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A dominant missense variant within
LMBR1 related to equine polydactyly
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Polydactyly was recorded before 100 BCE and attracted widespread interest because of its
relationship to limb health and ancestral traits in horses. However, the underlying reasons for the
development of polydactyly remain unclear. To search for polydactyly-related genes, we utilize a
paternal half-sib family and screen for variants that match the mode of inheritance. Through this
screening process, 77 variants in 65 genes are filtered. A missense variant (EqCab3.0
chr4: <107353368> A >G) (rs1138485164) in the 3rd exon of LMBR1 is identified as a source of amino
acid sequence variation. Gene editing confirms that the variant down-regulates LMBR1expression,
increases the proliferative viability of mutant cells, and inhibits apoptosis. This study suggests that
LMBR1might play a role in the development of polydactyly and that the variant detected in this study is
related to polydactyly in horses. However, further research is needed to determine whether a direct
relationship exists.

Equine polydactyly has received much attention and has a long history of
research. The earliest description of a polydactyly horse dates back to 100
BC, when Julius Caesar’s mount was considered a polydactyly1. In 1663, an
eight-digit horse was exhibited in Germany 2, and later described byGeorge
Simon inhis book “Horses”, published in 1703. In 1827,Geoffroy recorded a
case of bilateral polydactyly in the forelimbs of a horse, with three equally
sized malformed digits on the left forelimb and double digits deformity on
the right forelimb2. In China, a photographic record of a polydactyl horse
was kept at theBeijingZoo in the lateQingDynasty. The great interest in the
polydactyl horse has led to its appearance on postcards such as a polydactyl
Shire horse. In addition, previous studies suggest that equine polydactyly
may be a reversion to an ancestral state3. Therefore, the study of polydactyly
is beneficial in analyzing limb and digit development in the horse and in
understanding the evolution of the horse.

Polydactyly is an inherited limb malformation that manifests as the
presence of extra digits. It is found inmany species, including humans, dogs,
cats, chickens, guinea pigs, cows, kangaroos, pigs, mice, and toads4–15, and
has been shown in genetic studies to conform to different modes of
inheritance in other species16–23. In addition, polydactyly is epigenetically
regulated in mice24. This indicates the complexity of genetic mechanisms
and thedifficultyof conducting research forpolydactyly. Itwas found that in
all specieswith a reducednumber of digits, the reduction startedwithfive or
four digits, suggesting a convergence in the evolution of digit development25.
In vertebrates, the signaling pathways involved in limb development are

highly conserved, and three major signaling pathways control limb devel-
opment, namely the Shh (Sonic hedgehog) signaling pathway, the FGFs
(fibroblast growth factor) signaling pathway, and theWnt (Wnt/β-catenin)
signaling pathway26–30 FGFs promote Shh expression in the hindlimb bud,
and several studies have shown that changes in the expression of FGFs lead
to the formation of polydactyly 31; the Shh signaling pathway is essential for
regulating digit development during embryogenesis, and loss of Shh
expression in mice results in the disappearance of the remaining digit and
the formation of only the first digit at the palmar end, which is not Shh-
dependent for development32. In the Shh pathway, Shh regulates digit
development together with genes such as LMBR133, Smo34, Ptch135,Gli136,37,
Gli238, and Gli339 through cis-regulation or binding. Shh is also a key gene
responsible for polydactyly in chicken, human, andmouse40–42. In addition,
IQCE, Wnt7a, ZNF141, FAM92A, KIAA0825, and DACH1 are associated
with the development of polydactyly 43–48.

In most studies of equine polydactyly, researchers have analyzed the
external appearance morphology, skeleton, soft tissue, and mobility of
polydactyly horses, but there is still a gap in the study of its causal genes. In
1986, Stanek et al. found that both amare andher foal hadpolydactyly in the
medial forelimbs, and this case supports the fact that polydactyly in horses
can also be inherited49. However, the mode of inheritance cannot be
determined by individual cases alone and relies on the mapping of a
population. The discovery of equine polydactyly cases is scattered and not
conducive to summary observations. Because horses are singleton breeders
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with long intergenerational intervals, it is difficult to conduct genetic studies
by observing a sufficient number of family phenotypes, causing the study of
equine polydactyly to lag behind other common species. Most researchers
believe that the mode of inheritance of equine polydactyly is autosomal
dominant rather than recessive50. However, since there is more than one
mode of polydactyly inheritance in other species, it is not certain that equine
polydactyly has only one mode of inheritance and the elaborate mode of
inheritance and the determinant genes remain obscure.

Therefore, inorder to solve thedifficulties in the genetic studyof equine
polydactyly, we were fortunate to obtain a resource of polydactylous stal-
lions, on which we constructed a half-sib family to analyze and validate the
inheritance mode of equine polydactyly and screened for candidate genes
that might affect polydactyly. Our findings pointed to a missense variant in
LMBR1 being related to the occurrence of polydactyly in horses.

Results
Phenotype observation of horse polydactyly
Horses typically haveonlyonedigit, but thepolydactylyphenotype inhorses
is characterized by an extra digit on one or both feet. In a trial Yili horse
population, a single individual with polydactyly was found, with additional
digits on all four limbs. The additional digits were perpendicular to the
ground, as shown in Fig. 1a. The radiographs revealed that the extra digits
were positioned medially to the middle digit and were fully formed, with
well-developed second metacarpal and phalangeal bones (Fig. 1b). From a
mobility standpoint, polydactyly does not affect the horse’s mobility,
allowing it to walk and canter on various surfaces such as grass, concrete,
and dirt. The additional digit aids in maintaining balance while walking on
dirt. In this case, the foal exhibited polydactyly from birth, indicating the
heritability of polydactyly in Fig. S1a. However, themode of inheritance has
not been fully confirmed, and the determinant genes have not yet been
successfully identified.

Establishing candidate genes screening methods based on a
half-sib family with seven individuals
A half-sib family of seven individuals was applied to polydactyly candidate
gene detection.The familywas formedby crossing onemale polydactylyYili
horse with three non-Yili mares with normal digit phenotype and the F1
generation contained three horses. The male parent was the eight-digit
mutant individual found in the Yili horse with additional digits in all four
limbs, as shown in Fig. 2. The three mares had a normal phenotype (none
were Yili horses) andwere not related to the polydactyl stallions, originating
from a herd without polydactyls. Among the offspring, two males showed
polydactyly and one mare showed normal hooves, as shown in Fig. 2a and
Supplementary Fig. 1.

Seven individuals were identified as related using the KING-robust
kinship estimator. When the KINSHIP value was 0.25, the two individuals
were considered to be related or full siblings; when the KINSHIP value was

0.125, the two individualswere considered to be half siblings51 (Table 1). The
parents are not related to each other (see data in Supplementary Table 1).
The half-sib family for screening polydactyly-related geneswas formedwith
four parents and three offspring for subsequent studies.

