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Copy-Number Variations Involving the IHH Locus
Are Associated with Syndactyly and Craniosynostosis

Eva Klopocki,1,2,* Silke Lohan,1,2,3 Francesco Brancati,4,12,13 Randi Koll,1 Anja Brehm,1,2,3

Petra Seemann,5 Katarina Dathe,1,2 Sigmar Stricker,1,2 Jochen Hecht,5 Kristin Bosse,6 Regina C. Betz,7

Francesco Giuseppe Garaci,8 Bruno Dallapiccola,9 Mahim Jain,10 Maximilian Muenke,10

Vivian C.W. Ng,11 Wilson Chan,11 Danny Chan,11 and Stefan Mundlos1,2,5

Indian hedgehog (IHH) is a secreted signalingmolecule of the hedgehog family known to play important roles in the regulation of chon-

drocyte differentiation, cortical bone formation, and the development of joints. Here, we describe that copy-number variations of the

IHH locus involving conserved noncoding elements (CNEs) are associated with syndactyly and craniosynostosis. These CNEs are able to

drive reporter gene expression in a pattern highly similar to wild-type Ihh expression. We postulate that the observed duplications lead

to a misexpression and/or overexpression of IHH and by this affect the complex regulatory signaling network during digit and skull

development.
Submicroscopic copy-number variations (CNVs) are struc-

tural variations of the human genome, i.e., deletions,

duplications, or insertions, which account for genetic

diversity between individuals as well as conditions referred

to as genomic disorders.1 In the past years studies have

sought to determine the frequency and location of CNVs

in the genome and to assess how CNVs relate to variation

in phenotypes.2–4 Deletions and/or duplications that affect

entire genes can be expected to modify the dosage of gene

expression. However, CNVs may influence expression

levels of genes not only within but also far away from their

boundaries, thereby altering tissue transcriptomes.5 Such

long-range regulatory effects appear to be of particular

importance for developmental genes, probably because

of their often complex spatial and temporal expression

patterns. Genome-wide screening methods such as array

CGH are a suitable tool for identifying aberrations in

such noncoding regulatory regions.6–8 Here, we show

that microduplications at the IHH (Indian hedgehog

[MIM 600726]) locus containing highly conserved non-

coding sequence elements are associated with craniosynos-

tosis and syndactyly.

We investigated families with syndactyly type 1 (SD1

[MIM 185900]) and craniosynostosis Philadelphia type

(MIM 601222), a rare form of premature fusion of cranial

sutures in combination with syndactyly. Both conditions

were mapped to a locus at 2q35, indicating that they

may share a common etiology.9,10 Blood sampling and

extraction of DNA was performed by standard methods.

All participants gave their consent for molecular testing.
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Berlin ethics committee. Family 1 consisted of 77 affected

members in eight generations featuring cutaneous syndac-

tyly with variable expressivity.9 Family 2 showed variable

degrees of cutaneous anddistal osseous syndactyly together

with craniosynostosis, mainly affecting the sagittal suture.

This condition has previously been described as craniosy-

nostosis Philadelphia type.11 Family 3 presented with vari-

able degrees of cutaneous and distal osseous syndactyly,

mainly affecting the feet (preaxial polydactyly of the feet

in one affected individual [IV-1]), and variable degrees

of craniosynostosis, affecting the sagittal suture in one

affected individual (IV-1) and resulting in a cloverleaf skull

in another (III-5) (Figures 1B–1E; for pedigree, see Figure S1

available online).

Array comparative genomic hybridization (array CGH)

was carried outwith theuse of awhole-genome244KOligo-

nucleotide Array (Agilent) and a custom-designed array

(NimbleGen/Roche) that covers the critical region from

219.5–222.2Mbonhumanchromosome2at ahighdensity

(average probe spacing: 8 bp). Analysis was performed with

Feature Extraction and CGH Analytics software (Agilent),

with the following settings used: Aberration Algorithm:

ADM-2; Threshold: 6.0; Window Size: 0.2 Mb; Filter:

