
Ozaki et al. BMC Med Genomics          (2021) 14:190  
https://doi.org/10.1186/s12920-021-01042-6

RESEARCH ARTICLE

Deletion of 2 amino acids in IHH 
in a Japanese family with brachydactyly type A1
Nozomu Ozaki1*, Hiroko Okuda2, Hatasu Kobayashi3, Kouji H. Harada4, Sumiko Inoue2,4, 
Shohab Youssefian2,5 and Akio Koizumi2,4,6 

Abstract 

Background:  Brachydactyly type A1 (BDA1) is an autosomal dominant disorder characterized by uniform shortening 
of the middle phalanges in all digits. It is associated with variants in the Indian Hedgehog (IHH) gene, which plays a 
key role in endochondral ossification. To date, heterozygous pathogenic IHH variants involving several codons, which 
are restricted to a specific region of the N-terminal active fragment of IHH, have been reported. The purpose of this 
study was to identify the pathogenic variant in a Japanese family with BDA1 and to evaluate its pathogenesis with 
regard to previous reports.

Methods:  The proband, a 9-year-old boy, his siblings, and his father had shortened digits and a short stature of vari-
able severity. Based on physical examinations, radiographic findings and family history, they were diagnosed with 
BDA1. This family is the first case of an isolated malformation in Japan. Sanger sequencing of IHH was performed on 
these individuals and on the proband’s unaffected mother. The significance of the variants was assessed using three-
dimensional analysis methods.

Results:  Sanger sequencing showed a novel IHH heterozygous variant, NM_002181.4:c.544_549delTCA​AAG​
(p.Ser182Lys183del) [NC_000002.12:g.219057461_219057466del].. These two residues are located outside the cluster 
region considered a hotspot of pathogenic variants. Three-dimensional modelling showed that S182 and K183 are 
located on the same surface as other residues associated with BDA1. Analysis of residue interactions across the inter-
face between IHH and its interacting receptor protein revealed the presence of hydrogen bonds between them.

Conclusions:  We report a novel variant, NM_002181.4:c.544_549delTCA​AAG​ (p.Ser182Lys183del) [NC_000002.12
:g.219057461_219057466del] in a Japanese family with BDA1. Indeed, neither variations in codons 182 or 183 nor 
with such two-amino-acid deletions in IHH have been reported previously. Although these two residues are located 
outside the cluster region considered a hotspot of pathogenic variants, we speculate that this variant causes BDA1 
through impaired interactions between IHH and target receptor proteins in the same manner as other pathogenic 
variants located in the cluster region. This report expands the genetic spectrum of BDA1.
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Background
Brachydactyly A1 (BDA1; MIM 112500) is inherited as 
an autosomal dominant disorder and is characterized 
by shortening of the middle phalanges of all the digits. 
The middle phalanges are either rudimentary or fused 
with the terminal phalanges. Approximately half of 
BDA1 cases are due to variants in the Indian Hedgehog 
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(IHH) gene [1]. As a central signalling molecule mediat-
ing skeletal development, IHH plays an important role 
in modulating skeletal condensation, the growth and 
differentiation of chondrocytes, joint development and 
bone formation [2]. To date, more than 10 pathogenic 
variants in IHH have been identified in individuals with 
BDA1, and these variants cluster in the central region 
of the N-terminal active fragment [3]. Previous research 
has demonstrated that these residues constitute an inter-
face that binds receptor proteins in a calcium-dependent 
manner, and the disruption of these calcium-dependent 
interactions by the variants causes BDA1. This is inter-
preted as a common mechanism of the BDA1-causing 
variants [4]. Most IHH variants have been characterized 
as missense [1, 3, 5–12], except for one insertion [13] and 
one deletion [14].

Here, we report a five-generation Japanese family with 
BDA1. Although the novel two-amino-acid deletions of 
codons 182 and 183 revealed by Sanger sequencing were 
located outside the cluster regions of pathogenic variants 
reported previously, which are considered to constitute 
an interface that binds receptor proteins [3], a three-
dimensional analysis of IHH demonstrated that Ser182 
and Lys183 are placed on the same surface as other pre-
viously reported mutations. We studied the pathogenesis 
of this variant through genetic and structural analyses.