The overall framework of the polydactyly candidate genes screening
approach is as follows:first, variant callingwas conductedonwhole-genome
resequencing data obtained from the half-sib family and compared with the
horse reference genome to obtain variants. The polydactyly-related variants
were screened under three conditions, including (i) the genotype of the
variant sites conforms to the inheritance mode, (ii) the genotype of the
variant sites is consistent with larger population validation, (iii) functional
annotation of the genes in which the variants reside are associated with
polydactyly. The mode of inheritance was first predicted based on the
phenotype and then screened for the variants that confirmed the mode of
inheritance. The screeningwas carried out next for variants thatwere closely
related to polydactyly and had different genotypes between polydactyly and
normal-type horses by expanding the population size. As a result, a gene list
was thenobtained according to the screened variants andannotated. Finally,
polydactyly-related geneswere screened based on gene function annotation
(Fig. 2b and Supplementary Data 2).

Polydactyly-related gene detection
Whole-genome high-throughput sequencing (30×) was performed on
seven individuals. Through variant calling, about seven million single-
nucleotide polymorphisms (SNPs) and 700,000 InDels per individual were
identified. Polydactyly can be passed on to offspring, but its mode of
inheritance has not been thoroughly confirmed. Phenotypic observation
suggests four modes of inheritance, including autosomal dominant, auto-
somal recessive, X-linked recessive, and Y-linked inheritance (Table 2).
Geneticmarkerswere utilized to investigate themode of inheritance and the
genes causing the observedphenotype in this populationof horses.A total of
25,921 variants conformed to the four predicted inheritancemodes (Fig. 2b
and Supplementary Data 1). Among these variants, 13,177 conformed to
dominant inheritance, 12,126 to autosomal recessive andX-linked recessive
inheritance, and 376 to Y-linked inheritance. Of these, 12,120 variants were
genotypically probable for autosomal recessive inheritance andwere located
on 1583 genes, with 19 variantswithmissensemutations located in the exon
regions of 19 genes. Six SNPs were probable for X-linked recessive inheri-
tance and were located on four genes. Additionally, 13,177 SNPs were
probable for autosomal dominant inheritance and were located on 1756
genes, with 1137 non-synonymousmutations located in exons on 264 genes
(Supplementary Data 1).

Larger populations containing 200 individuals and12breedswere used
to remove false-positive loci caused by differences in genetic background. A
total of 76 SNPs located on 65 genes were identified, of which 52 have
functional annotations (Supplementary Data 2). We found that of the 52
genes, ENSECAG00000024396, encoding limb development membrane

Fig. 1 | Phenotype observation for
polydactyly horse. a Hoof phenotypic differences
between normal and polydactyly individuals.
b X-ray of four hooves of a polydactyly horse.
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protein 1 (LMBR1), is associated with limb development and has been
reported to be closely related to the polydactyly in mouse51, humans52, and
chickens53. None of the other 64 genes were involved in the Shh signaling
pathway, the FGFs signaling pathway, or the Wnt signaling pathway
(SupplementaryData 2). Therefore, we selected LMBR1 as a candidate gene
of equine polydactyly for subsequent functional validation (Fig. 2b).

The gene LMBR1, which encodes the limb development membrane
protein, is located on horse chromosome 4 (Chr4) and is 156830 bp in
length, containing 18 exons with an amino acid sequence of 436 aa. It
encodes amember of the LMBR family of membrane proteins. Members of
this protein family are lipocalin transmembrane receptors. The variant site
(EqCab3.0 chr4: <107353368> A >G) (rs1138485164) in the third exon has
been found in the study, at amino acid 55 of the protein sequence, where the
mutation changes the amino acid sequence from isoleucine (I) to valine (V),
which is located at the LMBR1 functional domain (Fig. 3a). Analysis of the
protein structure showed that mutation of this site minor affects the three-
dimensional structure of the protein (Fig. 3b). Betts and Russell indicated
that the substitution of isoleucine with valine may not significantly impact
protein structure52. However, whether this minor alteration influences the
function of the binding site remains unclear. Furthermore, our analysis of
the 10Kb regions upstream and downstream of the mutation site revealed
no additional variations consistent with the genetic model. Consequently,
we focused our further analysis on this specific mutation.

A comparative genomic analysis was conducted on the LMBR1 locus.
The covariance analysis showed that the gene structure of LMBR1 is highly
conserved across multiple species (Fig. 3c). The gene exhibits a remarkably

Fig. 2 | Screening protocol for polydactyly candi-
date genes based on half-sib family. a Three off-
spring were obtained by crossing an eight-digit
stallion on the leftmost side of the figure with three
mares in the center of the figure. Two colts were
mutants. b The variant sites obtained from rese-
quencing were screened in one round according to
the inheritance model, and the variants obtained
from the screening were then intersected with genes
related to polydactyly with high homology in other
animals to finally obtain equine polydactyly candi-
date genes. Diagram of gene screening, with gray
circles representing the number of genes that con-
formed to the inheritance modes, and the lake blue
color indicates the number of variants finally
screened.

Table 1 | Half-sib family kinship testing

Name Name NSNP HETHET IBS0 KINSHIP Relationship

1* 5* 31848318 0.0689483 0.000311225 0.255473 Parent–child

1* 6* 31850737 0.0687427 0.000274028 0.253515 Parent–child

1* 7 31848477 0.0673241 0.000300831 0.253424 Parent–child

2 6* 31848887 0.0709802 0.000250998 0.260332 Parent–child

3 5 31839442 0.068641 0.000372934 0.253747 Parent–child

4 7 31836999 0.0673009 0.000349499 0.252909 Parent–child

6* 5* 31856862 0.0586251 0.0077475 0.159752 Half-sibling

7 6* 31855063 0.0577571 0.00801803 0.152962 Half-sibling

7 5* 31853600 0.0575341 0.00840247 0.150649 Half-sibling

* is a polydactyly individual.

Table 2 | Individual genotype prediction

Name Phenotype Autosomal
dominant

Autosomal
recessive

X-linked
recessive

Y-linked

1 Mutant Aa aa XaY XNAY

2 Normal aa Aa XaXA XNAXNA

3 Normal aa Aa XaXA XNAXNA

4 Normal aa Aa/AA XaXA/XAXA XNAXNA

5 Mutant Aa aa XaY XNAY

6 Mutant Aa aa XaY XNAY

7 Normal aa Aa XaXA XNAXNA
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highaminoacid sequence similarity of 88.2%amonghuman, cattle, chicken,
mouse, rat, pig, dog, camel, crocodile, and horse (Fig. 3c). Furthermore,
we observed that the gene sequence was more similar in larger mammals,
up to 90%. The gene’s degree of similarity with small mammals, such as
mice was 85%. The similarity in birds and reptiles was 78%. Sequence
similarity with fish, such as zebrafish, was the lowest, at 58% (Fig. 3d, see
data in Supplementary Table 2). These results implied that LMBR1 was
subject to selection during evolution and was more strongly selected when
reptiles evolved into mammals. The mutant locus exhibits a high degree of
similarity among mammals, birds, and reptiles (Fig. 3d), while differences
exist with fish, suggesting that the locus may be a key locus for limb
development.

