the WT and HKM genome, and the complete cetacean 
HLEA and four specific deletions were successfully iden-
tified in HKM genome (Fig.  1B). In addition, H3K27ac 
and H3K4me1 for CUT&Tag were selected to further 
confirm if cetacean HLEA exhibited enhancer activity 
in HKM, and it was shown that significant signal peaks 
were observed in the target region (chr11:85876050–
85877122) (Fig.  1C, and Table  S1). Based on the analy-
sis principle of DESeq (method), the enrichment ratios 
of H3K27ac and H3K4me1 were logFC = − 0.315163887 
and logFC = 0.18613584, respectively, suggesting that 
the enhancer activity of HLEA was not species-specific 
between mice and cetaceans (Fig. 1D, and Table S1).
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Cetacean HLEA homozygous mice exhibited 
developmental delay in hindlimb buds at E10.5
To further investigate the effect of cetacean HLEA on 
limb development in mice, hindlimb buds were sepa-
rated along the body axis for detailed characterization 
(Fig.  2A). The hindlimb buds of embryos (n = 26) for 
both WT and HKM were measured at E10.5 (Figs. S2A, 
S2B, and Tables S2, S3, S4), and the results showed that 

the hindlimb buds of HKM (right: Mean = 1.45524 mm2, 
left: Mean = 1.46457 mm2) were significantly smaller 
than those of WT (right: Mean = 1.67924 mm2, left: 
Mean = 1.68793 mm2, right p-value = 0.0026 and left 
p-value = 0.0023) (Fig. 2B). To confirm whether this phe-
notypic difference is retained during later stages of limb 
development, the hindlimb bud morphology was char-
acterized at E11.5 and E12.5 (Figs. S2C and S2D). The 

Fig. 1  Generating a knock-in mouse model with the cetacean HLEA enhancer and performing genotype identification. A Cas9, gRNA 
and homologous recombination vector were co-injected into C57BL/6J zygotes using the CRISPR/Cas9 system. B Based on PCR amplification 
and sequencing, the complete cetacean HLEA and four specific deletions were successfully identified in the HKM genome. C CUT&Tag 
demonstrated that the cetacean HLEA functions as an enhancer in mice (H3K27ac and H3K4me1, which are closely related to enhancer activity, 
were selected for CUT&Tag experiments. Left: WT, right: HKM). D The enrichment ratios of H3K27ac and H3K4me1 at the HLEA locus in the genomes 
of WT and HKM were calculated based on the DESeq analysis principles (details are provided in Methods section and Table S1)
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Fig. 2  Morphometric analyses of the hindlimb in WT and HKM at different developmental stages. A Dissecting the hindlimb buds of WT and HKM 
embryos using Leica Microsystems (E10.5–E12.5). Scale bar, 1:2500 μm. B–D ImageJ software was used to measure the area of hindlimb bud 
area for t-test analysis, B E10.5, C E11.5, D E12.5, Scale bar, 1:2500 μm. E Double staining of the hindlimb skeleton elements with alcian blue (blue; 
cartilage) and alizarin red (violet; bone), top: E18.5 embryos (n = 14), bottom: P1 embryos (n = 12). Pg: pelvis girdle; Fe: femur; Ti: tibia; Fi: fibula, D1-D5: 
digit1, digit2, digit3, digit4, digit5. Scale bar, 1:2500 μm. F, G Proportional results of hindlimb skeletal element lengths relative to body length (from 
the cervical to the caudal spine) at E18.5 and P1. The length of individual elements of the hindlimb skeleton was quantified using LAS X software 
(https://​www.​leica-​micro​syste​ms.​com.​cn/​cn/​produ​cts/​micro​scope-​softw​are/p/​leica-​las-x-​ls/), while body length was measured with vernier calipers 
for t-test analysis, F E18.5, G P1. Scale bar, 1:2500 μm. All the above measurements were performed in three independent replicates. The results were 
shown as Mean ± SD (standard deviation), and asterisks indicate significant differences (*: p < 0.05, **: p < 0.01, ns: Not significant)