5probes, log2ratio ¼ 0.29. Custom arrays were analyzed

with the NimbleScan software and the circular binary

segmentation algorithm for aberration detection. The

genomic profile was visualized with SignalMap software

(SignalMap v1.9.0.03, NimbleGen). Using this protocol,

we detected duplications of varying sizes on chromosome
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Figure 1. CNVs at the IHH Locus on 2q35 and the Associated Clinical Phenotype
(A) The duplicated sequences observed in the families with syndactyly and craniosynostosis are shown as gray boxes. The localization of
the Dbf deletion converted from the mm8 assembly is indicated as an open box. The conservation of the overlapping duplicated
sequence is depicted in the ECR browser plot. Within this sequence are three regions highly conserved between human and chicken
(colored peaks). The underlined orthologous mouse sequence was cloned for in vivo experiments (K1). The approximate positions of
qPCR amplicons used are indicated (P1–P7). Black bars represent the NHEJ1 exon structure. Nucleotide numbering refers to the Human
Genome version hg18.
(B–D) Clinical phenotype of family 3 (pedigree information see Figure S1). (B) Preaxial synpolydactyly of feet. (C) X-rays showing
preaxial polydactyly and abnormal shape of first metatarsal (arrow). (D) Dolichocephaly due to premature fusion of sagittal suture (indi-
vidual IV:1).
(E) Three-dimensional CT scan of individual III:5 after surgical intervention. Note synostosis of all sutures.
2q35 involving the IHH locus (Figure 1A). In family 1,

we identified a 59 kb duplication involving the entire

IHH coding sequence plus 49 kb upstream of the IHH start

site (DECIPHER BER254250). Family 2 (DECIPHER

BER254251) and family 3 (DECIPHER BER254252) showed

duplications of 48 kb and 52 kb, respectively, upstream of

IHH (Figure 1A). After the array CGH analyses, we designed

PCR primers for breakpoint analysis (primer sequences are

available on request) and sequenced the amplified junction

fragments in both directions. All duplications were ar-

ranged in direct tandem orientation, and the distal break-

points were localized within introns of the neighboring

NHEJ1 (MIM 611290) (Figure 1A). Mutations in NHEJ1,

the gene disrupted by the duplications, cause severe

combined immunodeficiency with microcephaly, growth

retardation, and sensitivity to ionizing radiation (MIM

611291).12 Because this condition is recessive and no
The A
expression could be identified in the developing limb

(data not shown), we conclude that NHEJ1 is unlikely to

be involved in the condition described here. The three

duplications overlap in a ~9.1 kb region 40 kb 50 of IHH

that contains one highly conserved noncoding element

(CNE). The smallest region of overlap between duplications

in families 2 and3 is ~14.6 kb and encompasses threeCNEs.

Cosegregationof thegenomicduplicationswith thepheno-

type was studied and confirmed in all three families by

quantitative real-time PCR (Figure S2; primer sequences

and positions given in Table S1 and Figure 1A). Affected

individuals in all three families carried microduplications,

whereas the unaffected siblings showed normal copy

number. Similar duplications were not observed in 685

control samples analyzed via array CGH.

The duplication of IHH plus most of the gene’s regula-

tory region (family 1) is likely to result in an increase in
merican Journal of Human Genetics 88, 70–75, January 7, 2011 71



Figure 2. Expression Profiles of LacZ in
Transgenic Mice Compared to WT Ihh
Expression
LacZ expression of transgenic mice
carrying the orthologous mouse sequence
to the duplicated region (K1). At stages
E13.5 and E15.5, X-Gal staining is present
in the condensations of long bones and at
the finger tips (arrow). The E13.5 WT
embryo shows additional Ihh staining in
the condensations of the phalanges (arrow
head). At E17.5, strong staining is detect-
able in the growth plates. Note specific
staining in prehypertrophic chondrocytes
(PreHC) and hypertrophic chondrocytes
(HC) in growth plate sections with X-Gal
(upper right) compared to WT Ihh (lower
right).
IHH expression. Given the very similar limb phenotypes

in the three families, we conclude that the duplications

that do not involve the IHH coding region have a similar

effect, i.e., increased IHH expression. To further evaluate

the functional relevance of the duplicated CNEs, we

cloned the 6.2 kb orthologous highly conserved mouse

sequence (K1, black bar, Figure 1A) into a LacZ reporter

gene vector as described previously.8 The CNE containing

the orthologous mouse sequence (mm8, chr1: 74,940,

512–74,946,807) was amplified by conventional PCR

frommouse DNA (BLI6J) with the following primer combi-

nation including NotI restriction sites: 50-gtatGCGGCCGC

tctccaccctctgtgctctt-30 (forward) and 50-gtatGCGGCCGC

aagttgaggtttggggttttt-30 (reverse) (construct K1, Figure 1A).