The variant site validation and analysis
We used Sanger sequencing to verify the correctness of the variant in
LMBR1, and it was found that LMBR1 was heterozygous in the missense
variant and homozygous in the normal individuals. In mutant individuals,
the sequencingpeakmapof this gene showed that the variantwas sequenced
with hetero-peaks, including two peaks for A and G bases and single peaks
for all non-variant sites. In the normal individuals, the variant was shown as
a single peak at the A base (Fig. 4a). At the missense variant, we genotyped
seven individuals from the half-sib family. The genotypes of three mutant
horses were all heterozygous (L/l) (Fig. 4b). Based on the results of the
LMBR1 variant analysis in this study, the genotypeof this locuswas found to
conform to autosomal dominant inheritance. When the allele at the locus

Fig. 3 | Sequence analysis of LMBR1. a Sequence
variation analysis of LMBR1. The structure of the
gene with the black boxes for exons and lines
between the boxes for introns. Ref represents the
reference genotype of the variant site, and Alt
represents the mutant genotype. Structural domain
variants of LMBR1, where the standard position of
the red line is the amino acid variation site; b 3D
structure comparison betweenmutant andwild type
protein; c multi-species covariance analysis. On the
left is the phylogenetic tree of LMBR1, and on the
right is the covariance analysis of the gene. Green
and pink boxes represent exons, black lines connect
exons that are homozygous between species, and
pink boxes represent exons that are mutated.
d Multi-species sequence similarity analysis for
LMBR1. The upper part is a sequence similarity
analysis and a demonstration of the degree of
sequence similarity between species. The lower part
is the similarity frequency of the sequence similarity
of each site for each species compared to the horse.
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was the dominant heterozygous genotype LMBR1L/l, the horse exhibited
polydactyly and when it was the homozygous recessive genotype LMBR1l/l,
the horses had normal digit numbers (Fig. 4c).

To verify that this missense variant of LMBR1 was unique in poly-
dactyly horses, sequence analysis against this variant was performed in a
sequencing population with a total of 100 normal-type individuals and
consisted of 14 breeds including the Yili horse. Multi-species sequencing
populations with widely varying genetic backgrounds were constructed, the
utilization of which could avoid false-positive results at this locus due to
breed specificity. The sequencing results showed that the 100 normal-type
individuals were genotypically identical to LMBR1l/l in both introduced and
local varieties, rather than heterozygote LMBR1L/l in the polydactyly horses
in Table 3 and Supplementary Fig. 2. The above results indicated that the
missense variant for LMBR1 identified in this study was unique among
individuals with polydactyly and was not affected by differences in genetic
background across breeds. This result indicated that the variant was highly
correlated with polydactyly.

Functional validation of the LMBR1 variant
Site-directedmutation vectorswere constructedbasedon the location of the
discovered variable site of LMBR1. Primary bone marrow mesenchymal
stem cells (MSCs) were isolated using horse bone marrow tissues and
purified. The site-directed mutation vector and control vector were

transfected into horse bone marrow MSCs using Lipo 3000 transfection
reagent, and the LMBR1 gene was edited using CRISPR/Cas9 and homo-
logous recombination (Fig. 5a and Supplementary Fig. 3a–c). No significant
changes in cell morphology were observed in the mutant group compared
with the control group after transfection, and green fluorescence was seen
uniformly distributed in the stem cells at 24 h (Fig. 5b). Cells were sorted
using flow cytometry, and those with green fluorescence were collected and
continued to be cultured (Supplementary Fig. 3d). Sequence verification
results from first-generation sequencing showed that the base of the target
site was successfully replaced from A to G (Fig. 5a). The expression level of
LMBR1was significantly downregulated (p = 0.0001, t-test, one-tailed, two-
sample equal variance hypothesis) after the site-directed mutagenesis (A to
G) (Fig. 5c, see data in Supplementary Table 3).

Research has demonstrated that digit development in horses is regu-
lated by apoptosis and proliferation54. Therefore, we analyzed the impact of
the variable site on cell proliferation and apoptosis. To determine whether
the missense variant of LMBR1 affects apoptosis, GAPDH was used as the
reference gene to detect the expression of LMBR1 in this study. The results
showed that the expression of the apoptosis-promoting gene Casp3 was
significantly decreased after LMBR1 site mutation compared with the
control group (p = 0.0036, t-test, one-tailed, two-sample equal variance
hypothesis), among which the expression of Casp7 was extremely sig-
nificantly decreased (p = 5.82e− 05, t-test, one-tailed, two-sample equal
variance hypothesis). The expression of the apoptosis-inhibiting gene Bcl-2
was significantly increased compared to the control group (p = 2.65e− 05,
t-test, one-tailed, two-sample equal variancehypothesis) (Fig. 5d, see data in
Supplementary Table 3). To analyze whether the migration ability of cells
changed after the site mutation, the cell scratch assay analysis was per-
formed. Based on the results of the cell scratch assay, after 72 h, cells in the
LMBR1 sitemutation group filled thewound scratch area faster than cells in
the control group (Fig. 5e). To explore the effect of variant on cell pro-
liferation, the cells at 0, 12, 24, and 36 h after transfection were assayed for
proliferation viability, and it was found that the cell viability increased at
12 h after transfection. The proliferation viability of the control and muta-
tion groups differed significantly at 24 h (Fig. 5f, see data in Supplementary
Table 4). The above results indicated that the proliferation and migration
ability of cells were enhanced after LMBR1 single-site mutation, while cell
apoptosis was inhibited.

The Shhpathwayplays a crucial role in thedevelopmentof digits across
multiple species, and its protein concentration gradient correlates with digit
development55. In a previous study, a higher concentration of Shh protein
binds to Ptch1, leading to the derepression of Smo, inhibition of full-length
Gli3 processing into Gli3R, and an increase in full-length Gli3A protein,
thereby activating genes such as Ptch1 and Hhip56. LMBR1 in this pathway
affects the Shh pathway exercise function by regulating the expression level
of Shh. In this study, whether mutation of exons can affect the expression
level of Shh is the key to affecting the pathway, so we examined the changes

Fig. 4 | The variant validation. a The variant in
polydactyly individuals and normal individuals,
with details of heterozygous peaks in small squares.
b Heterozygosity validation of polydactyly indivi-
duals, including two different monoclonal clones.
c The genotype of LMBR1 in the semi-sibling family
confirms the autosomal dominant inheritance. The
green circles refer to polydactyly individuals and the
white circles refer to normal individuals.

Table 3 | Genotypes of 100 normal phenotype individuals from
14 breeds

Phenotype Breeds Number Genotype

Polydactyly A/G

Normal Thoroughbred horse 11 A/A

Normal Arabian horse 11 A/A

Normal Akhal-Teke horse 3 A/A

Normal Shetland Pony 4 A/A

Normal American Saddlebred 8 A/A

Normal American Quarter 21 A/A

Normal Kazakh horse 2 A/A

Normal Chakouyi horse 1 A/A

Normal Dali horse 9 A/A

Normal Lichuan horse 3 A/A

Normal Ningqiang horse 3 A/A

Normal Wenshan horse 9 A/A

Normal Wumeng horse 5 A/A

Normal Yili horse 10 A/A
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in the expression level of other key genes of the pathway after LMBR1 site
mutation. The results showed that the site mutation on the third exon of
LMBR1 significantly downregulated Shh gene expression (p = 1.06e− 08, t-
test, one-tailed, two-sample equal variance hypothesis), and both Ptch1 and
GliA expression levels were downregulated (p = 2.41e− 06 and
p = 2.72e− 05, t-test, one-tailed, two-sample equal variance hypothesis)
(Fig. 5g, see data in Supplementary Table 3). The above results suggest that
the missense variant on the third exon of LMBR1 is likely to regulate digit
development by affecting Shh expression levels.

