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Purpose: Polydactyly is a highly heterogeneous group of skeletal deformities in clinical and genetic back-
ground. The variation spectrum in Chinese sporadic polydactyly has not been comprehensively analyzed.
To elucidate genetic variation spectrum and genotype-phenotype correlations in Chinese patients with
polydactyly, we conducted comprehensive genetic analysis of patients nationwide using targeted
sequencing.
Methods: A total of 181 patients diagnosed with polydactylies were recruited. We designed a targeted
capture panel for sequencing 721 genes that are associated with the pathogenesis of skeletal dysplasia.
We performed rigorous variant- and gene-level filtrations to identify potentially damaging variants, fol-
lowed by enrichment analysis and gene prioritization.
Results: A total of 568 deleterious variants of 293 genes were identified in 173 of 181 patients with a pos-
itive rate of 95.6% by targeted sequencing. For each sample, an average of 3.17 deleterious variants were
identified. Especially, 14 pathogenic or likely pathogenic variants were identified in 10 genes in 14
patients out of the 181 patients, providing a positive molecular diagnostic rate of 7.7%.
Conclusion: Targeted sequencing analysis provides a high efficiency approach for the genetic diagnosis of
polydactyly. This is the largest next generation sequencing study performed to date in patients with poly-
dactyly and represents the genetic basis of polydactyly typically encountered in genetics clinics.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polydactyly is a digital deformity with additional digits in hands
and/or feet, which is one of the most frequently observed limb
malformations [1]. The prevalence of polydactyly is estimated to
be 0.3–3.6/1000 in live-births, with higher incidence rate for male
than female [1,2]. According to the Chinese birth defect monitoring
report in 2012, the overall incidence of polydactyly was
16.74/10000 in live births, accounting for the second most com-
mon birth defects in China [3].

Polydactyly is a highly clinically heterogeneous skeletal
deformity. A single patient’s phenotype may be symmetrical or
asymmetrical, preaxial or postaxial, non-syndromic or syndromic,
unilateral or bilateral, involving distinct metacarpals or phalanxes
[4]. Polydactyly is commonly observed as the isolated appearance,
which usually is unilateral and asymmetrical, while syndromic
polydactyly could be bilateral and symmetrical [5]. The classifica-
tion scheme of Temtamy and McKusick is being widely used nowa-
days to classify polydactyly patients into pre-axial, post-axial, and
complex types [1]. Pre-axial polydactyly includes four subtypes:
thumb/hallux polydactyly (type I, PPD1), polydactyly of tripha-
langeal thumb (type II, PPD2), polydactyly of index finger (type
III, PPD3), and polysyndactyly or crossed polydactyly (type IV,
PPD4). Sequence variants in GLI1 , pre-ZRS and ZRS, involved in
Hedgehog pathway, may result in PPD1[6], and sequence variants
in ZRS, LMBR1, PTCH1, and SHH can cause PPD2 [7]. Besides, ZRS
and GLI3 variations are regarded as be involved in PPD4 formation
[7]. Post-axial polydactyly is generally divided into post-axial type
A (PAPA) and post-axial type B (PAPB), and PAPA is further
categorized into eight subtypes: PAPA1 ~ PAPA7 and PAP8 with

http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2021.06.014&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.csbj.2021.06.014
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wangbo@scmc.com.cn
mailto:youguoling@126.com
mailto:qihuafu@126.com
https://doi.org/10.1016/j.csbj.2021.06.014
http://www.elsevier.com/locate/csbj


B. Zu, X. Zhang, Y. Xu et al. Computational and Structural Biotechnology Journal 19 (2021) 3482–3490
or without Ellis–van Creveld syndrome (EVC) [7]. Gene variants of
Hedgehog and cAMP signaling pathways or cilia formation and
function, including GLI3, IQCE, PTCH1, FAM92A, KIAA0825,
ATP6V1B1, CREBBP, EP300 and BBS10, have been reported to be
related with PAPA [8–12].

