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ABSTRACT

Syndactyly (Syn = together; Dactylos = digits) is the most common limb defect mostly characterized by webbing 
of digits. It may be webbing with or without bony fusion and inherited mostly in autosomal dominant man-
ner, although also reported as autosomal recessive, X-linked or isolated entity. It also shows diverse clinical 
and phenotypic heterogeneity and mostly observed as unilateral or bilateral and symmetrical or asymmetrical 
forms. Syndactyly mostly occurs either as an isolated anomaly or as a part of a complex syndrome (+150 syn-
dromes). Here, non-syndromic syndactyly has been classified according to genetic and molecular basis. The 
non-syndromic syndactyly has been classified into nine different types. Up till now, the major genes identified 
to cause hereditary syndactyly are mainly involved in the sonic hedgehog pathway and zone of polarizing activ-
ity. The present review mostly focuses on summarizing the recent advances in molecular genetics, including 
known genes and loci responsible for non-syndromic syndactyly. The present review will contribute to the 
understanding of the pathogenesis underlying non-syndromic and syndromic syndactyly, improving clinical and 
molecular diagnosis; thus, making genetic counseling and prenatal testing easier in future.
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Introduction

The term syndactyly originated from the Greek word “Syn” 
meaning together and “Dactylos” meaning digits. Syndactyly 
is a limb abnormality more specifically a digital abnormality 
where contiguous phalanges and/or toes are webbed due to 
the embryological failure of phalanges to separate during 
limbs development. It is common in several species, 
including kangaroos and birds. The incidence of syndactyly 
is 3–10/10,000 births, depending on the form of syndactyly 
either syndromic or non-syndromic, though much higher 
assessments (10–40/10,000) have also been reported (1,2). 
Clinically, syndactyly is classified as a heterogeneous group 
of a genetic disorder of hands and feet, it may be symmetrical 
or asymmetrical, unilateral or bilateral. Syndactyly can 
be described as cutaneous or boney, partial or complete, 
involving the phalanges and can be extending up to carpal/
tarsal or metacarpal/metatarsal levels (3). Syndactyly is 
expressed in autosomal dominant, autosomal recessive, and 
isolated forms. The recent classification s cheme d escribes 
nine types of syndactyly with subdivisions, showing its 
affinity with other digit abnormalities, such as oligodactyly, 
polydactyly, and brachydactyly (4,5). In the present review, 
signaling pathways, molecular epidemiology, and clinical 
genetics have been focused on non-syndromic syndactyly.

Developmental Pathways and Genes Involved

The limb formation in the vertebrate is linked with many 
genes  that  encode specific proteins,  which play a very 

important role in development and differentiation. Numerous 
signaling pathways have been reported to play a very 
important part in various developmental processes, tissue-
specific gene activation, cis-regulatory regions in-activation, 
and animal mouse models which are commonly generated 
for severe human syndromes. During the 4th and 8th weeks 
of development, the limb buds arise from the main body 
(trunk). Many different players such as fibroblast growth 
factor (FGF), retinoic acid, T-boxe (TBX) transcription 
factors, and Wingless/Integrated (WNT) signaling pathways 
help in the initiation of limb bud development (6).

Initially, along with the three asymmetrical axes, the 
limb bud is directed by mesodermal cells growth. These 
axes include the anterior-posterior axis (thumb to little 
finger), dorsal-ventral axis (back to the palm of the 
hand), and the proximal-distal axis (shoulder to finger). 
The anterior-posterior axis appears most important in 
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digit formation. The final limb architecture fallouts as 
a result of cell fate determination, cell differentiation, 
proliferation, and also apoptosis (7).

The human limb structure is controlled by two main 
signaling centers including the zone of polarizing activity 
(ZPA), which controls the overall patterning in relation to 
the anterior-posterior axis and the apical ectodermal ridge 
(AER) that plays a very important part in limb growth. 
Different pathways reported having a substantial role in 
the development of limbs including cartilage-derived 
morphogenetic proteins, FGFs, hedgehog pathways, 
bone morphogenetic proteins (BMPs), and WNTs (8).