Discussion
The low fertility and dispersed breeding of horses, compared to other
livestock species, have hindered the study of the molecular mechanisms
responsible for their unique traits. To address this challenge, the present
study utilizes a small-scale half-sibling family and integrates genetic mode
inference with comparative genomic analysis to identify variants that may
be related to the development of polydactyly. In this study, the kinship
between individuals in the paternal half-sib family ensured the similarity of
the individuals’ genetic backgrounds and facilitated the screening of trait-
related variants. Other rare species face challenges in establishing large

populations and advancing the study of rare traits, particularly rare diseases.
Therefore, this study proposes a candidate gene screening method
that could serve as a reference for genetic studies of rare and endangered
animals.

The evolution of the horse is characterized by a reduction in the
number of digits. This reduction in digits ultimately led to the modern true
horse. Fossil evidence shows that the ancestral horse had primitive penta-
dactyloid limbs and forelimbs with four digits and hindlimbs with three
digits, with the disappearance of the first digit in the forelimbs and degen-
erate remnants of the first and fifth digits in the hindlimbs57. In the Oligo-
cene, the fore and hind limbs became three digits, and the remnants of the
fifth digit can be seen in some specimens. Later, the horse evolved into a true
horse with a well-developed middle digit and degenerated other digits. The
middle digit, which was used for walking, gradually became stronger, and
the tip of the hoof was widened and covered with a cuticle tomake standing
more stable, eventually evolving into the modern horse with a complete
thirdmetacarpal in the distal forelimb58. Some vertebrates, such as chickens,
camels, and pigs, have evolved with a reduction in the number of digits over
a long period of time11,59,60. Some genes that control limb development are
more conserved across species, so for genes controlling polydactyly traits,

Fig. 5 | Cytological function verification of LMBR1. a Construction and PCR
validation of the LMBR1 site mutation cells. The gRNA is designed at the PAM
sequence close to the target site and guided by Cas9 nucleic acid endonuclease for
cleavage to break the DNA double strand. Then homologous recombination repair
(HDR) is performed by exogenous oligo carrying the target site mutation as a
template, and the target site mutation is recombined into the genomic target site to
complete the LMBR1 gene site mutation vector construction. The control vector
consisted of a segment of nonsense gRNA (Supplementary Fig. 3a, b). b Cells after

24 h transfection. The upper part is the control group, and the lower part is the
mutant group. The dark field cell picture is in the middle and the bright field cell
picture is on the right. c The mRNA expression of LMBR1 in the site mutant and
control cells (n = 6). d Changes in apoptotic gene expression levels after LMBR1 site
mutation (n = 6). e Cell scratch test; f CCK-8 cell proliferation assay (n = 4);
g changes in expression levels of pathway key genes afterLMBR1 sitemutation. Error
bars represent the standard deviation (SD) of themean for each data point, and error
bars denote the range of the data. *p-value < 0.05, **p-value < 0.01.
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the same selective process may have been selected in the same way during
the evolution of multiple species, making polydactyly a model trait for
evolutionary studies.

This study identified a missense variant in LMBR1 related to the
polydactyly trait in horses. However, due to the challenges of conducting
individual-level experiments in horses and the divergence of this site from
that observed in mice, utilizing mice as a model organism for functional
studies is also problematic. As a result, validating the function of this variant
at the organismal level remains difficult. Studies at the cellular level can
provide insights into the variant’s potential role, but are insufficient to
establish its functional impact conclusively. Consequently, the current
findings can only demonstrate a between the variant and equine poly-
dactyly, without confirming a causal relationship. Further validation and
investigation are necessary to clarify this link.

In the present study, the gene LMBR1 was identified as a possible key
gene in equine polydactyly. It encodes a member of the LMBR-like mem-
brane protein family and is a lipocalin transmembrane receptor. In other
studies, LMBR1 was found to be associated with preaxial polydactyly
development by affecting the expression level of Shh and regulating limb
development61,62. It has been shown that over-expression and knockdownof
this gene resulted in changes in digit number in house mouse51. Combined
with the site mutation of LMBR1 in equine polydactyly, it is hypothesized
that it may be due to a site variation resulting in a functional change that
leads to polydactyly, requiring an intensive study to verify the role of the
variate site for polydactyly. LMBR1 has not been shown to directly regulate
polydactyly by expression changes, but the variant site caused a reduction in
the expression levels of LMBR1 and Shh in our study.When Shh expression
levels are reduced to lowerprotein concentrations andprevent the activation
of Smo, it is unable to contain the conversion of Gli3A to Gli3R, thereby
inhibiting the expression of genes such as Ptch1 andHox1363 (Fig. 6). In the
present study and according to OMIM and OMIA, changes in the expres-
sion levels of key genes in theShhpathwayalignedwith the signalingprocess
of this pathway. This suggests that the mutation may regulate digit devel-
opment by affecting the Shh pathway. However, previous studies have
shown that the ZRS region of LMBR1 binds to Shh, and alterations in the
CTTF motif of LMBR1 affect the formation of a hairpin structure between
LMBR1 and Shh, thereby influencing the expression of Shh64. The variant
site identified in this study is not located at the binding site, and there is no
evidence yet that its mutation affects the binding to Shh. The results of
cellular experiments showed that mutation of the site also caused the
downregulation of the Shh expression level, and the mechanism causing its
downregulation needs to be further investigated. In the current study,
LMBR1 tended to have pleiotropism, was associated with endocytic cups,
and played a role in cell migration65. This gene has also been shown to be
associated with body size in chicken66. In horses, the embryonic period is a
critical stage for the development of polydactyly67, and its extraction is

difficult, so targeted experiments in the future are needed to explore the
molecular mechanism of LMBR1 on equine polydactyly. In addition, 32
SNPs out of 76 SNPs screened in this study were located in the exon regions
of 25 genes (Supplementary Data 2). Supplementary Data 2 has added
OMIM and OMIA entries for all genes harboring the 76 SNPs to aid in
understanding their known functions in genetic diseases. These genes may
inform in the future in equine polydactyly studies, where there may be
undiscovered genes regulating polydactyly.

In addition, the structure of the LMBR1 gene has changed during
evolution, although it is largely similar. Interestingly, thepresenceof an extra
exon at the 3′ endofLMBR1 in horses compared to other animals is a feature
thatwill be investigated to see if it is specific to odd-toed ungulates. The gene
diverged during the evolution of reptiles into mammals and birds. In
mammals, the gene was under selection and showed similar sequences,
whereas in birds the gene sequence ismore similar to that of reptiles andwas
not strongly selected during this evolutionary process. The results confirm
the evolution of vertebrates.