The primary etiology of polydactyly appears to be genetic [13].
The genetics of polydactyly is highly heterogeneous, and not only
restricted to Mendelian inheritance. Most familial polydactyly are
inherited in an autosomal dominant trait with variable penetrance,
but autosomal recessive and X-linked inheritance patterns have
also been reported [14–16]. Generally, phenotypes of autosomal
dominant polydactyly are less severe with variable penetrance
and incomplete expressivity, which are mainly caused by gene
variants associated with the anterior-posterior (AP) patterning of
limb development. Genetic diagnosis of polydactyly plays an
important role in risk stratification of potentially life-altering
skeletal dysplasia-related disease and recurrence risk prognostica-
tion after surgical intervention for the affected individual. Poly-
dactyly is more than a phenotype of skeletal dysplasia, and it
may indicate a systemic congenital disorder or connective tissue
disease. For example, short rib polydactyly syndrome type II (SRPS)
is a genetic disorder whose visible phenotypes include a narrow
chest and polydactyly, but most of SRPS II patients do not survive
for long because of their kidney, heart and blood vessel dysfunc-
tion. Genetic diagnosis of polydactyly enable clinicians to identify
life-altering skeletal dysplasia-related disease. In spite of the sig-
nificant progress of medical genetics in recent years, molecular
diagnosis of polydactyly can still be challenging. A study through
whole exome sequencing has been performed in a relatively small
sample with preaxial polydactyly, with a diagnostic yield of
approximately 15% [17].

Since targeted sequencing provides a more complete picture of
disease-associated genes from one clinical sample, targeted
sequencing of gene panels has been cost-effective diagnostic
workup for heterogeneous disorders. In our study, we performed
targeted sequencing analysis of 181 cases with polydactyly
through a panel containing 721 genes, which were reported to be
associated with skeletal dysplasia. We identified pathogenic or
suspected diagnostic variants in 14 of the 181 patients, providing
a positive molecular diagnostic rate of 7.7%. Our results provide a
preliminary overview of the genetic etiology of polydactyly based
on the largest cohort of polydactyly patients reported to date.
2. Materials and methods

2.1. Patients and collection of clinical information

A total of 181 consecutive sporadic patients were enrolled in
our study from 2010 to 2018 in Shanghai Children’s Medical Center
(Table S1). Patients with identified chromosomal abnormity were
excluded. X-ray photographs of hands, feet and chest of all the
included individuals were acquired for phenotype diagnosis based
on Temtamy and McKusick.
2.2. Design of skeletal dysplasia-related gene panel

We used a customized capture panel of 721 targeted genes. All
these genes are associated with skeletal disorders (e.g., poly-
dactyly, syndactyly, polysyndactyly, brachydactyly) (Table S2).
Most of these genes were stemmed from the 2015 revision of
Nosology and Classification of Genetic Skeletal Disorders and other
genes were selected through a systematic review of public data-
bases such as PubMed, OMIM, HGMD, HPO and mouse genomes
informatics (MGI). For probe design, the parameters were set to
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cover all the exonic regions and their flanking intron(+/- 10 bp)
sequences of 721 genes. 40,582 capture probes, with a 99.4% pre-
dicted coverage of all the selected regions, were designed by Sure-
Design (Agilent, Inc.).
2.3. Library preparation and targeted sequencing

Genomic DNA was extracted from peripheral blood samples
using a QIAamp DNA Blood Mini Kit (Qiagen, Germany). A spec-
trophotometer (NanoDrop, USA) was used to determine the purity
and concentration of the gDNA in the sample. The gDNA libraries
were prepared by using Agilent Custom SureSelect Enrichment
Kit (Agilent, USA) in accordance with the manufacturer’s protocol.
The capture library was sequenced on a HiSeq2500 Sequencer
(Illumina, USA) with 2 � 150 bp paired-end reads.
2.4. Variant annotation and filtering

Clean sequence reads were aligned to the human reference gen-
ome (hg38) with BWA-MEM [18] and further processed using the
GATK best practice workflows [19], which included duplication
marking, indels realignment, and base quality score recalibration.
Single nucleotide variants (SNVs) and small insertions/deletions
(indels) were called with GATK Haplotype Caller in GVCF mode,
and recalibrated by GATK Variant Quality Score Recalibration
(VQSR) to reduce likely false-positive variants. The identified vari-
ants were annotated using ANNOVAR [20]. The preliminary filter
process was performed to filter for rare (VAF � 10-3 in 1000 Gen-
omes, and gnomAD database) and high quality (pass GATK VQSR,
minimum 10 total reads, GQ score � 20, and a minimum 20% alter-
nate allele ratio if alternate allele reads � 10 or, if alternate allele
reads is < 10, a minimum 30% alternate ratio) variants. The
MetaSVM algorithm, annotated using dbNSFP [21], was used to
predict deleteriousness of missense variants (D-Mis) [22]. Only
LoF variants (nonsense, canonical splice-site, frameshift indels
and start loss), D-Mis and non-frameshift indels were considered
as potentially damaging to the disease. The potentially deleterious
variants were further classified into pathogenic and likely patho-
genic variants based on ACMG guidelines [23] for sequence variant
interpretation.
2.5. Function, pathway, and network analysis