https://www.leica-microsystems.com.cn/cn/products/microscope-software/p/leica-las-x-ls/
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hindlimb buds of HKM at E11.5 were not significantly 
different from those of the WT (Fig.  2C, Fig. S2B, and 
Tables S3, S4, S5). Since the division of the limb into sty-
lopod, zeugopod and autopod became more pronounced 
at E12.5, and the length of embryo could not be effec-
tively measured, we only measured the autopod of the 
hindlimb bud, and there was no significant difference 
between HKM and WT (Fig. 2D, Fig. S2B, and Tables S3, 
S4, S6). In addition, hypodactyly or polydactyly was not 
found in HKM compared with WT at E18.5 (Fig. 2E). By 
measuring the length of osteogenesis in the pelvic girdle, 
femur, tibia, and fibula (normalized to body size based on 
the length of the ossification), no significant difference 
was found between HKM and WT (Fig. 2F, Fig. S2E, and 
Tables S7, S8, S9). Compared with WT, postnatal day 1 
(P1) HKM still did not exhibit hypodactyly or polydac-
tyly, and meanwhile, there was no significant difference 
in the length of bone in the pelvic girdle, femur, tibia, and 
fibula (Fig. 2E, G, Fig. S2F, and Tables S9, S10, S11).

Cetacean HLEA regulated the expression of downstream 
genes resulting in hindlimb bud developmental delay 
at E10.5
RNA-seq analysis was performed for hindlimb buds from 
WT and HKM at E10.5-E12.5.  Before RNA-seq analy-
sis, HKM were confirmed using PCR and agarose gel 
electrophoresis (Fig. S3A). A total of 1214 DEGs were 
detected at E10.5, which was much more than that at 
E11.5 and E12.5, transcripts of 960 and 254 genes were 
up- and down-regulated respectively in HKM compared 
to WT (including the target gene Tbx4, FDR = 5.74E−28, 
log2FC = − 1.70773) (Fig.  3A, and Tables S12, S13 and 
S14). DEGs at E10.5 included many key genes that regu-
late limb development, such as Hoxd13, Hoxa13, Hand2, 
Fgf8, Bmp6, Pax3, etc. (Fig.  3B). The representative top 
50 most significant genes with altered expression are 
shown (Fig. 3C). In addition, gene ontology (GO) enrich-
ment analysis showed that DEGs at E10.5 were signifi-
cantly enriched in biological processes associated with 
limb development. The downregulated genes were asso-
ciated with embryonic digit morphogenesis, embryonic 
hindlimb morphogenesis, proximal/distal pattern for-
mation, limb development and osteoblast differentiation 
(Fig. 3D), while upregulated GO terms included anterior/
posterior pattern specification and Notch signaling path-
way (Fig. S3B). Meanwhile, KEGG analysis showed that 
DEGs at E10.5 were significantly enriched in MAPK sign-
aling pathway, Wnt signaling pathway, Hippo signaling 
pathway, Notch signaling pathway and Dorso-ventral axis 
formation (Fig. 3E and Fig. S3C), suggesting that cetacean 
HLEA might play a key role for limb development in the 
knock-in mice. However, thirty-four representative genes 
closely related to limb development with significantly 

altered expression at E10.5 did not show significant dif-
ferential expression at E11.5 and E12.5 (Fig.  3F, and 
Table  S15). RT-PCR further confirmed down-regulation 
of Tbx4, Hand2, Hoxd13 and Bmp6, and up-regulation 
of Hoxb9, Rarb and Pax3 at E10.5 compared with WT 
(Fig. 3G). In the knock-in mouse model, Hand2, Hoxd13 
and target gene Tbx4 began to be up-regulated at E11.5 
compared with E10.5, and there was no significant dif-
ference compared with WT at E12.5 (Fig.  3H). Taken 
together, these data suggested that cetacean HLEA may 
have caused retardation of hindlimb bud development by 
regulating the expression of downstream genes at E10.5.