Methods
Samples
The horses used for this study were Yili horses, a breed originating from the
Xinjiang Uygur Autonomous Region in northwestern China. In this study,
the 200 horses used for filtering false-positive sites comprised 12 breeds
sourced from farms in Hebei, Inner Mongolia, Qinghai, Xinjiang, and
Hubei, including Arabian, Chakouyi, Thoroughbred, Dali, Kazakh, Hequ,
Lichuan, American Saddlebred, Ningqiang, Shetland, Wenshan, and
Wumeng horses. The large-scale validation population used in the study
consisted of 14 breeds from Beijing, Hebei, Xinjiang, Inner Mongolia,
Gansu, Yunnan, Shaanxi, and Hubei. This included 11 Arabian horses, 3
Akhal-Teke horses, 11 Thoroughbreds, 4 Shetland ponies, 8 American
Saddlebreds, 21 Quarter Horses, 9 Dali horses, 2 Kazakh horses, 3 Lichuan
horses, 1 Chakouyi horse, 3 Ningqiang horses, 9 Wenshan horses, 5
Wumeng horses, and 10 Yili horses.

They were fed adequate food and water and given sufficient space to
move around to ensure that the horses were in a healthy condition. Blood
was collected using blood collection tubes and stored at−80 °C. Blood was
digested overnight at 56 °C (erythrocyte lysate, TianGen Blood Genomic
DNA Extraction Kit, Beijing, China) and DNA was extracted using the
blood genome extraction Kit (Tiangen Biotech Co., Ltd., Beijing, China)
according to the manufacturer’s instructions. The DNA was stored
at −20 °C.

Genome resequencing
Venous blood was aseptically collected from seven polydactylous families
using EDTA anticoagulated vacuum blood collection tubes. Concurrently,
5ml of venous blood was collected in batches from a total of 200 normal

Fig. 6 | LMBR1 affects Sonic hedgehog (Shh) signal
transduction in vertebrate cells. This figure depicts
the process of altered pathway signaling resulting
from LMBR1 affecting Shh expression levels.
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horses across 12 breeds, including Yili, Wumeng, Wenshan, Ningqiang,
Lichuan, Dali, Chakouyi, Kazakh, Quart, American Saddlebred, Shetland,
Akhal-Teke, Arabian, and Thoroughbred. The samples were transported to
the laboratory in an ice box, ensuring collection-to-lab time was within 6 h.

Extraction of genomic DNA from blood. Whole blood DNA was
extracted using theWhole Blood DNA Extraction Kit (Tengen, #DP304)
following the manufacturer’s instructions. Use 800 μL of fresh blood for
DNA extraction, utilizing the TianGen Blood Genomic DNA Extraction
Kit. Add a volume of red blood cell lysis buffer equal to twice the blood
volume,mix by inverting, and leave at 56 °C overnight to ensure complete
lysis. Centrifuge at 12,000 rpm for 1 min, discard the supernatant, and
use absorbent paper to remove any residual liquid from the tube walls.
Add 200 μL GS, 30 μL Proteinase K, and 200 μL GB solution, and incu-
bate overnight at 56 °C, 1500 rpm in ametal bath for digestion. Allow the
mixture to stand at room temperature for 5 min, then add 350 μL buffer
BD and mix by inverting. Transfer the resulting solution and flocculent
precipitate into the adsorption column of a collection tube. Centrifuge at
12,000 rpm for 1 min and discard the waste liquid in the collection tube.
Add 500 μL buffer GBD to the adsorption column and centrifuge at
12,000 rpm for 1 min. Discard the waste liquid in the collection tube. Add
600 μL PWB washing buffer to the adsorption column and let it stand at
room temperature for 5 min. Centrifuge at 12,000 rpm for 1 min and
discard the waste liquid. Repeat the washing step twice. Then centrifuge
the empty column at 12,000 rpm for 2 min to remove residual liquid.
Discard the waste and allow the column to air dry at room temperature
for 5 min to ensure complete removal of any residual washing buffer.
Finally, add 50 μL TE elution buffer, let it stand at room temperature for
5 min, and centrifuge at 12,000 rpm for 1 min. Reapply the eluted liquid
to the adsorption column for a second elution.

Genomic band integrity was assessed by agarose gel electrophoresis,
and DNA concentration and OD values were measured using a Nano-
drop2000 (Thermo, USA). DNA samples that passed quality control
underwent high-throughput conventional second-generation small frag-
ment library construction and sequencing using the UW DNBSEQ-T7
platform. Both library construction and sequencingwere conducted byUW
Genetics. The data output aimed for an average sequencing depth of ~30×
for the genomes of the seven polydactylous families and an average
sequencingdepth of ~10× for the genomes of the 200normal horse samples,
with all reads being 150 bp in length.

Data processing methods
To screen the final variants dataset of the half-sib family, we established a
three-step locus verification strategy, which includes screening based on
genetic models, expanding the negative cohort validation, and functional
gene annotation. Considering the high proportion of false-positive loci in
resequencing data, we adopted a manual rule-based secondary filtering
method to prioritize loci that best fit the genetic rules. The specific methods
are as follows:

Quality control. The raw short reads obtained from sequencing were
quality controlled using the fastp software (version 0.21.0) with default
parameters, resulting in clean data.

Alignment and file processing. The clean data were aligned to the horse
reference genome (EquCab3.0) using the speedseq software (version 1.1).
The Samtools software (version 1.18) was used to convert file formats
(from .sam to .bam) and to sort the bam files according to genomic
coordinates, resulting in sorted bam files.

Variant calculation and secondary filtering. For each sample, the
sorted .bam files were processed with the speedseq software (speedseq var
command)68 using the built-in FreeBayes algorithm to calculate auto-
somal variants, generating a comprehensive variants table for all samples
(.vcf file). To reduce false positives, we performed a secondary threshold

screening on themutationfiles with the following criteria: (i) exclude data
points with an average coverage of <5×. (ii) Remove loci with an average
quality value (qv) of <20. This resulted in quality-controlled mutation
.vcf files.

Genetic model screening and negative cohort validation. Based on
the phenotypic prediction of polydactyly inheritance patterns, we used R
to screen the .vcf files for variants that fit the genetic models (including
SNPs and InDels). Autosomal dominant inheritance screening criteria:
set polydactyly individuals as 0/1 and normal individuals as 0/0,
excluding loci on the X chromosome. Autosomal recessive inheritance
screening criteria: set polydactyly individuals as 0/0 and normal indivi-
duals as 0/1. Y-linked inheritance screening criteria: set polydactyly
individuals as 0/1 and normal individuals as 0/0.

Additionally,we included200normal horses from12breeds, including
Yili horses, as known negative controls. Secondary filtering was performed
to exclude false-positive mutation loci present in normal individuals.

Functional gene annotation. Finally, we screened the variants related to
polydactyly based on functional gene annotation.

Primer
The physical variant positions were retrieved from NCBI and Ensembl
(https://asia.ensembl.org/). Primers were designed using Primer 5.0, as
shown in Supplementary Table 5.