Sonic hedgehog (SHH) and Indian hedgehog 
(IHH)

The Sonic hedgehog (SHH) pathways expressed in the 
ZPA (controlling anterior-posterior limb patterning) 
have been mostly associated with both syndactyly and 
polydactyly phenotypes. In the posterior mesenchyme, the 
activation of SHH expression is controlled by interactions 
of HAND2 and HOX transcription factors with the 
GLI3. Different transcription factors (such as Gli3, 
Alx4, several BMP antagonists, and dHand) have been 
reported to be involved in the ZPA and SHH interactions. 
Pathogenic mutations in any of these transcription factors 
cause severe limb malformations including syndromic 
types of syndactylies (9). In particular, chondrocytes, 
regulation, and differentiation Indian hedgehog (IHH) 
that is biologically similar to SHH and mostly expressed 
in the FGF 3 (9). IHH has been reported to cause several 
congenital anomalies and also involved in the later 
development of syndactyly (10). Cilia function in the 
SHH signal transduction is vital. Different proteins and 
GLI that are essential for SHH signal transductions are 
localized and processed in the cilium. Thus, mutations 
in the genes involved in the development of cilium 
cause severe disorders known as ciliopathies by either 
gain or loss of SHH pathway. These ciliopathies include 
phenotypes such as polydactyly, syndactyly, and other 
severe anomalies, e.g., Ellis-van Creveld syndrome 
(MIM 225500), Bardet Biedl syndrome (MIM 20900), 
and Postaxial polydactyly (IQCE) (11,12).

WNT signaling pathways and fibroblast growth 
factors (FGF)

The WNT6 and WNT10B (Wingless-type MMTV 
integration site family) have been involved in the 
development of somites, limb bud, reproductive system, 
and apoptosis in the mouse. Mutations in the WNT10B 
(MIM 601906) have been reported to cause split hand 
foot malformation mapped on chromosome 12q13.12, 
having severe syndactyly phenotypes while the human 
WNT6 (MIM 604663) has been mapped to 2q35 (13–
15). The FGF have been reported to be involved in the 
mesenchymal ossification and expressed along the WNTs. 
The Fgf8 expression during AER formation is activation 
and conditional in-activation reduce the limb bud size in 

the mouse embryos; thus, resulting in the reduced femur, 
hypodactyly, and stylopod hypoplasia (16).

Bone morphogenetic proteins (BMPs)

Similarly, the BMPs and growth and differentiation 
factors (GDFs) are cytosine knot proteins that help in 
inducing the eptopic bones and belong to the superfamily 
of transforming growth factor β blocking the BMPs has 
been reported to cause syndactyly, having a possible role 
in apoptosis and influence the digit number, respectively 
(17). The role of interdigital mesenchyme is also 
important and its removal resulted in the loss of digit 
integrity in chickens (18). In chick limb, the BMP and 
FGF signaling occurs downstream of SHH signaling (7). 
Furthermore, the involvement of the transcription factors 
such as zinc finger (ZNF) and N-Myc cannot be ignored 
and cause syndactyly in mice (10).

The HOX clusters

The transcription factors that originate from HOX 
clusters (HOXA-D) have a key role during mouse limb 
development. The 39 known HOX genes are organized 
into four clusters, which control the development of 
limbs, central nervous system, axial skeleton, and 
gastrointestinal tract. Mutations or deletions in one or 
more HOX genes (A–D clusters) have been reported to 
cause limb abnormalities (19–22).

Sal-like Zinc finger transcriptional repressors

The Sal-like ZNF transcriptional repressors genes such as 
(Sall1, Sall3, and Sall4) are expressed in distal limb buds. 
The SALL4 protein interacts with the TBX and the WNT 
signaling pathways, thus presenting several phenotypes. 
SALL4 gene mutations in humans cause Okihiro/Duane-
radial ray deficiency syndrome having features such as 
radial ray defects, facial asymmetry, strabismus, as well 
as malformations of the anus, kidney, heart, hearing 
loss, and feet. Mouse lacking Sal1 and Sal3 suffer from 
severe limbs defects such as syndactyly, digit loss, and 
hypodactyly (23).

The DLX homeodomain

The DLX homeodomain transcriptional factors include 
six members including DLX1/2, DLX3/7, and DLX5/6 
that mostly regulate Runx2 expression during osteoblast 
differentiation and BMP pathways. The DLX5/6 are 
expressed in the AER while pathogenic mutations in 
these genes have been reported to cause ectrodactyly  
limbs phenotypes (SHFM1; 24).