The functional redundancy of potential activated 
enhancers near Tbx4 in HKM at E11.5 rescues its expression
Epigenetic analysis revealed that at E11.5, the number 
of non-coding elements (including HLEA and poten-
tial enhancers) co-marked by H3K27ac and H3K4me1 
near Tbx4 was higher in HKM than in WT (Fig. 4A, and 
Table  S16). Further analysis of the read counts in the 
same histone-marked regions in WT and HKM showed 
that, compared to WT, H3K27ac levels were signifi-
cantly increased in HKM, whereas no significant differ-
ence was observed in H3K4me1 levels (Fig.  4B). The 
result suggested that the potential enhancers near Tbx4 
in HKM may be in a more active state, thereby enhanc-
ing the regulatory potential for target genes. To further 
validate this phenomenon, Hoxd13, Msx2, and Twist1 
were selected for an analysis of histone-marked non-
coding elements. The results showed that at E11.5, com-
pared to WT, the number of histone-marked non-coding 
elements near these genes remained largely unchanged 
in HKM (Fig. S4), which is sharply in contrast with the 
changes observed near Tbx4. This finding indirectly sup-
ported that the activation and increased activity of non-
coding elements near Tbx4 may have been induced by 
the cetacean HLEA knock-in. Both RNA-seq analysis and 
RT-PCR showed that the expression of Tbx4 was up-reg-
ulated at E11.5 compared to E10.5 in the knock-in mouse 
model, which might be related to the increased num-
ber of activated non-coding elements and the enhanced 
activity of potential enhancers near Tbx4. Gene scanning 
within 200 kb upstream and downstream of the Tbx4 
transcription start site (TSS) identified a total of 7 genes, 
e.g., Bcas3, Tbx2, Gm11444, Tbx4, Brip1, Ints2, and 
Med13. These genes and activated non-coding elements 
were mapped, revealing that the majority of activated 
non-coding elements in the knock-in mice at E11.5 were 
located near Tbx4, potentially strengthening the regula-
tion of Tbx4 expression compared to WT (Fig.  4C). In 
the RNA-seq data from E10.5 and E11.5, we found that 
among the seven genes mentioned above, only Gm11444 
was not detected in the hindlimb bud, while only Tbx4 
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Fig. 3  RNA-seq analysis of downstream gene expression regulated by cetacean HLEA. A The number of DEGs between WT and HKM 
during E10.5-E12.5. B A volcano plot illustrating differentially regulated gene expression from RNA-seq analysis between WT and HKM at E10.5. 
Genes that are upregulated and downregulated are shown in red and blue, respectively. Values are presented as the log2 of tag counts. C The 
hierarchical clustering of the RNA-seq analysis results shows that the representative top 50 most significant genes with altered expression at E10.5. 
D Gene ontology (GO) functional clustering of genes that were downregulated for biological processes. E KEGG pathway analysis of downregulated 
targets in HKM transcriptome. F The hierarchical clustering of the RNA-seq analysis results shows that thirty-four representative genes closely related 
to limb development were differentially expressed at E10.5–E12.5. G RT-PCR validation analysis of the indicated genes regulated by cetacean HLEA. 
H RT-PCR validation analysis of the changes in the expression of Hand2, Hoxd13, and Tbx4 from E10.5 to E12.5. Error bar represents the Mean ± SD 
and p- value was generated by t-test. *p < 0.05; **p < 0.01
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expression exhibited a downward trend compared to WT 
at E10.5. In contrast, the difference in expression level 
of Tbx4 between HKM and WT disappeared at E11.5. 