After pronuclear injection and subsequent oviduct trans-

fer, transgenic embryos were harvested at different stages

of development (embryonic day 13.5 [E13.5], E15.5, and

E17.5) and analyzed for LacZ expression as described previ-

ously8 (Figure 2, Figure 3). At developmental stage E13.5,

we detected LacZ positive cells in the mesenchymal

condensations of the humerus and femur, as well as in

the digit tips (Figure 2). At later time points, we observed

X-gal staining in the cartilage growth plates. For the visual-

ization of staining on a cellular level, stained limbs were

embedded in glycol methacrylat at room temperature

(Technovit 7100, Heraeus-Kulzer) and sectioned in longi-

tudinal orientation with a hard-tissue microtome (RM

2255, Leica). LacZ and Ihh stainings of 5 mm serial sections

were analyzed by light microscopy after counterstaining

with nuclear fast red. As shown in Figure 2 (bottom right)

LacZ-positive cells were present only in prehypertrophic
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chondrocytes (PreHC) and hypertro-

phic chondrocytes (HC). Staining in

hypertrophic chondrocytes is due

to persistence of LacZ in these cells

and does not necessarily reflect pro-

motor activity. Thus, the observed

LacZ pattern recapitulated the known

endogenous Ihh expression in the

developing skeleton.13 On the basis
of these results, it is conceivable that the critical duplicated

region serves as a long-range enhancer of Ihh specifically

regulating Ihh expression during endochondral bone

formation.

X-gal staining was also observed in the skull, first in the

suture area of the nasal and the metopic bones, and later

also in and around other sutures (Figure 3). So far, Ihh

has not been recognized as a major factor in the develop-

ment of the cranial vault, a region where bone is directly

formed from mesenchymal progenitor cells without an

intermediate cartilaginous template (desmal bone forma-

tion). To study the role of Ihh in skull growth in more

detail, we analyzed Ihh expression and expression of its

downstream target, the hedgehog receptor patched1

(ptch1 [MIM 601309]) in calvarial bone. In situ hybridiza-

tion (ISH) for Ihh and Ptch1 was carried out on wild-type

(WT) embryos (C57/Bl6J) at embryonic stages E15.5 and

E17.5. In addition, Ptch1 expression was investigated in

Ihh�/� skulls (Figure 3). Calvaria were excised from the

head together with the underlying brain, and, after

removal of the skin, treated for 5 min with proteinase K

(20 mg/ml) prior to ISH. Skeletal preparations and alizarin

red staining of E18.5 WT and Ihh knockout embryos were

performed as previously described.14

We identified strong expression of Ptch1 along the devel-

oping cranial sutures, indicating that hedgehog signal is

present in these cells (Figure 3). Ihh expression was de-

tected in the same area, but the intensity of expression

was much weaker than in the growth plate cartilage.

Ihh�/� skulls did not show any Ptch1 expression (data not

shown). To investigate the significance of hedgehog



Figure 3. Expression Profiles of LacZ in the Skull of Transgenic
Mice Compared to WT Ihh and Ptch1 Expression
(A) LacZ expression in transgenic mice (left) compared to Ihh
(middle) and Ptch1 (right) expression patterns in the skull of
E17.5 WT embryos. Expression of lacZ is observed at the sutures
(arrowhead). Strong expression of Ptch1 is detected along the
developing cranial sutures (arrow), which overlaps with Ihh
expression in WT embryos.
(B) Skull preparations of WT and Ihh�/� mice at E18.5. Ihh�/�

embryos have a smaller skull. Staining with Alizarin red reveals
significantly less bone in the skull of Ihh�/� than in WT mice. In
contrast to the WT embryos, Ptch1 expression is undetectable
along the sutures of Ihh�/� embryos at stage E17.5.
signaling in the growth of calvarial bones, we compared

the skulls of Ihh�/� and WT mice at E18.5. Ihh�/� mice

had a much smaller skull compared to WT mice. They

showed significantly less calvarial ossification than WT

mice at this stage, indicating a growth-promoting effect

of Ihh on calvarial bone (Figure 3B).