As syndactyly types are mostly inherited dominantly 
while the autosomal recessive inherited types show more 
severe features. To date, 11 loci and 8 disease-causing 
genes have been identified for non-syndromic syndactyly 
including HOXD13, FBLN1, GJA1, LMBR1, LRP4, 
GREM1, FMN1, and FGF16 while disease-causing genes 
for other syndactyly types have not been identified yet.
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Current Classification

The Temtamy-McKusick classification has been an adopted 
scheme of syndactyly classification. The current review 
is an adaptation and extension of Malik and Temtamy-
McKusick system of classification by highlighting 
the genetic, clinical, and molecular developments and 
pathways involved in the pathogenesis of syndactyly (3,4; 
Figure 1, Table 1, Supplementary Table 1).

Syndactyly type I (SD1)

Syndactyly type I (MIM 185900) is responsible for the 
majority of isolated syndactyly cases and inherited in 
an autosomal dominant form (2). SD1 is phenotypically 
characterized by partial or complete webbing of the 
2nd and 3rd toes and the 3rd and 4th fingers while bony 
fusion is also associated with SD1. Based on current 
classification and clinical observations, SD1 can be 
subdivided into four types (SDI-a, SDI-b, SDI-c, and 
SDI-d).

Syndactyly type I-a

SDI-a (MIM 609815) also known as Weidenreich type 
(MIM 609815) involves bilateral fusion of the 2nd and 
3rd toes, not including hand abnormalities. Malik et al. (5) 
designated and proposed ZD1 locus for zygodactyly and 
mapped this subtype to chromosome 3p21.31 in a large 
Pakistani family. It mostly involves cutaneous webbing of 
the 2nd and 3rd toes without hand involvement affecting 
fewer females than males.

Syndactyly type I-b

SD1-b (MIM 185900), known as the Lueken type (MIM 
185900), and the second most frequent type of syndactyly 
type I. Clinical features include bilateral cutaneous 3rd 
and 4th fingers and fusion of the 2nd and 3rd toes. A large 
German syndactyly type 1b family was mapped by Bosse  
et al. (25) on chromosome 2q34-q36. This locus was 
known as SD1 locus. The disease-causing gene has not 
been identified while the locus was later confirmed in an 
Irani family (25,26).

Figure 1. Cartoonic representation of non-syndromic syndactyly types. Red portion represents synostosis and blue region represents 
clinodactyly and other abnormalities. (Figure was composed following Malik [4] design.)
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Syndactyly type I-c

SD1-c is also known as the Montagu type or 3rd and 4th 
fingers syndactyly. SD1-c is characterized by phenotypes 
such as bilateral or unilateral cutaneous or bony webbing 
of the 3rd and 4th fingers and occasionally of the 4th 
and 5th fingers, with no involvement of feet (27). The 
locus for the SD1-c was mapped to chromosome 2q31-
2q32, and two mutations (p.R306G and p.R306Q) were 
identified in the homeodomain of the HOXD13 gene in 
two Chinese families (28).

Syndactyly type I-d

SD1-d also known as the Castilla type syndactyly, only 
reported in an epidemiological study. It is characterized 
by webbing of the 4th and 5th toes. This fourth subtype is 
very rare and little is known about it. No locus/gene has 
been identified for the rare SD1-d subtypes (2).

Syndactyly type 2 (SD2)

SD2 (MIM 185900), also called synpolydactyly or 
Vordingborg type. It is genetically and clinically one 
of the most heterogeneous groups, involving bilateral 
synpolydactyly of the 4th web spaces of the feet and the 
3rd web spaces of the hands with complete or partial digit 
duplication within the web. SD2 is the only type with a 
mesoaxial extra finger, thus, synpolydactyly is classified 
into three different types (SPD1-3). It is the second most 
frequent syndactyly type associated with additional 
features such as camptodactyly, or clinodactyly of the 
5th finger, brachydactyly, and variable syndactyly with 
middle phalanx hypoplasia.