Gene Ontology analysis and KEGG pathway enrichment analysis
of the complete list of genes which harbored LoF and damaging
variants were performed using clusterProfiler package in R soft-
ware, using p value < 0.05 as the cut-off criterion. To survey disease
associations of these candidate genes, we carried out Disease
Ontology (DO) and Disease Gene Network (DisGeNET) enrichment
analysis with the R package DOSE [24], which provides semantic
similarity computations among DO terms and genes, and allows
biologists to explore the similarities of diseases and of gene func-
tions in disease perspective. Protein-protein interactions (PPI) net-
works were constructed using Cytoscape software [25] based on
the STRING database [26]. As nodes with a high degree of connec-
tivity contribute more to the stability of the network, genes with a
degree connectivity of greater than 20.0 were identified as hub
genes by using the plugin CentiScaPe [27]. Molecular Complex
Detection (MCODE) plug in [28] was applied to identify significant
subnetworks with node score cutoff = 0.2, K-Core = 4, max
depth = 100 and degree cut-off greater than 4 set as the cut-off
criteria.
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3. Results

3.1. Patient characteristics

In order to get an insight into phenotypic manifestations and
genetic etiology, we enrolled a cohort of 181 sporadic probands
with polydactyly. Among them, 104 (57.5%) were males and 77
(42.5%) were females, and the median age was 10 month old (range
5 months to 11.5 years). The demographic and basic clinical pheno-
type characteristics are shown in Table S1. Pre-axial polydactyly
was the most common type (79.6%), and the proportion of post-
axial type and complex polydactyly were 17.7% and 2.8%, respec-
tively. In the pre-axial polydactyly, PPD1 was the most prevalent
subtype (92.4%), PPD2 was diagnosed in 7.6% cases, while PPD3
and PPD4 were not found. Majority of the polydactyly cases were
unilateral (86.2%). As shown in Table 1, involvement of upper/
lower and right/left extremity was highly variable across the 181
established polydactyly cases.
3.2. Capture-based targeted sequencing

For each sample undergoing capture-based targeted sequenc-
ing, the average coverage was 272.49 X, sufficient depth to interro-
gate the sequence for variations. The percentage of interested
regions with coverage greater than 10X was above 95.6% and with
coverage greater than 20X was above 91.6%. An average of 97.7% of
reads had a Phred-like quality score (Q score) of greater than 20
and 94.7% of reads had a Q score of greater than 30. At least
99.16% of targeted regions were covered by at least one read. These
results suggested that capture-based targeted sequencing is suffi-
cient to yield high-quality data for further analysis.
3.3. Genetic spectrums of polydactyly

After quality control and filtering process, 568 rare variants
spanning 293 genes were identified to be deleterious in 173
patients, including 35 splicing variants, 28 nonsense variants, 16
frameshift insertions, 27 frameshift deletions, 13 non-frameshift
insertions, 15 non-frameshift deletions and 434 missense variants
(Fig. 1A, Table S3). For each sample, an average of 3.14 deleterious
variants were identified, which indicated polydactyly as a poly-
genic disorder. Of 293 mutated genes, FLNB and FBN2was the most
frequently mutated genes, and 132 genes showed recurrent varia-
tions (Fig. 1B, Table S4).

To establish genotype-phenotype correlation, we examined the
overlapped genes identified in PPD1, PPD2, PAPA, PAPB and com-
plex polydactyly involve upper/lower or right/left extremity
(Fig. 2, Fig. S1). The analysis showed that 27 genes were shared
between PPD1 and PPD2; 18 genes were shared between PAPA
and PAPB, 3 genes (TCIRG1, FLNB, TBXAS1) were shared across four
types of polydactyly (PPD1, PPD2, PAPA, and PAPB) (Table S5).