Methods
Subjects
The proband (Fig.  1, V-5) is a 9-year-old boy who was 
born to non-consanguineous parents. He was referred 
to Kadono-Sanjo Children’s Clinic for a congenital hand 
malformation, with shortening of all digits of the hands 
and a short stature. His siblings (V-4, 6), cousin (V-2), 
aunt (IV-4), father (IV-5) and grandmother (III-6) also 

showed shortened digits and a short stature of variable 
severity. We diagnosed this family with BDA1 based on 
physical examinations, radiographic findings and family 
history. Written informed consent was obtained from all 
participants in compliance with the Ethics Review Board 
at Kyoto University (Approval No. G1228, Approval date 
Feb. 17, 2020). The pedigree is shown in Fig. 1.

Genetic analysis
Genomic DNA was extracted from the peripheral blood 
of the proband (V-5), his siblings (V-4, 6), his parents 
(IV-5, 6), his aunt (IV-4) and his cousins (V-2, 3). All 
three exons and intron–exon boundaries of IHH were 
amplified by PCR and subjected to Sanger sequencing. 
For exon 1, different primers for PCR and sequencing 
were used due to difficulties in primer design, whereas 
for exons 2 and 3, the same forward primer was used for 
PCR and sequencing (Table 1).

Three-dimensional structures and the spatial relation-
ship between the variants in this case and the cluster 
regions of pathogenic variants reported previously were 
predicted using PyMOL (https://​pymol.​org/2/). Moreo-
ver, residue interactions across the interface between 
IHH and receptor proteins were predicted using PDBsum 
(https://​www.​unipr​ot.​org/​unipr​ot/​Q14623).

Results
Clinical phenotype
There was no history of other medical conditions, includ-
ing nystagmus, musculoskeletal abnormalities, a develop-
mental delay or scoliosis. On examination, both hands of 
the proband showed shortening of all digits, and the dis-
tal interphalangeal creases in the third to fifth digits were 
hardly identifiable. Radial clinodactyly of the fourth digit 
was observed (Fig. 2a). There were no dysmorphic find-
ings other than those in the hands. Radiographs of the 
proband’s hands revealed shortening of the middle pha-
langes of the second to fifth digits and fusion of the mid-
dle and terminal phalanges (Fig. 2c).

His siblings (V-4, 6), cousin (V-2), aunt (IV-4), father 
(IV-5) and grandmother (III-6) also showed short-
ened digits (Figs.  1, 2b and 3a–e). Radiographs of the 

Fig. 1  Pedigree of a five-generation family with brachydactyly 
type A1 (BDA1). Filled symbols represent affected individuals; open 
symbols represent unaffected individuals; squares represent males, 
and circles represent females. Diagonal lines indicate deceased 
individuals. The proband is indicated by an arrow

Table 1  Primers for direct sequencing of IHH 

Exon Forward primer (5’-3’) Reverse primer (5’-3’)

1 CGG​CCT​ATT​TAT​TGG​CGG​ (PCR) TGC​CAG​CCA​GTC​GAG​AAA​AT

GCA​CCA​CGC​CGC​CCA​TGG​ 
(Sequencing)

2 TTC​CAG​CTC​CCT​TGG​GTG​T ATG​TCC​TCT​TCC​CCC​GGA​T

3 ATA​TGG​TGA​CGG​GGG​CTC​T ATC​TTC​ATG​GCA​GAG​GAG​ATG​

https://pymol.org/2/
https://www.uniprot.org/uniprot/Q14623
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father’s hand showed severe shortening of the middle 
phalanges of the second and third digits and fusion of 
the middle and terminal phalanges of the fourth and 

fifth digits (Fig. 2d). There were no abnormal findings 
in either the proximal phalanges or metacarpals of the 
proband or his father. The other four members of the 

Fig. 2  a–d The appearance and radiographic findings of the proband and his father with BDA1. a, b Proband and his father, respectively, showing 
shortening of all digits, missing interphalangeal creases in the third to fifth digits and mild clinodactyly of the fourth digit. c Proband showing 
shortening of the middle phalanges of the second to fifth digits and fusion of the middle and terminal phalanges of the fifth digit. d Father showing 
severe shortening of the middle phalanges of the second and third digits, and fusion of the middle to the terminal phalanges of the fourth and fifth 
digits

Fig. 3  a–e Features of other family members with BDA1. a V-6, b V-2, c IV-4, d V-4, and e III-6 showing shortening of all digits, missing 
interphalangeal creases in the third to fifth digits, and mild clinodactyly of the fourth digits
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five-generation family had similarly shortened digits 
(Fig. 1). This family pedigree is consistent with autoso-
mal dominant inheritance. The proband was 116.3 cm 
in height (height standard deviation score [HSDS] 
-2.8) and had an arm span of 108.3  cm, with a mild, 
disproportionate short stature. His siblings (V-4,6), 
father (IV-5), aunt (IV-4), and cousin (V-2) had a short 
stature of variable severity, with HSDSs of − 1.7, − 1.8, 
− 2.2, − 3.0 and − 2.2, respectively.