PCR amplification system and program
Using the blood genome as the template, polymerase chain reaction (PCR)
was used to amplify the region in LMBR1 containing the SNP. The 25 μL
PCR reaction system included: 21.5 μLT3 super PCRmix (Tsingke, China),
1.5 μL template, 1.0 μL 20mM forward primer, and 1.0 μL 20mM reverse
primer. PCR was run at 98 °C for 2min, followed by 30 cycles of 98 °C for
10 s, 56 °C for 10 s, 72 °C for 15 s, and 72 °C extension for 5min, then
reduced to 4 °C to terminate the reaction. The reaction products were
detected by 2% gel agarose electrophoresis.

Sequence analysis
The PCR products were sent to SinoGenoMax (SinoGenoMax Co., Ltd.
Beijing, China) for purification and sequencing. SnapGene software was
used for the comparison andBioXM5.0wasused for the alignment analysis.
To identify LMBR1, the amino acid sequences of LMBR1 ofMus musculus
(mouse), Sus scrofa (Pig),Gallus gallus (chicken), Bos taurus (cattle), Equus
caballus (horse), andHomo sapiens (human) from NCBI were subjected to
analysis using blastp (expect threshold = 10) in Ensembl (https://asia.
ensembl.org/).

The comparative genomic analyses in this study includedmulti-species
covariance analysis and sequence similarity analysis. The covariance ana-
lysis was performed by matching the exon sequences of each species and
linking exonswith similar sequences between species. The phylogenetic tree
was constructedusingMEGA6 software69–72 based on the protein sequences
of the species, with bootstrap replications set at 500. The sequence similarity
analysis was performed using Simplot 3.5.1, and the LMBR1 genomic
sequence from the equine reference genome version EquCab3.0
(GCA_002863925.1) was used as the reference sequence.

Loci screening
A total of 200 normal horses from 12 breeds, including Yili, Wumeng,
Wenshan, Ningqiang, Lichuan, Dali, Chakouyi, Kazakh, Akhal-teke,
American Saddlebred, Shetland, Arabian, and Thoroughbred. The DNA
samples were sent to BGI Genomics Co., Ltd. for high-throughput
sequencing using theDNBSEQ-T7, with a sequencing depth of 30× in the 7
polydactyl individuals and 10× in the 200 normal horses. On completion of
sequencing, the raw resequencing data from the seven polydactyl indivi-
duals were mapped to the equine reference genome (EquCab3.0) and
combined with call variants to generate a vcf file, which was then subjected
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to quality control. Data were filtered based on quality scores, and data with
<5-fold coverage were excluded. The genetic pattern of equine polydactyly
was predicted based on phenotype, and variants that matched the genetic
pattern were filtered, and then 200 normal horses, including 12 breeds were
used to filter out false-positive sites, and loci associated with polydactyly
were filtered based on gene function annotations.

LMBR1 cytological validation
Monoclonal sequencing. Take a clean 1.5 mL centrifuge tube, add 4 μL
of the purified PCR product and 1 μL of the pEASY-Blunt Cloning
Vector. Incubate at 37 °C for 5 min to ligate the PCR product into the
vector, then place the centrifuge tube on ice. Take 50 μL of competent
cells from the −80 °C freezer, thaw on ice, and immediately add 5 μL of
the ligation product. Gently pipette tomix and incubate on ice for 30 min.
After incubation, heat shock the cells at 42 °C in ametal bath for 30 s, then
place them back on ice for 2 min. Add 250 μL of LB medium to the tube,
shake at 200 rpm, and incubate at 37 °C for 1 h. Centrifuge at 5000 rpm
for 1 min, remove 150 μL of the supernatant, and resuspend the
remaining liquid. Plate onto LB solid medium containing ampicillin and
incubate overnight at 37 °C. Once colonies appear on the plate, pick five
colonies from each plate, place them in 10 μL of sterile water, vortex to
mix, and perform colony PCR.

Isolation and culture of equine progenitor bone marrow mesench-
ymal stem cells. The leg bone of a 3-year-old mare from a domestic
horse farm was taken after slaughter, placed in a sterile self-sealing bag,
and returned to the laboratory within 4 h for cell isolation. The bone
marrow was collected from the bone cavity and transferred to a 50 ml
centrifuge tube. Then the bone marrow was washed three times with a
washing solution (3% triple antibody (Gibco, Rockville, MD, USA)+ 1%
fetal bovine serum (FBS; Gibco, Rockville, MD, USA), supplemented
with PBS (Gibco, Rockville, MD, USA) to 500 ml). To ensure thorough
cutting of the bone marrow, clean and sterilized surgical scissors, and
ophthalmic forceps were used. The appropriate amount of washing
solution was added and mixed thoroughly. The mixture was then cen-
trifuged at 800 × g for 5 min. The supernatant was discarded and the
process was repeated four times. The precipitate was collected, washed
with an appropriate amount of growth medium (20% FBS+ 1% sodium
pyruvate+ 1% dual antibody+ 1% hFGF+ 1% NEAA, supplemented
with Alpha-MEM to 50 ml), and centrifuged to remove the supernatant.
Cells were cultured in the Minimum Essential Medium α (MEMα)
medium (Gibco, Rockville,MD,USA) containing 1%FBS, and 1%double
antibiotics (Gibco, Rockville, MD, USA). The collected precipitate was
resuspended and then seeded at a density of 1 × 105 cells with 15 ml of
growth medium (20% FBS+ 1% sodium pyruvate+ 1% dual anti-
body+ 1% hFGF+ 1% NEAA, supplemented with Alpha-MEM to
50 ml) in a T75 cell culture flask. The cells were incubated at 37 °C with
5%CO2 in a cell culture incubator. Cell status was observed at 24, 48, and
72 h. The culture medium was replaced every 48 h.

Purification of equine primary bone marrow mesenchymal
stem cells. When the cell confluence reached ~90% for passaging, the
following steps were taken: the culture dish was tilted and the cell culture
fluid was aspirated along the side wall with a pipette gun. Then, the culture
dish was rinsed with PBS (Gibco, Rockville,MD,USA) and discarded. Next,
2ml of pre-warmed 0.1% trypsin (TE) was added, and the dish was shaken
gently to ensure the reagent completely covered the bottom of the dish.
Finally, the dish was incubated in the incubator at 37 °C with 5% CO2 for
2min. It was observed that the culture dish had a frosted texture and that the
cells did not adhere to the wall under the microscope. The cells were dis-
persedbygentlyflicking thewall of the culture dish several timesbyhand.To
terminate digestion, two times the volume of trypsin was added to complete
themedium to inactivate it. The liquid was aspirated from the bottom of the
dish using a pipette gun and the cells were gently blown down from the top.
The cell suspension was transferred to a centrifuge tube and centrifuged at

1000 rpm for 5min. The supernatant was carefully removed with a pipette,
2ml of PBS was added and mixed to wash off any residual trypsin, and
centrifuged again. PBS was discarded, and the appropriate amount of
complete medium was added to resuspend the cells. The cells were then
seeded into the cell culture dish or culture flask according to the desired cell
density (1 × 105). The appropriate amount of medium was added. The cell
culturedishor cultureflaskwas returned to the incubator for continuationof
the culture. Because bone marrow MSCs are adherent cells, while ery-
throcytes and lymphocytes are non-adherent cells, cell purification can be
performed by fluid exchange passaging.