We curated a set of 7 human non-syndromic polydactyly
(H-nsynPD) genes and loci, 222 human syndromic polydactyly
(H-synPD) genes from OMIM and published data, and human
orthologs of 96 additional mouse polydactyly (M�PD) genes in
MGI. Thus, 325 known polydactyly (KnownPD) genes and 396
genes of other subtypes of skeletal dysplasia (H-OS-SD) were
included for the custom capture panel (Table S6). In our study,
we identified 161 heterozygous variants in 83H-synPD genes as
rare deleterious variants, including 53 variants in 26 dominant
H-synPD genes, 90 variants in 51 recessive H-synPD genes, and 6
variants in 3 X-linked H-synPD genes. Apart from the above
variants, we also identified 99 deleterious heterozygous variants
in 56 dominant H-OS-SD genes, and 119 variants in 64 human
orthologs of M�PD genes (Table S3).
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Especially, 14 variations in 10 genes were further classified as
pathogenic or likely pathogenic in 14 patients, providing a positive
molecular diagnostic rate of 7.7% (Table 2). Among them, we iden-
tified four patients with pathogenic or likely pathogenic variants in
the same gene. GLI3 is intracellular mediators of hedgehog signal-
ing, which modulates limb bud development. Four deleterious
variations were identified in GLI3 gene of four patients, including
two splicing variations (c.1497 + 1G > C, c.2104-3C > A), one frame-
shift deletion (p.Gly552ValfsTer9) and one missense variation (p.
Met948Ile). Patient N355 was detected with both GLI3 frameshift
variations and FGFR3 frameshift variations, whose pre-axial poly-
dactyly phenotype involves both upper/lower and right/left
extremity (Table 2).

3.4. Gene enrichment and pathway analysis

To achieve a deeper understanding of the candidate 293 genes
in cases, we performed GO function and KEGG pathway enrich-
ment analysis using the ClusterProfiler package as implemented
in R (Table S7). In the BP ontology, the candidate 293 genes were
significantly enriched in two major categories: skeletal system
development (limb morphogenesis, ossification, and skeletal sys-
tem morphogenesis) and cilia function (cilium organization, cilium
assembly, and non-motile cilium assembly) (Fig. 3A); In the CC
ontology, cilia items constitute the majority of enriched GO cate-
gories, including ciliary part, ciliary basal body, ciliary membrane
and photoreceptor connecting cilium (Fig. 3B). In the MF ontology,
the binding-related items constitute the majority of enriched GO
categories, including proximal promoter sequence-specific DNA
binding, RNA polymerase II transcription factor binding, chromatin
binding, growth factor binding (Fig. 3C). The enriched GO terms of
the candidate 293 genes were similar with that of 325 polydactyly
associated genes and 721 skeletal associated genes (Fig. 4). KEGG
pathway enrichment showed that several pathways were related
to skeletal system development, such as Hedgehog signaling path-
way, Wnt signaling pathway, TGF-beta signaling pathway, and
PI3K-Akt signaling pathway (Fig. 3D). Hedgehog signaling pathway
plays a major role in specifying the antero-posterior pattern of the
digits [29]. The initiation of limb bud development requires the
interactions of the retinoic acid (RA), FGF, and WNT signaling path-
ways, and TBX transcription factors [30]. PI3K/AKT pathways regu-
late limb blastema formation [31]. The pathway analysis suggested
that these pathways might be critical in the development of
polydactyly.

To identify disease associations of these candidate genes, we
carried out DO and DisGeNET enrichment analysis with the R pack-
age DOSE. For DO enrichment, the candidate genes were signifi-
cantly enriched in bone development disease and polydactyly
(Fig. 5A). For DisGeNET enrichment, 18 genes were reported in Dis-
GeNET as associated to polydactyly and 22 genes were enriched in
skeletal dysplasia, 18 genes were reported in DisGeNET as associ-
ated to syndactyly (Fig. 5B, Table S8).

To investigate the relationship of the candidate 293 genes
between modules, PPI networks were constructed using Cytoscape
software based on the STRING database. In total, 283 nodes and
1672 PPI relationships were obtained (Fig. 6). 51 genes with a
degree of connectivity � 20 were defined as hub genes (Table S9)
for polydactyly. As the most intensive hub gene, SHH interacts with
74 genes. For the 51 hub genes, we identified 119 rare variations
(Table S3). Of these 51 hub genes, GO analysis showed that the
most significant GO biological process term found in PPI was limb
morphogenesis (22 genes, p.adjust = 1.32E-33), followed by
smoothened signaling pathway (20 genes, p.adjust = 7.00E-31),
18 genes were associated with cilium assembly and organization,
24 genes were associated with ciliary part, basal body, membrane,
9 genes were associated with chromatin binding (Table S10). These



Table 1
Distribution of affected limbs in polydactylies.