Genetic analysis via Sanger sequencing
Sequencing of IHH in individuals IV-4, 5, 
V-2, 4, 5 and 6 revealed a heterozygous vari-
ant, NM_002181.4:c.544_549delTCA​AAG​
(p.Ser182Lys183del) [NC_000002.12:g.219057461
_219057466del], a novel in-frame deletion that is 
not present in the population database (gnomAD 
(https://​gnomad.​broad​insti​tute.​org/), the Exome 
Variant Server (http://​evs.​gs.​washi​ngton.​edu/​EVS), 
dbSNP (https://​www.​ncbi.​nlm.​nih.​gov/​snp/), the 1000 
Genomes Project (http://​brows​er.​1000g​enomes.​org)), 
or the disease database ClinVar (http://​www.​ncbi.​nlm.​
gov/​clinv​ar). This variant was not identified in IV-6 
nor V-3. No other coding variations were found in any 
of the sequenced regions (Fig. 4a, b). Alignment of the 
amino acid sequences of IHH and SHH, a homologue 
of IHH, with those of other species showed that Ser182 
and Lys183 are highly conserved (Fig. 5).

Three‑dimensional modelling
Three-dimensional modelling using PyMOL showed that 
S182 and K183 are located on the same surface as Glu95, 
Asp100, Arg128, Thr130, Glu131, Thr154, and Arg158 
which have been reported to be associated with BDA1 
(Fig.  6a; https://​pymol.​org/2/, PDB ID 3N1F). In addi-
tion, PyMOL and PDBsum were used to analyze residue 
interactions across the interface between IHH and CDO, 
and S182 and K183 on IHH were predicted to interact 
with Glu922 and Glu897 on CDO via hydrogen bonds, 
with calculated inter-molecular distances of 2.47  Å and 
2.87  Å, respectively (Fig.  6b. https://​www.​unipr​ot.​org/​
unipr​ot/​Q14623, PDBsum entry 3N1F, https://​www.​ebi.​
ac.​uk/​thorn​tonsrv/​datab​ases/​cgi-​bin/​pdbsum/​GetPa​ge.​
pl?​pdbco​de=​3N1F, https://​pdbj.​org/​mine_​molmi​lBU?​
pdbid=​3n1f ).

Discussion
We report a novel heterozygous variant in the IHH gene 
in a Japanese family with BDA1. BDA1 is inherited in 
an autosomal dominant manner and is characterized by 
hypoplasia or aplasia of the middle phalanges of digits 
2–5. Approximately half of the analysed BDA1 cases are 
due to mutations in IHH [1]. The Hedgehog (Hh) family 
of secreted proteins regulates various developmental pro-
cesses, maintains adult tissue homeostasis, and functions 
as a morphogen gradient [15, 16].

Hh signalling is mediated by its N-terminal domain 
(HhN), and reception of the HhN signal is modulated by 

Fig. 4  a, b Sanger sequencing chromatograph. a Proband V-5 showing the heterozygous deletion c.544_549delTCA​AAG​ (p.Ser182Lys183del). b 
Non-affected mother IV-6 showing no deletion of Ser182 and Lys183 (in the reverse direction)