Similarly, the expression levels of Bcas3, Tbx2, Brip1, 
Ints2 and Med13 were neither up-regulated nor down-
regulated at E11.5 (Fig.  4D). These results suggest that 

Fig. 4  Epigenetic analysis of hindlimb buds at E11.5 in HKM and WT: CUT&Tag. A Normalized H3K27ac (red), and H3K4me1 (blue) epigenetic 
signals in the region spanning 100 kb upstream and downstream of the Tbx4 TSS locus for pooled samples per group at E11.5 in the hindlimb bud 
of HKM and WT. The inverted triangles indicate overlapping peaks of H3K27ac and H3K4me1, with blue inverted triangles marking HKM-specific 
overlapping peaks that are absent in WT. Furthermore, these HKM-specific peaks do not overlap with the coordinates in the ENCODE public dataset. 
Top: WT, bottom: HKM. B Comparative analysis of normalized read counts for the same potential enhancers co-marked by H3K27ac and H3K4me1 
in WT and HKM. Data are mean ± standard, p-value was calculated using Student’s t-test (*, p < 0.05; **, p < 0.01). Detailed analysis is available 
in the Materials and Methods and Table S16. C Potential activated elements and genes within 200 kb upstream and downstream of the Tbx4 TSS 
were mapped to the genome. Top: WT E11.5, bottom: HKM E11.5. D Differential expression analysis of Bcas3, Tbx2, Tbx4, Brip1, Ints2, and Med13 
between WT and HKM from E10.5 (left) to E11.5 (right)
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the activated non-coding elements and the enhanced 
activity of potential enhancers in knock-in mice at E11.5 
only enhanced Tbx4 expression.

Discussion
Understanding the molecular mechanisms of limb devel-
opment in cetaceans has attracted much attention from 
evolutionary biologists. Previous studies have demon-
strated that cetaceans initiated hindlimb bud develop-
ment at an early embryonic stage, but this process was 
disrupted due to the interruption of Fgf8 expression and 
the absence of Hand2 [23]. However, the reason for the 
interruption of Fgf8 expression and the absence of Hand2 
expression have not been addressed so far. With bioinfor-
matics and comparative genomics, some genes regulating 
limb development, such as Hoxd11 and Hoxd13 [24, 25], 
were found to undergo accelerated evolution and showed 
specific amino acid substitution in cetaceans. Since gene 
functions are usually pleiotropic, for example, Hoxd13 
not only controls the number of fingers but also plays an 
important role in suppressing prostate cancer metastasis 
[26, 27], it remains unclear whether genes with acceler-
ated evolution do contribute to the evolutionary develop-
ment of limb morphology. In addition, rapid evolution of 
conserved non-coding regions in genome have provided 
new insights into limb development in non-model ani-
mals [28–30]. Such a classic paradigm came from a study 
in snakes, which revealed that a 17bp deletion in the ZRS 
enhancer of Shh gene disrupted Shh protein expression 
and limb development [31, 32]. Most of the conserved 
non-coding elements closely related to genes regulat-
ing limb development in limb-free lizards had sequence 
variation [33, 34]. Although the conserved non-coding 
elements with sequence variation for the key genes of 
limb development in cetaceans were identified and their 
biological functions were verified using dual-luciferase 
reporter assay in the previous study [20, 35], it was still 
unclear whether they regulated the evolution and devel-
opment of cetaceans limbs. The reasons were as follows: 
(a) Pleiotropic functions of conserved non-coding ele-
ments, for example, there were shared conserved non-
coding elements in limb and penis development [16]. (b) 
Lack of in vivo experiments to provide clear phenotypic 
characteristics.

In this study, we successfully constructed a knock-in 
mouse model with the replacement of mice HLEA by 
cetacean HLEA. Analyses of the hindlimb morphology 
found that the hindlimb bud development of HKM was 
significantly smaller than that of WT at E10.5, however, 
such morphological difference disappeared from E11.5 
to P1. RNA-seq analysis showed that Hand2, Fgf8, and 
the target gene Tbx4 were down-regulated at E10.5. 
This result was consistent with previous studies on gene 