Phenotype Male Female Unilateral Bilateral Symmetrical 236 limbs

LH RH BH LF RF BF BHF

Preaxial-1 81 52 123 10 8 47 84 6 7 5 3 1
Preaxial-2 6 5 11 0 0 8 4 0 0 1 0 0
Postaxial-A 8 12 13 7 5 4 3 2 13 12 5 0
Postaxial-B 7 5 6 6 2 4 3 3 5 6 1 0
Complex 2 3 3 2 2 1 2 1 3 1 1 0

LH, left hand; RH, right hand; BH, both hands; LF, left foot; RF, right foot; BF, both feet; BHF, both hands and feet.

Fig. 1. Summary of rare variants identified in 181 probands with polydactyly. A, summary of rare variants; B, summary of rare variants identified by genes.

Fig. 2. An UpSetR plot of gene across five types of polydactyly.
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hub genes might play an important role in polydactyly and should
be further studied. A total of 7 subnetworks from the PPI satisfied
the criteria of an MCODE computed node score >4 and number of
nodes >4 (Fig. 6). 100 MCODE related genes were identified and
3485
which contained the 39 hub genes (Table S11). Notably, 67 genes
are known polydactyly-causing genes. Subnetwork 1 with the
highest score included 24 nodes and 220 PPI pairs, the network
genes were found associated with cilium cilium assembly, cilium



Table 2
Summary of causative variations identified in the investigated cases.

No. Sample Variation type Gene AAChange Protein Phenotype OMIM Classification

1 X62 Missense ALX4 NM_021926.3:c.19G > A p.Val7Ile RF-PPD1 605,420 Likely pathogenic
2 B66 Nonsense BMP4 NM_001347913.1:c.777G > A p.Trp259Ter RF-PAPB/LF-PAPA 112,262 Pathogenic
3 B116,

X384
Frameshift
insertion

CD96 NM_001318889.1:c.54dupT p.
Val19CysfsTer22

RF-PPD2, LH-PPD1/RH-
PPD1

606,037 Pathogenic

4 N319 Nonsense CREBBP NM_004380.2:c.1775G > A p.Trp592Ter RF-PPD1/LF-PPD1 120,140 Pathogenic
5 X565 Missense FGFR1 NM_001354369.1:

c.1753C > T
p.His585Tyr RH-PPD1 136,350 Likely pathogenic

6 N90 Missense FGFR1 NM_001354369.1:
c.1686G > C

p.Lys562Asn LH-PPD1 136,350 Likely pathogenic

7 N355 Frameshift
deletion

FGFR3 NM_022965.3:c.2072delG p.
Gly691AlafsTer17

LF-PPD1/RF-PPD1/RH-
PPD1/
LH-PPD1

134,934 Pathogenic

8 X452 Splicing FUZ NM_001352262.1:
c.233 + 1G > A

RF-PAPB 610,622 Likely pathogenic

9 N250 Splicing GLI3 NM_000168.5:
c.1497 + 1G > C

RF-PPD1/LF-PPD1 165,240 Pathogenic [33]

10 N355 Frameshift
deletion

GLI3 NM_000168.5:c.1653delA p.
Gly552ValfsTer9

LF-PPD1/RF-PPD1/RH-
PPD1/
LH-PPD1

165,240 Pathogenic

11 X197 Splicing GLI3 NM_000168.5:c.2104-3C > A RF-PAPA/LF-PAPA 165,240 Likely pathogenic
12 X343 Missense GLI3 NM_000168.5:c.2844G > A p.Met948Ile RH-PPD1 165,240 Likely pathogenic [6]
13 B21 Missense NSD1 NM_022455.4:c.6505A > G p.Lys2169Glu RH-PPD1 606,681 Likely pathogenic
14 N336 Splicing SETBP1 NM_015559.2:c.4001-1G > T – RH-PPD1 611,060 Pathogenic

Fig. 3. Functional enrichment analyses of candidate genes. A, biological processes (BP) enrichment; B, cellular components (CC) enrichment; C, molecular functions (MF)
enrichment; D, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.
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organization, and ciliary part. The second higthest score is subnet-
work 2, which included 17 nodes and 96 PPI pairs and was associ-
ated with limb morphogenesis (p.adjust = 9.86E-08) (Table S12).