https://gnomad.broadinstitute.org/
http://evs.gs.washington.edu/EVS
https://www.ncbi.nlm.nih.gov/snp/
http://browser.1000genomes.org
http://www.ncbi.nlm.gov/clinvar
http://www.ncbi.nlm.gov/clinvar
https://pymol.org/2/
https://www.uniprot.org/uniprot/Q14623
https://www.uniprot.org/uniprot/Q14623
https://www.ebi.ac.uk/thorntonsrv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=3N1F
https://www.ebi.ac.uk/thorntonsrv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=3N1F
https://www.ebi.ac.uk/thorntonsrv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=3N1F
https://pdbj.org/mine_molmilBU?pdbid=3n1f
https://pdbj.org/mine_molmilBU?pdbid=3n1f
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several cell surface proteins on responding cells, includ-
ing Patched (Ptc), Smoothened (Smo), cell adhesion 
molecule-related, down- regulated by oncogenes (CDO), 
Hedgehog-interacting protein (Hip), and growth-arrest-
specific 1 (Gas1) [2, 17–22]. In mammals, there are 
three homologues of the Hh family, Sonic (SHH), Indian 
(IHH), and Desert (DHH), each of which has tissue-
specific functions. In limb development, SHH acts early, 
regulating patterning and growth [23]. Mutations in SHH 
are known to cause holoprosencephaly in humans [2, 24]. 
IHH, which is produced by prehypertrophic chondro-
cytes during endochondral ossification, acts later and is 
not believed to affect patterning but to regulate endo-
chondral bone formation by controlling chondrogenic 
differentiation and proliferation [25–28].

IHH was shown to be a disease locus for BDA1, with 
IHH mutations c.G283A (p.E95K), c. C300A (p.D100E), 

and c.G391A (p.E131K) being initially identified in three 
Chinese BDA1 families [6]. Since the first report of these 
three variants, additional variants causing BDA1 have 
been identified. Reviewing published cases in addition 
to novel mutations identified by them, Byrnes et  al. [3] 
concluded that all BDA1 variants involving codons 95, 
100, 128, 130, 131 and 154 are limited to a 59-amino acid 
region of the N-terminal active fragment (IHH-N) that 
spans codons 95–154 Soon after this review, Stattin et al. 
[11] reported a Swedish family with a novel Arg158Cys 
mutation, showing that Byrnes et al.’s [3] proposal is not 
always the case. Since then, some novel BDA1 associated 
variants have been reported in various populations [7, 12, 
13]. However, to date, variants other than those involving 
codons 95, 100, 128, 130, 131, 154, and 158 have never 
been identified. Using the X-ray crystal structure, McLel-
lan et al. [4], showed that SHH-CDO interactions require 

Fig. 5  Comparison of the amino acid sequences of human, mouse and chicken Hedgehog proteins. The S812 and K183 residues of IHH are 
evolutionarily conserved, as are the other BDA1-associated amino acid residues
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calcium and that the CDO binding interface on SHH is 
conserved in nearly all Hh proteins. They further showed 
that this interface is a hotspot for mediating interactions 
between SHH and CDO, Ptc, Hip and Gas1, and muta-
tions causing BDA1 including the one described by Sattin 
et al. map to this calcium-binding site and disrupt inter-
actions with these partners. Kavran et al. [29] determined 
the crystal structures of IHH-N both alone and com-
plexed with CDO, which allowed the direct visualization 
and interpretation of BDA1-causing mutations. They 
grouped BDA1-associated variants into two categories. 
The first group affects the calcium-binding region of IHH 
and includes E95K, E95G, D100N, D100E, and E131K. 
The second category of variants, with R128N, T154I, 
and T130N, interrupts hydrogen bond networks formed 
between IHH and CDO.

Here, we identified a novel in-frame deletion in IHH, 
designated NM_002181.4:c.544_549delTCA​AAG​
(p.Ser182Lys183del) [NC_000002.12:g.219057461_219
057466del, in a Japanese family with BDA1. This vari-
ant is distinct from previously identified variants in the 
following respects. First, codons 182 and 183 are some-
what distant from the limited 59-amino-acid region of 
IHH of pathogenic variants reported previously. Sec-
ond, with the exceptions of a family with one amino 
acid insertion (p.Glu95_Asn96insLys) [13] and another 
with one amino acid deletion (p.Glu95del) [14], all the 
BDA1-causing IHH variants are missense mutations, 
and patients with two amino acid deletions have never 

been described. Although the variant we report here 
has such distinct features, we consider it to be patho-
genic for the following reasons. First, this variant is 
absent from the population database. Second, this vari-
ant is in-frame two amino acid deletion that causes a 
protein length change in a well-conserved, non-repeti-
tive region. Third, three-dimensional modelling showed 
that S182 and K183 are located on the same surface and 
bind receptor proteins as do other residues associated 
with BDA1 and that S182 and K183 on IHH interact 
with Glu922 and Glu897 on CDO via hydrogen bond-
ing. This is consistent with the proposal of McLellan 
et  al. [4] who reported that in the murine SHH-CDO 
complex, the murine SHH interface encompasses a 
region involving K88, E90, R124, H134, R154, R156, 
S178, and K179, with the S178 and K179 residues being 
equivalent to S182 and K183 in human IHH, respec-
tively. Overall, we considered that residues K182 and 
S183 construct important elements of the interface that 
interacts with receptor proteins and that their deletion 
impairs the interactions between IHH and CDO, Ptc 
and Hip, thereby causing BDA1. As our study shows 
that S182 and K183 are involved in hydrogen bond 
networks, this would classify S182 and K183 into the 
latter group of variants proposed by Kavran et al. Our 
findings also predict the possibility of other BDA1-
related variants being located on the interface between 
IHH and receptor proteins. According to the ACMG/
AMP standards and guidelines for the interpretation of 