SPD1 (MIM 186000) is caused by pathogenic mutations 
in the HOXD13, located on 2q31 (19–22), and having 
an autosomal dominant inheritance. HOX gene family 
includes the HOXD13 gene (MIM 186000) and 
several other genes. The HOX genes encode many 
different regulatory transcription factors containing 
homeodomain proteins, play a very important role in 
the regional identities and might control cell fates 
during limb axes development. HOX genes assemble 
in a cluster form, located on four different genomic 
loci (HOXA-D) while the HOXD13 gene encoding 
343 amino acids protein is located in the 5′ region. 
The HOXD13 protein regulates the expression of 
genes involved in skeletal patterning and early limb 
development (29). SPD2 (MIM 608180) is caused by 
pathogenic sequence variants in the FBLN1 gene (MIM 
608180) (30), located on chromosome 22q13.31. The 
SPD3 (MIM 610234), was mapped by Malik et al. 
(31) on chromosome 14q11.2-q12 in a five-generation 
Pakistani kindred using linkage analysis, however, no 
candidate gene has been reported so far. The family 
presented additional variable features such as cutaneous 
webbing, abnormal metacarpals, symphalangism, 
camptodactyly, and clinodactyly (31).

The FBLN1 protein expresses in most tissues, 
including calcifying regions of developing bones, the 
perichondrium, epithelial region of the skin, early 
human embryo, and in the gut sub-epithelium (32). 
The Fbln1 knockout mice cause endothelial cell 
abnormalities and perinatal lethality in several vessel 
compartments (33).

Table 1. Genetic loci and disease-causing genes for non-syndromic syndactyly.

ID Type OMIM Inheritance Locus Gene
Gene/Locus 

OMIM Number
References

I-a ZD1 609815 AD 3p21.31 – – [5]
I-b SD1 185900 AD 2q34-q36 – – [5,25]
I-c Montagu type – AD 2q31-q32 HOXD13 142989 [5,28]
I-d Castilla type – AD? – – – [4,5]
II-a SPD1 186000 AD 2q31 HOXD13 142989 [18,19]
II-b SPD2 608180 AD 22q13.3 FBLN1 135820 [30]
II-c SPD3 610234 AD 14q11.2-q13 – [13]
III SDTY3 186100 AD 6q21-q23 GJA1 121014 [35,36]

IV-a SDTY4 186200 AD 7q36 ZRS (LMBR1) 605522 [39–43]
V SDTY5 186300 AD 2q31 HOXD13 142989 [44,45]
VI Mitten type – AD – – [3]

VII-a Cenani-Lenz 
type

212780 AR 11p12-p11.2 LRP4 604270 [15,19]

VII-b Oligodactyly 
type

– AD 15q13.3 FMN1- GREM1 136535 [51]

VIII-a Metacarpal 4–5 
fusion

309630 XLR Xq21.1 FGF16 300827 [54,55]

VIII-b Lerch type – AD – – [56]
IX MSSD 609432 AR 17p13.3 BHLHA9 615416 [59]

Abbreviations: AR = autosomal recessive, AD = autosomal dominant, XLR = X-Linked recessive.
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Syndactyly type 3 (SD3)

SD3 (MIM 186100), also named as a small ring 
syndactyly or a Johnston-Kirby type, having phenotypes 
such as bilateral and/or distal phalangeal fusion, or having 
an undeveloped middle phalanx in the 5th digit (34). The 
fourth finger usually shows valgus deviation when the 
fusion is complete (3). The feet are usually unaffected, 
and the nails are medially fused of the syndactylous 
fingers. Oculo-dento-digital-dysplasia (ODDD) was 
mapped on human chromosome 6q22-q23 (35), with 
characteristic phenotypes of SD3, with connexin 43 
(GJA1; MIM 121014) identified as the candidate gene for 
SD3 (36). Pathogenic mutations in the GJA1 gene have 
also been reported to cause atrioventricular septal defect 
3 (MIM 600309), hypoplastic left heart syndrome 1 
(MIM 241550), and craniometaphyseal dysplasia (MIM 
218400). GJA1 has been reported to play an important 
role in normal limb and facial development and several 
pathogenic mutations have been associated with limb and 
craniofacial abnormalities through modifying BMP2 and 
SHH (37,38).