expression during the early development of the hindlimb 
bud in the Pantropical spotted dolphin (Stenella attenu-
ata) embryos [23], suggesting that Fgf8 expression was 
not maintained during late development in embryonic 
period and that loss of Hand2 might lead to the failure 
of the hindlimb to express Shh and then not to establish 
ZPA. In addition, the expression level of genes closely 
related to limb initiation (Hoxb9, Cyp26b1, Isl1, etc.) 
[36] and development (Hoxd13, Shox2, Nog, etc.) [37, 38] 
were significantly altered at E10.5 but not at E11.5 and 
E12.5. Compared with WT, only 53 DEGs were detected 
at E11.5 (Fig. S5A), and few was detected at E12.5. The 
CUT&Tag assay showed that at E11.5, the number of 
activated non-coding elements near Tbx4 in HKM was 
more than in WT, and the activity of potential enhanc-
ers in the same region was higher in HKM than in WT. 
Studies have shown that non-coding elements marked 
by both H3K27ac and H3K4me1 are often candidate 
enhancers and that functional redundancy may exist 
among enhancers regulating the same gene expression 
[39, 40]. Therefore, we speculate that the newly acquired 
potential enhancers in HKM, along with the more active 
potential enhancers, may have acted in coordination to 
compensate for the weaken of HLEA function in ceta-
ceans and thus rescued Tbx4 expression, which in turn 
would affect the expression levels of other genes related 
to limb development (Fig. S5B) and led to the recovery of 
limb development. Additionally, further analysis revealed 
that the coordinates of the potential activated enhanc-
ers near Tbx4 in HKM don’t overlap with the known 
enhancer HLEB (chr11: 85960938–85964405) (Fig.  4C). 
More intriguingly, at E11.5, the HLEB region in both 
WT and HKM is marked solely by H3K4me1, without 
the presence of H3K27ac, suggesting that HLEB may be 
in a silent state at the time of our sampling. This obser-
vation provides further support for the hypothesis that 
the compensatory effect of HLEA may originate from 
the coordinated action of more active potential enhanc-
ers and newly acquired ones. However, we cannot rule 
out the possibility that HLEB may partially compensate 
for the weaken of HLEA function at later developmental 
stages. To explain the morphological change and recov-
ery in the hindlimb bud development in knock-in mice, 
we hypothesized that some limb development-related 
redundant enhancers present in mice have become 
evolutionarily lost or not activated in cetaceans. These 
redundant enhancers became to function to make com-
pensation for the morphological changes led by the 
incorporation of cetacean enhancers, and thus cause the 
late limb morphological recovery. In summary, based 
on the aforementioned results and hypotheses, it was 
implied that the functional attenuation of the cetacean 
HLEA may have been a potential factor in the regression 
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of their hindlimbs. However, this cannot be considered as 
the primary causal mechanism for the hindlimb reduc-
tion in cetaceans. Some other alternative mechanisms 
such as the passive decay of enhancers may also have 
played a role in the hindlimb reduction of cetaceans, 
which needs to be further investigated in the future.

In conclusion, our study provided evidence that ceta-
cean HLEA played a role to regulate limb development 
in  vivo by constructing a knock-in mice model and the 
phenomenon of development delay of hindlimb bud 
at E10.5. RNA-seq and CUT&Tag suggest that the 
sequence evolution of cetacean HLEA may be a poten-
tial molecular mechanism driving the degeneration of 
cetacean hindlimbs. However, the functional redun-
dancy of enhancers rescued the development delay in 
the hindlimb of knock-in mice after E11.5, suggesting 
that the regulatory mechanism of the organism controls 
the development of tissues and organs is diverse (coding 
genes and conserved regulatory elements, CREs) [29] and 
complex (the functional pleiotropy of genes and CREs) 
[16]. In the course of evolution, cetaceans may have lost 
the functional redundancy of enhancers related to limb 
development, which determined their limb morpho-
logical changes (hindlimb degeneration and flipper-like 
forelimb), promoted a streamlined body, and improved 
hydrodynamic swimming efficiency to better adapt to the 
aquatic environment. Therefore, using multi-omics anal-
yses to screen more key genes and core regulatory ele-
ments with sequence divergence and adaptive evolution 
signals, in combination with more in-depth functional 
experimental verification, is an important approach with 
great potential to uncover the evo-devo molecular mech-
anisms of cetacean limb changes.