Fig. 6  a, b Three-dimensional structure modelling of the N-terminal active fragment of the Indian Hedgehog protein using PyMOL. a shows the 
semitransparent molecular surface over a ribbon diagram of IHH-N (left) bound to CDO (right). The model shows that Ser182 and Lys183 are located 
on the same surface as other residues associated with BDA1. BDA1-associated residues are represented in red. b shows the IHH-N-CDO interface 
in the same orientation as in a. Ser182 and Lys183 on IHH-N interact with Glu922 and Glu897 on CDO respectively, via hydrogen bonds. Hydrogen 
bonds are depicted as dotted lines
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sequence variants, the novel variant is likely pathogenic 
(PM1, PM2, PM4, PP1, and PP4) [30].

Clinical phenotypes, with respect to digit malfor-
mation, showed no remarkable heterogeneity in the 
affected family members. On examination, all digits of 
the hands were short, and the distal interphalangeal 
creases in the third to fifth digits were barely identifia-
ble. Radial clinodactyly of the fourth digit was observed 
in all affected individuals. Radiographically, the mid-
dle phalanges of all digits of the hands were present 
but uniformly shortened, especially in the second to 
fifth digits, and the middle phalanges were fused to 
terminal phalanges in the fifth digits. With the excep-
tion that proximal phalanges and metacarpals showed 
no remarkable findings, these phenotypes are consist-
ent with the description characterized by Fitch and 
judged as mild [31]. A short stature of variable sever-
ity was observed among the Japanese family. Yang et al. 
[1] summarized several case reports of BDA1 and con-
cluded that short stature was present only with IHH 
variants at Asp100. Affected siblings (V-4, 6) fell under 
the category of normal stature, although they were rela-
tively short in height. However, given the severe short 
stature of the proband, his father, aunt, and his affected 
cousin, in contrast to the normal stature of unaffected 
cousins V-1 and 3 (HSDSs -1.0 and -0.6, respectively), 
the variant p.Ser182Lys183del could induce short stat-
ure with variable expressivity. This supports the notion 
that reduced IHH signalling may be responsible for 
reduced growth of long bones and result in short stat-
ure [6, 10, 32].

Conclusions
We report a novel in-frame deletion of 
IHH NM_002181.4:c.544_549delTCA​AAG​ 
(p.Ser182Lys183del) [NC_000002.12:g.219057461_21905
7466del] in a Japanese family with BDA1. Although the 
two deleted amino acid residues are located outside of 
the cluster region that is considered a hotspot of patho-
genic variants, these two residues constitute the interface 
of interactions between IHH and CDO, Ptc and Hip, as 
do the other BDA1-associated residues. Future functional 
assays and additional experiments will be required to 
confirm the pathogenicity of this variant. Nevertheless, 
we are certain that our current findings will expand the 
genetic spectrum of BDA1.

Abbreviations
IHH: Indian hedgehog; BDA1: Brachydactyly type A1; IHH-N: N-terminal active 
fragment of IHH; HSDS: Height standard deviation score; Ptc: Patched; Smo: 
Smoothened; CDO: Cell adhesion molecule-related downregulated by onco-
genes; Hip: Hedgehog-interacting protein; Gas1: Growth-arrest-specific 1; SHH: 
Sonic hedgehog; DHH: Desert hedgehog.

Acknowledgements
We would like to thank members of the family for their participation in this 
study. We also thank Chioko Nagao, Institute of Protein Research, Osaka Uni-
versity, for technical support.