Syndactyly type 4 (SD4)

SD4 (MIM 186200), known as the Haas-type 
synpolydactyly, was described for the first time by Haas 
in 1940 as complete syndactyly, having an incidence 
of 1/300,000 live births and inherited in an autosomal 
dominant fashion (2). In this type, all the digits of the 
hands are affected, with associated polydactyly, usually 
involving six digits and six metacarpals, with completely 
fused nails. SD4 is extremely rare and characterized into 
two subtypes: (SD4a) Typical Haas type without the 
involvement of feet. (SD4b) Complete fingers fusion 
(hand) with a variable fusion of all digits in feet. SD4 with 
tibial hypoplasia was mapped on chromosome 7q36 (39) 
and duplication in regulator (ZRS) of SHH, have been 
associated with SD4 (40–42). Wang et al. (43) identified 
a mutation in intron 5 of the LMBR1 gene (MIM 605522) 
in a Chinese family being the causative agent for SD4 
development (43).

Syndactyly type 5 (SD5)

SD5 (MIM 186300) is a rare limb anomaly, also known as 
the Dowd type syndactyly, and inherited in an autosomal 
dominant manner. This type is mainly characterized 
by webbing of the ring and middle fingers, along with 
webbing of the 2nd and 3rd toes with a fusion of the 4th 
and 5th metacarpals (44).

HOXD13 (MIM 142989) was identified as the causative 
gene for SD5 in two large Chinese families (45). 
Pathogenic sequence mutations in the HOXD13 gene 
also causes different limb phenotypes such as SPD1, 
syndactyly type I-c, BDA4 (MIM 112800), BDD 
(MIM 113200), VACTERL association (MIM 192350), 
and BDE1 (MIM 113300). Hoxd13−/− knockout mice 
showed extensive limb defects, and intriguingly. 

Trans-heterozygotes mice for the Hoxd13+/− showed 
more severe phenotypes as compared to heterozygotes, 
thus demonstrating a possible genetic interaction (13).

Syndactyly type 6 (SD6)

SD6 (MIM 609432) is a unilateral syndactyly, also 
known as Mitten type. Typical feature includes all fingers 
in a hand are webbed except the thumb along with fused 
2nd and 3rd toes (3). In most cases, the terminal and 
distal phalanges are merged in a knot-like structure. SD6 
is mostly inherited dominantly, with variable expressivity 
and incomplete penetrance. So far, no disease-causing 
locus/gene has been associated with SD6 and no 
additional cases have been reported.

Syndactyly type 7 (SD7)

Syndactyly type VII-a

SD7a (MIM 212780) is also named as Cenani-Lenz 
type syndactyly (CLS) and segregates in an autosomal 
recessive manner. Clinical features manifest severe 
abnormalities of hands and all the digital elements. The 
phalanges, carpals, and metacarpals show asymmetrical 
synostosis giving the appearance of a cup-shaped hand 
(3). CLS also has two grossly different types including 
an oligodactyly type and a spoon hand type (14). It was 
also reported that both oligodactyly and spoon-hand 
types, with limb and kidney malformations, are caused 
by multiple mutations in the LRP4 gene (MIM 604270), 
and mapped on chromosome 11p11.2 (15).

LRP4 is crucial for different developmental processes 
and a member of the low-density lipoprotein receptors 
gene family. During development, the LRP4 protein acts 
as a modulator of extracellular cell signaling pathways 
(46). LRP5 antagonized by LRP4 and LRP6 is involved 
in the activation of Wnt/β-catenin signaling pathway, 
which plays a very vital role in the developmental 
process during tissue regeneration and organogenesis 
(46–48). Lrp4−/− knockout mice show features of growth-
retardation including polysyndactyly, mild, and partially 
craniofacial abnormalities (49). Features such as bilateral 
kidney agenesis and delay in ureteric bud formation have 
also been observed in Lrp4−/− mice (50).

Syndactyly type VII-b

This class of syndactyly named as Cenani–Lenz phenotype, 
inherited in an autosomal dominant fashion with features 
such as hearing impairment and renal defects. Cenani-
Lenz-like non-syndromic oligosyndactyly is caused by 
genomic rearrangements of the GREM1-FMN1 locus on 
chromosome 15q13.3 (51). Pathogenic variants in the 
mouse Fmn1 gene are associated with recessively limb 
deformities or aplasia (52).