Materials and methods
Knock‑in mice model and identification
We knocked the cetacean HLEA into mice via CRISPR/
Cas9 system. Firstly, two sgRNAs (gRNA1: 5ʹGTA​TAG​
GCT​TAA​TTAGC3ʹ, PAM: TGG, gRNA2: 5ʹCTT​CAG​
AAA​ATG​CAAAG3ʹ, PAM: AGG, chemical synthesis) 
targeting sequences near the insertion site were designed 
and transcribed in  vitro, and the donor vector with the 
inserted fragment was designed and constructed in vitro. 
Secondly, Cas9 mRNA (GemPharmatech Co.,Ltd), 
sgRNA and donor vector were co-injected into zygotes. 
Thereafter, the zygotes were transferred into the oviduct 
of pseudopregnant ICR females at 0.5 days post-coitum. 
All the offsprings of ICR females (F0 mice) were identi-
fied by PCR and crossing positive F0 mice with WT to 
build up heterozygous mice. Finally, specific primers were 
designed based on the cetacean HLEA and mouse HLEA 
sequences to genotype the offspring of heterozygous 
knock-in mice and identify homozygous knock-in mice. 

Cetacean HLEA primers: Forward 5ʹAAG​ATG​GCG​GAC​
AGA​GGC​GGG​GTT​CCT3ʹ, Reverse 5ʹAGA​GGC​AAG​
CTG​CAG​TTC​GGT​TAA​CAG​GTT​AGA3ʹ. Mice HLEA 
primers: Forward 5ʹGGC​AGC​TGC​GGA​GGT​GGC​TGT​
AAA​3ʹ, Reverse 5ʹACT​GGA​AAC​GGG​CGC​TTG​CTC​
AGT​GTT3ʹ.

All mice in this study were raised in the SPF animal 
room of the Animal Resources Center of Nanjing Normal 
University (NJNU-ARC), and the management of experi-
mental animals was conducted under the guidance of 
the Animal Use and Ethics Committee of NJNU (ethics 
approval number: IACUC-20200501). Mice were main-
tained under a standard 12 h light/dark cycle and moni-
toring according to NJNU-ARC policies and procedures.

Phenotypic analysis
For embryos at stages E10.5 to E12.5, we strictly fol-
lowed the mating time of the female and male mice for 
sampling. Specifically, the female and male mice were 
housed together at 5  p.m. on the first day, and vaginal 
plugs were checked before 9 a.m. the next day, which was 
designated as E0.5. Embryos were then collected at 6 p.m. 
on days 10, 11, and 12 of pregnancy, and these embryos 
were considered to be at developmental stages E10.5, 
E11.5, and E12.5, respectively. All sampling was con-
ducted according to the aforementioned time points in 
this study. Hindlimb buds at E10.5–E12.5 were separated 
along the body axis under Leica Microsystems (M165FC) 
to remove as much excess muscle tissue as possible. The 
isolated hindlimb buds were photographed at the same 
magnification (Leica Microsystems Ltd M165FC 1×). 
To characterize the hindlimb buds for different samples, 
the area of limb buds was measured using ImageJ soft-
ware (http://​rsbweb.​nih.​gov/​ij/) at the same scale bar 
(1:2500  μm) [41]. For E18.5 and postnatal day 1 mice, 
alcian blue/alizarin red (Sangon Biotech (Shanghai) Co., 
Ltd. A600298, A506786) was used to stain the cartilage 
and osteogenesis of the limbs [42]. Again, pictures were 
taken at the same magnification (Leica Microsystems 
Ltd M165FC 0.73×), and the same scale bar was used 
to measure osteogenesis length. All the above measure-
ments were performed in three independent replicates. 
To facilitate the t-test (the significance is indicated as 
*p < 0.05), each set of measurements was tested for nor-
mal distribution, and the results are presented in the sup-
plementary material (Tables S3, S4, S8, S9, and S11).