4. Discussion

Polydactyly is considered as skeletal dysplasia, while skeletal
dysplasia contains a large group of heritable diseases of the carti-
lage or bone abnormalities. Moreover, some other subtypes of
skeletal dysplasia may be with a polydactyly phenotype, e.g.,
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short-rib thoracic dysplasia and sive skeletal dysplasia. Over time,
it’s being recognized that there are clinical and molecular overlaps
among different subtypes of skeletal dysplasia. Hence, we designed
a custom capture panel containing 721 skeletal dysplasia-
associated genes for 181 polydactyly patients. Based on the popu-
lation data, computational and predictive data, functional data and
other database, 14 detected pathogenic or likely pathogenic vari-
ants were identified in 14 polydactyly patients, providing a posi-
tive molecular diagnostic rate of 7.7%. To the best of our
knowledge, this is the largest study interrogating the genetic spec-



Fig. 4. The compared GO terms of the candidate 293 genes with that of 325 polydactyly associated genes and 721 skeletal associated genes. A, biological processes (BP)
enrichment; B, cellular components (CC) enrichment; C, molecular functions (MF) enrichment.

Fig. 5. Disease Ontology (DO) and Disease Gene Network (DisGeNET) enrichment analysis. A, DO enrichment analysis; B, DisGeNET enrichment analysis.
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trum in patients with polydactyly. 568 deleterious variants of 293
genes may be implicated with sporadic polydactyly, which tend to
provide foundation for further segregation analysis and specific
experiments to verify the new disease-causing genes and genetic
model. The further comprehensive analysis of deleterious variants
will pave the way for more effective genetic diagnosis for
polydactyly.

SHH, BMPs, FGFs and WNTs pathways have been demonstrated
to have a substantial role in the development of limbs. The SHH-
GLI3 activated pathway is highly conserved and essential for AP
limb patterning, which is associated with polydactyly. The key
genes in the SHH-GLI3 pathway include GLI3, SHH, PTCH1, IQCE,
SMO and BMP4.

Variations in GLI3 gene are known to be associated with several
clinical disorders including pre-axial polydactyly, post-axial poly-
dactyly, Greig cephalopolysyndactyly syndrome (GCPS) and
Pallister-Hall syndrome (PHS) [32]. In our study, four deleterious
variations in GLI3 gene were identified, including a missense, a fra-
meshift deletion and two splicing variations. Two novel LoF varia-
tions, locating in the zinc finger domain of GLI3 (c.1653delA, c.
1497 + 1G > C), and one nonsynonymous variation (c.2844G > A)
were identified in three patients with PPD1. One patient with PAPA
was found carrying the splicing variation (c.2104-3C > A). Though
c.1497 + 1G > C variation has been reported in probands with fea-
tures of PHS or GCPS [33], none of them in our cohort had typical
GCPS and PHS phenotypes, such as polysyndactyly, hypothalamic
hamartoma, atresia and bifid epiglottis, craniofacial abnormalities,
and developmental delay.

PTCH1 plays a critical role in SHH signaling, and loss of PTCH1
function usually results in elevated shh pathway activity. More
generally, mutaions in PTCH1 have been reported in Gorlin Syn-
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drome, with primary clinical manifestations of polysyndactyly
[34]. However, few non-syndromic polydactyly phenotype with
PTCH1 mutation was reported. In this cohort, three deleterious
variations of PTCH1 gene were identified in patients with PPD1
and PAPA phenotype.

Variations in BMP4 were shown to be associated with ocular
malformation, digital anomalies, and brain anomalies. Here, we
identified two missense variations and a nonsense variation in
the BMP4 gene in three cases with three different polydactyly phe-
notypes, respectively. However, no additional phenotypes of other
system were found in those patients. Our data might provide addi-
tional support for BMP4 variations to be associated with non-
syndromic polydactyly phenotype.