Site-directed mutation vector construction obtaining gRNA
annealing products. The reaction system and procedure are as follows:
10XBuffer 3 μL, gRNA3 μL, ddH2O 24 μL, total 30 μL. Set the reaction to
95 °C for 5 min, then cool down at a rate of 8 s/0.1 °C until it reaches
25 °C, which takes about 90 min. Finally, hold at 4 °C. Digest the vector
with restriction enzymes. The digestion system includes 2 μg of plasmid,
5 μL of 10X Reaction Buffer, and 1 μL of each restriction enzyme. Add
sterile water to a final volume of 50 μL and incubate in a metal bath at
37 °C for 2 h. Use agarose gel electrophoresis to confirm digestion effi-
ciency, then excise the target band from the gel and use Qiagen’s QIA-
quick Gel Extraction Kit to recover the gel. Using the QIAquick Gel
Extraction Kit, mix the annealed product and linearized vector in a
certain ratio for the ligation reaction. Ligation system: solution I 2 μL,
annealed product 1 μL, linearized vector 1 μL, ddH2O 5 μL. After mixing,
incubate in a metal bath at 16 °C for 1 h, then proceed to transformation.
Transform the ligation product into Stbl3 competent cells: add 5 μL of the
ligation product to 100 μL of Stbl3 chemically competent Escherichia coli
and incubate on ice for 30 min. Heat shock the cells at 42 °C for 30 s.
Immediately transfer to ice and incubate for 2 min. Add 250 μL of S.O.C.
medium and incubate at 37 °C, 225 rpm for 1 h. Plate 350 μL of the
transformation product onto an LB plate containing 100 μg/mL ampi-
cillin and incubate overnight at 37 °C. Perform colony PCR to identify
positive transformants. Pick the colonies from the plate, resuspend in
50 μL of LB medium, and use 2 μL as the template for colony PCR. The
reaction system and PCR cycling conditions are as follows: forward
primer (10 μM) 1 μL, reverse primer (10 μM) 1 μL, bacterial suspension
2 μL, Taq Premix (2X) 7.5 μL, ddH2O up to 15 μL. The cycling conditions
are: 95 °C for 3 min, 95 °C for 15 s, followed by annealing for 15 s,
extension at 72 °C for 1 min, for 30 cycles, then a final extension at 72 °C
for 5 min. Extract plasmids from positive clones using the Tiangen Endo-
free Plasmid Maxi Kit: add 2.5 mL of equilibration buffer (BL) to the
adsorption columnCP6 (placed in a 50 mL collection tube), centrifuge at
8000 rpm for 2 min, discard the waste liquid, and place the column back
into the collection tube. Add 100 mL of overnight-cultured bacterial
suspension into a centrifuge tube, centrifuge at 8000 rpm for 3 min at
room temperature to collect the bacteria, and carefully remove the
supernatant. Repeat until all bacterial suspensions are collected. Remove
the supernatant as much as possible and use absorbent paper to remove
any water droplets on the bottle wall. Add 8 mL of Solution P1 to the
bacterial pellet, and vortex to completely resuspend the pellet. Add 8 mL
of Solution P2 to the tube, and gently invert 6–8 times to fully lyse the
cells, and leave at room temperature for 5 min. Add 8 mL of Solution P4,
gently invert 6–8 times to mix thoroughly until white flocculent pre-
cipitate appears. Let stand at room temperature for about 10 min, then
centrifuge at 8000 rpm for 10 min. Carefully pour the entire solution into
filter CS1, slowly push the plunger to filter, and collect the filtrate in a
clean 50mL tube. Add 0.3 times the volume of isopropanol to the filtrate,
invert to mix, then transfer to the adsorption column CP6 (placed in a
50 mL collection tube). Centrifuge at 8000 rpm at room temperature for
2 min, discard the waste liquid, and place the adsorption column CP6
back into the collection tube. Repeat the step for the remaining liquid.
Add 10mL of wash buffer (PW) to the adsorption column CP6, cen-
trifuge at 8000 rpm for 2 min, discard the waste liquid, and place the
column back into the collection tube. Add 3 mL of absolute ethanol to the
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adsorption column CP6, centrifuge at 8000 rpm for 2 min, and discard
the waste liquid. Place the adsorption column CP6 back into the collec-
tion tube and centrifuge at 8000 rpm for 5 min to remove any residual
wash buffer. Open the lid of the adsorption column CP6 and let it air dry
at room temperature for a fewminutes. Place the adsorption columnCP6
into a clean 50 mL collection tube, add 1 mL of elution buffer (TB) to the
center of the membrane, let it stand at room temperature for 5 min, then
centrifuge at 8000 rpm for 2 min. To ensure higher yield, pass the eluate
through the columnagain, then transfer it to a clean 1.5 mL tube and store
it at−20 °C. The relevant and oligo primer sequence information can be
found in Supplementary Table 5.

Real-time quantitative PCR (RT-PCR). Amplification reaction system
(15 μL): sterilized water up to 15 μL, SYBR Green Master Mix 7.5 μL,
Primer (F/R) 0.3/0.3 μL, Template 1 μL. PCR amplification conditions:
pre-denaturation at 95 °C for 30 s. Denaturation at 95 °C for 5 s.
Annealing at 60 °C for 30 s. Repeat steps②–③ for 40 cycles.Melting curve:
start at 65 °C for 5 s, increasing the temperature by 0.5 °C increments
each cycle until reaching 95 °C; END.

Cell transfection and flowcytometric sorting. The cells were harvested
from the culture dish at 90% confluence, following the same steps as
before. The cell count was determined, and 0.25–1 × 106 cells were seeded
per well in a six-well plate. The cells were evenly distributed by blowing
and mixing the plate thoroughly. Infection was initiated when the cell
confluence reached 70%–90%. Transfection was carried out using the
appropriate amount for each well of the six-well plate, and three repli-
cates were established for each group. (i) Three centrifuge tubes were
taken, labeled as tube 1, tube 2, and tube 3, respectively. (ii) In tube 1,
250 μL Opti-MEM medium and 10 μL Lipo 3000 were added. In tube 2,
125 μL Opti-MEM medium, 2.5 μg plasmid, and 2.5 μL P3000 reagent
were added to dilute the plasmid. (iii) Tube 2 was filled with 125 μLOpti-
MEM medium, 2.5 μg plasmid, and 2.5 μL P3000 reagent for the
experimental group. Tube 3 was filled with 125 μL Opti-MEM medium,
2.5 μg control plasmid, and 2.5 μL P3000 reagent. (iv) Added
25–150 pmol Oligo to tube 2 and tube 3, respectively, and mixed gently.
(v) In total, 125 μL of diluted plasmid was taken from tube 2 and tube 3,
respectively, and mixed with the liquid in tube 1 in equal volume. The
mixture was gently blown and mixed, and then incubated for 15 min at
room temperature. (vi) Added 250 μL of the mixture to each well and
gently shook the six-well plate to evenly distribute the reagent over the
cells. (vii) The culturewas continued by replacing the cell culturemedium
with a complete medium containing 20% FBS 12 h after transfection.
(viii) After 24 h, the successfully transfected cells were observed under a
fluorescence microscope emitting green fluorescence. (ix) The cells were
digested, resuspended in 100 μL of medium, and then centrifuged. The
cells that were successfully transfected and had green fluorescence were
sorted out using flow cytometry and then cultured further.