RNA‑sequencing analysis
E10.5–E12.5 embryos from WT and HKM were col-
lected from different pregnant mice and divided into 
three independent replicates. In each replicate, the 
same number of hindlimb buds was pooled from litter-
mate embryos. Total RNA of each sample was extracted 

http://rsbweb.nih.gov/ij/
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according to the instruction manual of the TRlzol Rea-
gent (Life technologies, California, USA). RNA integ-
rity and concentration were checked using an Agilent 
2100 Bioanalyzer (Agilent Technologies, Inc., Santa 
Clara, CA, USA). The mRNA was isolated by NEB-
Next Poly (A) mRNA Magnetic Isolation Module (NEB, 
E7490). The cDNA library was constructed follow-
ing the manufacturer’s instructions of NEBNext Ultra 
RNA Library Prep Kit for Illumina (NEB, E7530) and 
NEBNext Multiplex Oligos for Illumina (NEB, E7500). 
The constructed cDNA libraries were sequenced 
on a flow cell using an Illumina HiSeq™ sequenc-
ing platform. Low quality reads, such as only adaptor, 
unknown nucleotides > 5%, or Q20 < 20% (percentage 
of sequences with sequencing error rates < 1%), were 
removed by perl script. The clean reads that were fil-
tered from the raw reads were mapped to mice (mm10) 
genome (GRCm38) using Tophat2 [43] software. The 
aligned records from the aligners in BAM/SAM for-
mat were further examined to remove potential dupli-
cate molecules. Gene expression levels were estimated 
using FPKM values (fragments per kilobase of exon per 
million fragments mapped) by the Cufflinks software 
[44]. DESeq [45] and Q-value were employed and used 
to evaluate differential gene expression between WT 
and knock-in mice. After that, gene abundance differ-
ences between those samples were calculated based on 
the ratio of the FPKM values. The false discovery rate 
(FDR) control method was used to identify the thresh-
old of the P-value in multiple tests in order to compute 
the significance of the differences. Here, only gene with 
an absolute value of log2 ratio ≥ 2 and FDR significance 
score < 0.05 were used for subsequent analysis. Genes 
were compared against various protein database by 
BLASTX, including the National Center for Biotechnol-
ogy Information (NCBI) non-redundant protein (Nr) 
database, Swiss-Prot database with a cut-off E-value 
of 1E–5. Furthermore, genes were searched against the 
NCBI non-redundant nucleotide sequence (Nt) data-
base using BLASTn by a cut-off E-value of 1E–5. Genes 
were retrieved based on the best BLAST hit (high-
est score) along with their protein functional annota-
tion. To annotate the gene with gene ontology (GO) 
terms, the Nr BLAST results were imported into the 
Blast2GO program [46]. GO annotations for the genes 
were obtained by Blast2GO. This analysis mapped all 
of the annotated genes to GO terms in the database 
and counted the number of genes associated with each 
term. Perl script was then used to plot GO functional 
classification for the unigenes with a GO term hit to 
view the distribution of gene functions. The obtained 
annotation was enriched and refined using TopGo (R 
package). The gene sequences were also aligned to the 

Clusters of Orthologous Group (COG) database to pre-
dict and classify functions [47]. KEGG pathways were 
assigned to the assembled sequences by perl script.

Quantitative reverse‑transcription PCR (qRT‑PCR)
E10.5-E12.5 embryos from WT and HKM were col-
lected from different pregnant mice for three independ-
ent experiments. Per group was the same number pooled 
hindlimb buds from littermate embryos. Total RNA was 
extracted according to the instruction manual of the RNA 
isolater Total RNA Extraction Reagent (Vazyme R401-01) 
and reverse-transcribed into cDNA using HiScript II Q 
RT SuperMix for qPCR (+gDNA wiper) (Vazyme R223-
01) according to the manufacturer’s instructions. Expres-
sion of mRNAs was determined using ChamQ SYBR 
qPCR Master Mix (2× without ROX) (Vazyme Q321-02). 
The relative expression level of the target was calculated 
using the comparative Ct method. GAPDH was used as 
an internal control to normalize sample differences. Sig-
nificance was assessed by t-test (*: p < 0.05, **: p < 0.01). 
The sequences of the primers used for RT-PCR analysis 
are presented in Table S17.