Authors’ contributions
NO: participated in the patient’s follow up and data gathering and drafted the 
manuscript; AK and SY: critically revised the manuscript for important intel-
lectual content, approved the final version for publication and supervised the 
study; HK and KHH: contributed to the preparation and submission of ethical 
documents, performed the genetic study, and critically revised the manu-
script for important intellectual content; HO and SI: participated in genetic 
analysis and drafted the manuscript. All authors have read and approved the 
manuscript.

Funding
This study did not receive funding.

Availability of data and materials
The datasets generated and/or analysed during the current study are available 
in the NCBI dbSNP repository, [https://​www.​ncbi.​nlm.​nih.​gov/​proje​cts/​SNP/​
snp_​ss.​cgi?​subsnp_​id=​ss213​75442​02, local_identifier NC_000002.12:g.219
057461_219057466delCTT​TGA​, NCBI_subsnp #2137544202, NM_002181.4: 
c.544_549delTCA​AAG​(p.Ser182Lys183del)]. The raw data of whole-exome 
sequencing of the patient in this study are not publicly available in order to 
protect participant confidentiality but are available from the corresponding 
author on reasonable request.

Ethics approval and consent to participate
The study design was approved by the Ethics Review Board of Kyoto Univer-
sity approval number G1228. Written informed consent for participation in this 
study was obtained from all participants. In children, written informed consent 
was obtained from the patients’ parents.

Consent for publication
Written informed consent for the publication of photographs and clinical and 
genetic data was obtained from all participants. The parents of the children 
signed written informed consent for the publication of photographs and clini-
cal and genetic data.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Pediatrics, Kadono-Sanjo Children’s Clinic, Kyoto, Japan. 
2 Department of Pain Pharmacogenetics, Kyoto University Graduate School 
of Medicine, Kyoto, Japan. 3 Environmental and Molecular Medicine, Mie 
University Graduate School of Medicine, Tsu, Japan. 4 Department of Health 
and Environmental Sciences, Kyoto University Graduate School of Medicine, 
Kyoto, Japan. 5 Department of Molecular Biosciences, Kyoto University Gradu-
ate School of Medicine, Kyoto, Japan. 6 Institute of Public Health and Welfare, 
Kyoto-Hokenkai, Kyoto, Japan. 

Received: 7 September 2020   Accepted: 21 July 2021

References
	1.	 Yang Q, Wang J, Tian X, Shen F, Lan J, Zhang Q, et al. A novel variant of 

IHH in a Chinese family with brachydactyly type 1. BMC Med Genet. 
2020;21:60. https://​doi.​org/​10.​1186/​s12881-​020-​01000-6.

	2.	 Ma G, Yu J, Xiao Y, Chan D, Gao B, Hu J, et al. Indian hedgehog mutations 
causing brachydactyly type A1 impair Hedgehog signal transduction at 
multiple levels. Cell Res. 2011;21:1343–57. https://​doi.​org/​10.​1038/​cr2011.​
76.

	3.	 Byrnes AM, Racacho L, Grimsy A, Hudgins L, Kwan AC, Sangalli M, et al. 
Brachydactyly A-1 mutations restricted to the central region of the 
N-terminal active fragment of Indian Hedgehog. Eur J Hum Genet. 
2009;17:1112–20. https://​doi.​org/​10.​1038/​ejhg.​2009.​18.

https://www.ncbi.nlm.nih.gov/projects/SNP/snp_ss.cgi?subsnp_id=ss2137544202
https://www.ncbi.nlm.nih.gov/projects/SNP/snp_ss.cgi?subsnp_id=ss2137544202
https://doi.org/10.1186/s12881-020-01000-6
https://doi.org/10.1038/cr2011.76
https://doi.org/10.1038/cr2011.76
https://doi.org/10.1038/ejhg.2009.18


Page 8 of 8Ozaki et al. BMC Med Genomics          (2021) 14:190 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	4.	 McLellan JS, Zheng X, Hauk G, Ghirlando R, Beachy PA, Leahy DJ. The 
mode of Hedgehog binding to Ihog homologs is not conserved across 
different phyla. Nature. 2008;455:979–83. https://​doi.​org/​10.​1038/​natur​
e07358.

	5.	 McCready ME, Sweeney E, Fryer AE, Donnai D, Baig A, Racacho L, et al. A 
novel mutation in the IHH gene causes brachydactyly type A1: a 95-year-
old mystery resolved. Hum Genet. 2002;111:368–75.

	6.	 Gao B, Guo J, She C, Shu A, Yang M, Tan Z, et al. Mutations in IHH, 
encoding Indian hedgehog, cause brachydactyly type A-1. Nat Genet. 
2001;28:386–8. https://​doi.​org/​10.​1038/​ng577.).