Total RNA extraction and reverse transcription. Add 1 mL of Trizol to
the cell culture dish, pipette tomix, and incubate at room temperature for
15 min. Transfer the lysed cell suspension to a 2 mL centrifuge tube, add
0.2 volumes of chloroform, vortex for 1 min, and incubate at room
temperature for 15 min. Centrifuge at 12,000 rpm, 4 °C, for 15 min. The
liquid will separate into three layers: the upper colorless layer contains
RNA, the middle white layer contains DNA, and the bottom red layer
contains proteins. Transfer the upper colorless layer to a new pre-chilled
centrifuge tube. Add an equal volume of pre-chilled isopropanol, invert
gently tomix, and incubate at room temperature for 10 min. Centrifuge at
12,000 rpm, 4 °C, for 10 min. Discard the supernatant, add 75% ethanol
(prepared with DEPC water) to the pellet, and gently pipette to mix.
Centrifuge at 7500 rpm, 4 °C, for 5 min, and discard the supernatant.

Repeat thewashing step 2more times. Air dry in a biosafety cabinet for
5min to completely evaporate residual ethanol. Add 20 μL of DEPC water
and place it in a 4 °C refrigerator for 2 h to fully dissolve the RNA pellet.

Measure theRNAconcentration and purity using aUV spectrophotometer.
Use the RNA if it meets quality requirements. For reverse transcription,
adjust the extracted total RNA concentration to 1000 ng/μL, and perform
reverse transcription according to the instructions of the Thermo reverse
transcription kit. The reverse transcription system is as follows: random
primer 1 μL, total RNA 3 μg, and ddH2O to a final volume of 12 μL. Then
add 4 μLof 5XReactionBuffer, 1 μLofRibolockRNase Inhibitor (20 U/μL),
2 μLof 10mMdNTPMix, andRevertAidM-MuLVRT(200 U/μL) tomake
a total volume of 20 μL. Incubate at 25 °C for 5min, 42 °C for 60min, and
70 °C for 5min. After reverse transcription, store the cDNA at −20 °C.
During the reverse transcription procedure, prepare all components on ice.
To minimize errors during pipetting, slightly exceed the actual required
volume when preparing the reaction mix. Add the pre-extracted RNA
sample using a pipette. Dilute the resulting cDNA fivefold.

Real-time quantitative PCR (RT-PCR) for detection of mRNA
expression levels of proliferation and apoptosis genes. GAPDH was
used as the internal reference gene. The expression levels of apoptosis
genes (Caspase3, Caspase7) and the proliferation gene (Bcl-2) were
detected. Primers for these genes were designed using NCBI (Supple-
mentary Table 5) and synthesized by Tsingke Biotechnology Co., Ltd.

Real-time quantitative PCR (RT-PCR) to detect mRNA expression
levels of limb development pathway genes and LMBR1. To investi-
gate the role of LMBR1 in the pathway, we selected genes from the SHH
pathway, including SHH,PITCH1, andGLI3A, for expressionanalysis.The
pathwaygeneswere sourced fromKEGG, andprimersweredesignedusing
the NCBI online tool and synthesized by Tsingke Biotechnology Co., Ltd.
The primer sequences used are shown in Supplementary Table 5.

CCK-8 analysis. The cells were harvested from the culture dish at 90%
confluence, following the previously described procedure. The cell sus-
pension was then quantified and seeded at a density of 4 × 104 cells per
well in a 96-well plate, with four replicates set up for each plasmid. The
transfection steps were performed as previously described. In tube 1,
10 μL Opti-MEM medium and 0.2 μL Lipo 3000 were added. In tube 2
and tube 3, 5 μLOpti-MEM, 0.1 μg plasmid, 0.2 μLP3000, and 1–60 pmol
Oligo were added. The plasmid was diluted and mixed with an equal
volume of Lipo 3000 reagents. Next, 10 μL of the mixture was added to
each well of a 96-well plate, which was then gently shaken to ensure even
distribution of the reagents. Cell viabilitywasmeasured atfive timepoints
(0, 12, 24, 36, and 48 h) using an enzyme marker. Prior to cell viability
measurement, 10 μL of CCK-8 reagent (Solarbio, Beijing, China) was
added to each well and incubated for 1.5 h at 37 °C in the incubator.

Cell scratch test. The successfully transfected cells were sorted out and
spread in a 24-well plate. After the cells were fully grown, two blank
scratches were made in a cross pattern using a white gun with a sterilized
straightedge. The cells werewashed twicewith PBS to remove the residual
cells and then observed and photographed at 0, 24, 48, and 72 h. The left
side of the cross was used for observation.

Statistics and reproducibility
Statistical analysis. All statistical analyses were performed using Excel.
Descriptive statistics were calculated for all variables, and results are
presented as means ± standard deviations (SD) unless otherwise stated.
For comparisons between groups, we used t-tests and ANOVA with a
significance level set at p < 0.05.

Reproducibility. To ensure reproducibility, all experiments were con-
ductedwith at least four biological replicates. Data collection and analysis
were performed independently by three researchers to minimize bias.
Detailed protocols for sample preparation, data collection, and analysis
are provided in the “Methods” section. All datasets generated and ana-
lyzed during the current study are available from the corresponding
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author on reasonable request. Resequencing data in this study are
available at NCBI with accession number PRJNA1099313. The ss ID of
the variant is ss11846200000.

Randomization. Samples were randomly collected from the study area
using a simple random sampling technique, where each individual had an
equal chance of being selected.

Data availability
Resequencingdata in this study are available atNCBIwith accessionnumber
PRJNA1099313. The genome sequences of LMBR1 for human53, mouse55,
chicken53, rat73, zebrafish74, pig75, cattle76, dog77, camel78, and crocodile79 were
obtained from the NCBI Gene database, including NC_000007.14,
NC_037331.1, NC_000071.7, NC_052533.1, NC_086022.1, NC_010460.4,
NC_051820.1, NC_087442., NW_017728886.1.

Code availability
The software used in this study includes SpeedSeq (version 1.1) and Sam-
tools (version 1.18). Both are publicly available and can be accessed as
follows: SpeedSeq: https://github.com/hall-lab/speedseq. Samtools: http://
www.htslib.org/ and https://github.com/samtools/samtools. We used
default parameters for SpeedSeq and Samtools unless otherwise specified.
Custom scripts or specific configurations used for data processing are
available upon request from the corresponding author. Additionally, any
relevant variables or parameters used to generate, test, or process the current
dataset are documented in the “Methods” section of the manuscript.

Abbreviations
Abbre-
viation

Full name

SNP Single nucleotide polymorphism
Ref Reference genome
Alt Alternative genome
PCR Polymerase chain reaction
Shh Sonic hedgehog
LMBR1 Limb development membrane protein 1
FGFs Fibroblast growth factor
MSCs Mesenchymal stem cells
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