Identification of potential enhancers: CUT&Tag analysis
E10.5–E11.5 embryos from WT and HKM were collected 
from different pregnant mice. For each sample used for 
sequencing, an equal number of hindlimb buds from dif-
ferent female offspring was pooled. The genotype of all 
embryos was recharacterized prior to the experiments. 
We analyzed the number of enhancers within 100 kb of 
the upstream and downstream of the Tbx4 TSS using 
CUT&Tag. H3K27ac and H3K4me1, which are closely 
related to enhancer activity [40, 48], were selected to per-
form CUT&Tag. The overlapping regions of H3K27ac 
and H3K4me1 signal peaks were used to define activated 
enhancer.

CUT&Tag
CUT&Tag assays were performed were performed by 
Wuhan IGENEBOOK Biotechnology Co., Ltd (http://​
www.​igene​book.​com) according to the previously 
described [49]. Briefly, 50,000 cell was harvested and 
incubated with concanavalin A coated magnetic beads 
for 15  min at room temperature (RT). Then, bead-
bound cells was resuspended and incubated with the 
appropriate primary antibody (H3K4me1, CST5326; 
H3K27ac, ab4729) and IGG (2729s, CST) overnight at 
4  °C. Afterwards, Goat anti-rabbit secondary antibody 
(ab206, abcam) was added to this mixture for 30  min 
at RT. The magnet stand was used to remove unbound 
antibodies. pA-Tn5 adapter complex was added at this 
step at RT for 1 h, then, remove unbound pA-Tn5 pro-
tein. Next, cells were resuspended in tagmentation 

http://www.igenebook.com
http://www.igenebook.com
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buffer at 37 °C for 1 h. After that, immunoprecipitated 
DNA was saved. To amplify libraries, 21  µL DNA was 
mixed with 2  µL of a universal i5 and a uniquely bar-
coded i7 primer, using a different barcode for each sam-
ple. A volume of 25 µL NEB Next HiFi 2 × PCR Master 
mix was added and mixed. The sample was placed in 
a Thermocycler with a heated lid using the following 
cycling conditions: 72  °C for 5  min (gap filling); 98  °C 
for 30 s; 14 cycles of 98 °C for 10 s and 63 °C for 30 s; 
final extension at 72  °C for 1  min and hold at 8  °C. 
Library was sequenced on Illumina novaseq 6000 with 
PE 150 method. Trimmomatic (version 0.36) was used 
to filter out low-quality reads [50]. WT clean reads 
were mapped to the mm10 genome by Bwa (version 
0.7.15), while HKM clean reads were mapped to the 
mm10 genome-1 which had undergone sequence sub-
stitution in the region of chr11:85376050–86377122 
[51]. Samtools (version 1.3.1) was used to remove 
potential PCR duplicates [52]. MACS2 software (ver-
sion 2.1.1.20160309) was used to call peaks by default 
parameters (bandwidth, 300  bp; model fold, 5, 50; 
p-value, 0.00001). Read coverage in candidate enhancer 
regions was calculated for different samples, and differ-
ences between the two groups were assessed. Statisti-
cal analyses were conducted using GraphPad Prism 
(GraphPad Software, Boston, MA, USA). Two-tailed 
tests were performed to determine p-values, with 
statistical significance set at p < 0.05 [53, 54]. Sub-
sequently, based on the analysis principle of Deseq 
[55], the enrichment ratio of H3K27ac and H3K4me1 
marking HLEA in the genomes of WT and HKM were 
calculated.

Data standardization makes data comparable across 
different samples:

readsnum is the Number of reads enriched in target 
region. cleanreads is the total number of Reads obtained by 
filtering Raw Reads. log2FC is the ratio of norm between 
two samples (groups) was taken as the logarithm base 2. 
An absolute value greater than 1 indicates a difference.
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