	7.	 Salian S, Shukla A, Nishimura G, Girisha KM. Severe form of brachydactyly 
type A1 in a child with a c.298G>A mutation in IHH gene. J Pediatr Genet. 
2017;6:177–80. https://​doi.​org/​10.​1055/s-​0037-​15992​01.

	8.	 Kirkpatrick TJ, Au KS, Mastrobattista JM, McCready ME, Bulman DE, North-
rup H. Identification of a mutation in the Indian hedgehog (IHH) gene 
causing brachydactyly type A1 and evidence for a third locus. J Med 
Genet. 2003;40:42–4.

	9.	 Liu M, Wang X, Cai Z, Tang Z, Cao K, Lian B, et al. A novel heterozy-
gous mutation in the Indian hedgehog gene (IHH) is associated with 
brachydactyly type A1 in a Chinese family. J Hum Genet. 2006;51:727–31. 
https://​doi.​org/​10.​1007/​s10038-​006-​0012-6.

	10.	 Giordano N, Gennari L, Bruttini M, Mari F, Meloni I, Baldi C, et al. Mild 
brachydactyly type A1 maps to chromosome 2q35-q36 and is caused 
by a novel IHH mutation in a three generation family. J Med Genet. 
2003;40:132–5.

	11.	 Sattin EL, Linden B, Lonnerholm T, Schuster J, Niklas D. Brachydactyly 
type A1 associated with unusual radiological findings and a novel Arg-
158Cys mutation in the Indian hedgehog (IHH) gene. Euro J Med Genet. 
2009;52:297–302. https://​doi.​org/​10.​1016/j.​ejmg.​2009.​05.​008.

	12.	 Jang MA, Kim OH, Kim SW, Ki CS. Identification of p.Glu131Lys mutation 
in the IHH gene in a Korean patient with brachydactyly type A1. Ann Lab 
Med. 2015;35:387–9. https://​doi.​org/​10.​3343/​alm.​2015.​35.3.​387.

	13.	 Ho R, McIntyre AD, Kennedy BA, Hegele RA. Whole-exome sequencing 
identifies a novel IHH insertion in an Ontario family with brachydactyly 
type A1. SAGE Open Med Case Rep. 2018;6:1–4. https://​doi.​org/​10.​1177/​
20503​13x18​81871​1.).

	14.	 Lodder EM, Hoogeboom AJM, Coert JH, de Graaff E. Deletion of 1 amino 
acid in Indian Hedgehog leads to brachydactyly A1. Am J Med Genet A. 
2008;146A:2152–4. https://​doi.​org/​10.​1002/​ajmg.a.​32441.

	15.	 Ingham PW, McMahon AP. Hedgehog signaling in animal development: 
paradigms and principles. Genes Dev. 2001;15:3059–87.

	16.	 Jiang J, Hui CC. Hedgehog signaling in development and cancer. Dev 
Cell. 2008;15:801–12. https://​doi.​org/​10.​1016/j.​devcel.​2008.​11.​010.

	17.	 Chen Y, Struhl G. Dual roles for Patched in sequestering and transducing 
Hedghog. Cell. 1996;87:553–63.

	18.	 Allen BL, Tenzen T, McMahon AP. The Hedgehog-binding proteins Gas1 
and Cdo cooperate to positively regulate Shh signaling during mouse 
development. Genes Dev. 2007;21:1244–57.

	19.	 Chuang PT, McMahon AP. Vertebrate Hedgehog signaling modulated by 
induction of a Hedgehog-binding protein. Nature. 1999;397:617–21.

	20.	 Tenzen T, Allen B, Cole F, Kang JS, Krauss RS, McMahon AP. The cell surface 
membrane proteins Cdo and Boc are components and targets of the 

Hedgehog signaling pathway and feedback network in mice. Dev Cell. 
2006;10:647–56. https://​doi.​org/​10.​1016/j.​devcel.​2006.​04.​004.

	21.	 Yao S, Lum L, Beachy P. The Ihog-surface proteins bind Hedgehog and 
mediate pathway activation. Cell. 2006;125:349–57.

	22.	 Gao B, Hu J, Stricker S, Cheung M, Ma G, Law KF, et al. A mutation in Ihh 
that causes digit abnormalities alters its signalling capacity and range. 
Nature. 2009;458:1196–200. https://​doi.​org/​10.​1038/​natur​e07862.