Synpolydactyly (SPD) is the second most frequent syndactyly
type and is inherited in an autosomal dominant condition. Varia-
tions in HOXD13 and FBLN1 can lead to SPD. HOXD13 encodes a
transcription factor, which initiates Shh expression during the
early phase and mediates the Shh morphogenic signal within the
limb during the second phase. Haploinsufficiency of the FBLN1
could lead to the observed limb malformations. In this study, we
identified a missense HOXD13 variation and a missense FBLN1 vari-
ation in PAPA. Further follow-up and assessment will be needed for
the final interpretation of these variants.

We identified several variations in syndromic polydactyly
genes, such as SALL1, ALX4, FUZ, GLI2, EVC, COL2A1, FGFR3, IHH,
NSD1, SALL4, TBX1, TBX3 and TP63, in non-syndromic polydactyly
cases, while no additional pathological features were observed in
these probands. Further follow-up will be needed, since patients
in this cohort, median age as 1.6 years old, can be too young to
manifest developmental anomaly outcomes, even if a syndrome
existed



Fig. 6. Protein–protein interaction (PPI) network construction and subnetwork analysis. The blue circles represent subnetwork 1, the orange circles represent
subnetwork 2, the green circles represent subnetwork 3, the pink circles represent subnetwork 4, the darkgreen circles represent subnetwork 5, the red circles represent
subnetwork 6. The size of circles represent the degee of nodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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We also identified variations in human orthologs of mouse
polydactyly genes, such as DKK1, FBN2, SPRY4, et al, and no poly-
dactyly phenotypes by these genes have been reported in human
before. However, a comprehensive in silico analysis of functional
and structural impact for the coordinate gene variations pinpoints
possible variational effects to support their pathogenic role. Our
data tend to provide foundation for further specific experiments.

As a consequence of less evolutionary pressure, non-coding
sequences allow for much more genetic variations than coding
sequences, and thus pathogenic variants search from non-coding
regions is extremely challenging given the vastness of noncoding
genome variation. What’s more, variations in non-coding
sequences are much more difficult to interpret, because of the
intrinsic difficulty in assessing the role of noncoding sequences
and our still primitive understanding of noncoding sequences. Cur-
rently, clinical genomics analyses focus on protein-coding
sequences. However, the pathogenic possibilities of variation in
non-coding regions should not be overlooked. For example, ZRS
enhancer has been proved for its pathogenic variations for poly-
dactyly in human patients. ZRS, an enhancer regulating the expres-
sion of SHH gene, has been reported to be associated with pre-axial
polydactyly and triphalangeal thumb (TPT) [35]. In this region,
3488
more than 20 point variants, 10 duplications, 1 triplication, and a
base pair insertion have been reported to be associated with PPD.
In the present cohort, we identified a novel deleterious point vari-
ation at ZRS 382 T > C (g.156791524 T > C) in one patient with
PPD1, and this is the second report identifying the genetic variation
causing non-syndromic PPD1. The previously reported patient with
ZRS 446 T > A variation showed duplicated thumb of distal phalanx,
while the affected case in our study presented duplicated thumbs
of proximal and distal phalanx.

PPI network analysis provided detailed interaction among the
candidate 293 genes, 100 genes with a degree of connectivity
>15 were defined as hub genes. The top 10 hub genes were SHH,
BMP4, SOX9, RUNX2, GLI1, GLI3, WNT1, IFT88, GLI2, IHH. GO analysis
showed that these hub genes are associated with limb develop-
ment, cilium assembly and organization, which have been reported
to have a substantial role in polydactyly.

Our data will help to explain diverse clinical phenotypes and
genetic heterogeneity of polydactyly by establishing the landscape
of genetic variation basis by targeted high-throughput sequencing.
Hub gene analysis has shown that polydactyly phenotypes are
associated with a pathway network of limb development, cilium
and chromatin. However, the additive and epistatic effect of multi-
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ple genetic variants, SNP or rare variants, especially involving
oligo- or polygenic genetic modifiers, hamper mechanistic dissec-
tion of genotype–phenotype correlation by bioinformatic analysis.

5. Conclusions

In summary, we identified 568 rare variants in 181 Chinese
patients by targeted sequencing in the largest cohort of patients
with polydactyly described to date. Our diagnostic rate of 7.7%
demonstrates the effectiveness of targeted sequencing as a diag-
nostic tool for polydactyly. In addition, the results extended the
gene variation spectrum of polydactyly. The identification of novel
disease-causing genes and genetic model for polydactyly could not
only be important to molecular diagnostics and genetic counseling,
but also help to elucidate the limb patterning and digit specifica-
tion mechanisms.
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