Syndactyly type 8 (SD8)

SD8 commonly known as Orel-Holmes type, in which 
fusion of the 4th and 5th metacarpals is observed with 
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a clear ulnar deviation of the 5th finger having no other 
abnormality. The 4th and 5th metacarpals are shortened 
with significant separation between their distal ends (53). 
Entered as metacarpal 4–5 fusion (MF4), (309630) in 
OMIM and the candidate gene reported is FGF16 (MIM 
300827) on chromosome Xq21 (54,55). There has been 
an autosomal dominant type reported in the literature 
known as Lerch type classified as syndactyly type 8b. 
The genetic cause has not been identified yet (56).

In humans and mice, the FGF gene family consists of a 
total of 22 proteins including the FGF16 protein. FGF16 
belongs to the FGF gene subfamily E, having 624 bp open 
reading frame encoding a 207 amino acids protein (57). 
During embryogenesis, FGF16 helps in the patterning of 
the established limb bud and also functions intercellular 
signaling molecule in the limb formation. As FGF16 is 
required for embryonic development of the heart, the 
Fgf16−/− mice exhibited features such as severe craniofacial, 
cardiac defects, thus causes embryonic death (58).

Syndactyly type 9 (SD9)

SD9 (MIM 609432), also named as Mesoaxial synostotic 
syndactyly (MSSD; MIM 609432), was reported 
in two consanguineous pedigrees from Turkish and 
Pakistani families (59). MSSD is mostly characterized 
by a mesoaxial reduction of the fingers, clinodactyly, 
synostoses of metacarpals, hypoplasia of the thumbs, and 
complete or partial soft tissue syndactyly of the toes (59).

SD9 was mapped to chromosome 17p13.3 and inherited 
in an autosomal recessive manner (59). Malik et al. 
(59) identified mutations in BHLHA9 (MIM 615416) 
gene, having a single exon and coding a 235 amino acid 
protein, as the candidate gene for MSSD.

Syndromic Syndactyly

Syndromic syndactyly involves other congenital 
phenotypes and may be a part of some other syndrome 
(severe abnormality). Due to severe associated organ 
dysfunction or malformation, 18% of the affected children 
having different congenital limb malformation die before 
6 years of age. Using the mesh syndactyly in the OMIM, 
we identified 447 entries involving both syndromic and 
non-syndromic syndactylies (Table 1, Supplementary 
Tables 1 and 2). Syndromic syndactylies involve many 
different disorders, and the present review only focused 
on the classification of the non-syndromic syndactyly 
types. The list of genes and syndactyly syndromes would 
help the clinicians and researchers in proper diagnoses of 
syndromic and non-syndromic syndactyly cases.

Treatment

Accurate and proper diagnosis of genetic disorders such 
as syndactyly using different molecular genetic tools 
with the combination of family history, clinical features, 
radiological analysis, and ultrasound may help in surgery 
and future rehabilitation. The optimal surgical time for 

simple syndactyly range from 6 to 18 months of age, before 
6 months for complex syndactyly and should be corrected in 
the early stages. The open treatment as the patchwork-like 
scar is not observed while the commonly used technique is 
the surgical techniques (skin grafts). “Z”-method incision 
along with skin grafts is used in combination as well and 
such methods can reduce scar formation. Furthermore, 
after the syndactyly division, methotrexate medication is 
mostly applied. As syndactyly can be very complex, the 
predicted outcome of the treatment is difficult and such 
surgical treatments should be applied with much care (60).

Conclusion and Perspectives

During the process of organogenesis, failure in the 
separation of the digits results in syndactyly. It may occur, 
in association with over 125 different syndromic types or 
as an isolated entity. Digit specification mechanisms and 
limb patterning can only be properly elucidating after 
the identification of novel syndactyly genes. The clinical 
phenotype of syndactyly is very diverse, with novel gene 
identification; many other players such as epigenetics, 
coding genes variants, and many unknown factors might 
be responsible for the occurrence of syndactyly. Next-
generation sequencing technologies such as whole-genome 
sequencing, whole exome sequencing, and RNA sequencing 
are best choices to identify novel candidate genes for both 
syndromic and non-syndromic syndactyly. Moreover, 
animal models and the latest technology such as CRISPER-
Cas9 could add significantly to the understanding of limb 
developmental pathways. The unveiling of the pathways 
involved in the development of complex syndactyly will 
ultimately help to explain strong genetic heterogeneity, 
diverse clinical phenotypes, and may contribute to the 
targeted therapy of severe syndactyly types.
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