	23.	 Zhu J, Nakamura E, Nguyen MT, Bao X, Akiyama H, Mackem S. Uncoupling 
Sonic hedgehog control of pattern and expansion of the developing 
limb bud. Dev Cell. 2008;14:624–32. https://​doi.​org/​10.​1016/j.​devcel.​2008.​
01.​008.

	24.	 Belloni E, Muenke M, Roessler E, Traverso G, Siegel-Bartelt J, Frumkin A, 
et al. Identification of Sonic Hedgehog as a candidate gene responsible 
for holoprosencephaly. Nat Genet. 1996;14:353–6. https://​doi.​org/​10.​
1038/​ng1196-​353.

	25.	 Kronenberg HM. Developmental regulation of the growth plate. Nature. 
2003;423:332–6. https://​doi.​org/​10.​1038/​natur​e01657.

	26.	 St-Jacques B, Hammerschmidt M, McMahon AP. Indian hedgehog signal-
ing regulates proliferation and differentiation of chondrocytes and is 
essential for bone formation. Genes Dev. 1999;13:2072–86.

	27.	 Long F, Zhang XM, Karp S, Yang Y, McMahon AP. Genetic manipulation 
of hedgehog signaling in the endochondral skeleton reveals a direct 
role in the regulation of chondrocyte proliferation. Development. 
2001;128:5099–108.

	28.	 Karp SJ, Schipani E, St-Jacques B, Hunzelman J, Kronenberg H, McMa-
hon AP. Indian hedgehog coordinates endochondral bone growth and 
morphogenesis via parathyroid hormone related-protein-dependent and 
-independent pathways. Development. 2000;127:543–8.

	29.	 Kavran JM, Ward MD, Oladosu OO, Mulepati S, Leahy DJ. All mammalian 
Hedgehog proteins interact with cell adhesion molecule, down-regu-
lated by oncogenes (CDO) and brother of CDO (BOC) in a conserved 
manner. J Biol Chem. 2010;285:24584–90. https://​doi.​org/​10.​1074/​jbc.​
M110.​131680.

	30.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J. Standards and 
guidelines for the interpretation of sequence variants: A joint consensus 
recommendation of the American college of medical genetics and 
genomics and the association for molecular pathology. Genet Med. 
2015;17:405–24. https://​doi.​org/​10.​1038/​gim.​2015.​30.

	31.	 Fitch N. Classification and identification of inherited brachydactylies. J 
Med Genet. 1979;16:36–44.

	32.	 Vasques GA, Funari MFA, Ferreira FM, Aza-Carmona M, Sentchordri-Mon-
tane L, Barraza-Garcia J, et al. IHH gene mutations causing short stature 
with nonspecific skeletal abnormalities and response to growth hormone 
therapy. J Clin Endocrinol Metab. 2018;103:604–14. https://​doi.​org/​10.​
1210/​jc.​2017-​02026.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/nature07358
https://doi.org/10.1038/nature07358
https://doi.org/10.1038/ng577.)
https://doi.org/10.1055/s-0037-1599201
https://doi.org/10.1007/s10038-006-0012-6
https://doi.org/10.1016/j.ejmg.2009.05.008
https://doi.org/10.3343/alm.2015.35.3.387
https://doi.org/10.1177/2050313x18818711.)
https://doi.org/10.1177/2050313x18818711.)
https://doi.org/10.1002/ajmg.a.32441
https://doi.org/10.1016/j.devcel.2008.11.010
https://doi.org/10.1016/j.devcel.2006.04.004
https://doi.org/10.1038/nature07862
https://doi.org/10.1016/j.devcel.2008.01.008
https://doi.org/10.1016/j.devcel.2008.01.008
https://doi.org/10.1038/ng1196-353
https://doi.org/10.1038/ng1196-353
https://doi.org/10.1038/nature01657
https://doi.org/10.1074/jbc.M110.131680
https://doi.org/10.1074/jbc.M110.131680
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1210/jc.2017-02026
https://doi.org/10.1210/jc.2017-02026

	Deletion of 2 amino acids in IHH in a Japanese family with brachydactyly type A1
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Subjects
	Genetic analysis

	Results
	Clinical phenotype
	Genetic analysis via Sanger sequencing
	Three-dimensional modelling

	Discussion
	Conclusions
	Acknowledgements
	References