IHH is a signaling molecule expressed predominantly

in prehypertrophic chondrocytes. It plays a major role

in endochondral bone formation by regulating the prolif-

eration and differentiation of chondrocytes via a parathy-

roid hormone-related peptide (PTHrP [MIM 168470])-

controlled feedback loop.13 At the same time, it signals

via its receptor patched 1 (Ptch1) to osteoblasts of the

bone shaft, thereby promoting cortical bone formation.

Accordingly, Ihh�/�mice showmarkedly reduced chondro-

cyte proliferation, highly abnormal growth plates, and

a failure of osteoblast development in endochondral

bones.15 In humans, mutations in IHH cause brachydac-

tyly type A1 (MIM 112500), a dominantly inherited condi-

tion with short or missingmiddle phalanges, and acrocapi-

tofemoral dysplasia (MIM 607778), an autosomal-recessive

skeletal dysplasia characterized by cone-shaped epiphyses,

short stature, and brachydactyly.
The A
The patients described here do not show any overlap

with the known IHH-associated phenotypes. In particular

the skull deformity, due to premature fusion of cranial

sutures, has so far not been reported in association with

IHH. Typically, craniosynostosis syndromes have been

associated with activating mutations in the FGF pathway,

such as in Apert (MIM 101200), Saethre-Chotzen (MIM

101400), or Muenke (MIM 602849) syndrome, indicating

that the regulation of FGF activity is crucial for cranial

suture development.16 Likewise, activating mutations of

MSX2 (MIM 123101), a transcription factor involved in

osteoblast differentiation, result in craniosynostosis.17

Interestingly, Msx2 is implicated in endochondral as well

as membranous ossification and was shown to induce Ihh

expression in mouse primary chondrocytes.18

The involvement of hedgehog (Hh) signaling in suture

development is also indicated by mutations in RAB23 (Ras

associated protein RAB23 [MIM 606144]), which are associ-

ated with Carpenter syndrome (acrocephalopolysyndac-

tyly type II [MIM 201000]).19 RAB23 negatively regulates

the Hh pathway by promoting the production of Gli3

repressor.20 In line with this hypothesis are recent findings

showing that mutations in Gli3 (MIM 165240), an impor-

tantmediator of Hh signaling, are associatedwith craniosy-

nostosis in the extra-toes (Xt) mouse mutant21 and in

patients with metopic craniosynostosis.22 In the presence

of Hh signal, Gli3 is maintained in its activated form,

Gli3A, and positively regulates Hh downstream target

genes. The authors postulate an increased proliferation

and enhanced osteoblastic differentiation due to ectopic

Ptch1 expression, loss ofTwist1 (MIM601622), and elevated

Runx2 (MIM 600211) expression in the sutural mesen-

chyme as the underlying cause for the craniosynostosis.21

Twist1 negatively regulates osteogenesis tomaintain suture

patency, and loss-of-function mutations in TWIST1 are

associated with Saethre-Chotzen syndrome, whereas

Runx2 functions as a positive regulator of osteoblast differ-

entiation andmutations inRUNX2 result in delayed closure

of sutures.23 These observations link aberrant Hh signaling

with suture development and craniosynostosis. The

observed delay in calvarial bone formation in Ihh�/� mice

further supports a role of Ihh in the regulation of osteoblast

proliferation and suture formation. It is a likely scenario

that the duplications reported here cause a moderate

increase in IHH expression, similar to the situation

proposed for regulatory duplications of BMP2 (MIM

112261).8 Such an increase in Hh signal is likely to induce

osteoblast proliferation and consecutive calvarial over-

growth that in turn results in premature closure of sutures.

Hh signaling has been shown to play essential roles in

the determination of digit number and identity. This,

however, has been solely attributed to Shh (MIM

600725), a signaling molecule expressed in the zone of

polarizing activity (ZPA) at the posterior margin of the

limb bud, and the interaction between Shh and Gli3.24

Mutations in the SHH regulatory region ZRS (ZPA regula-

tory sequence) located within an intron of the neighboring
merican Journal of Human Genetics 88, 70–75, January 7, 2011 73



gene LMBR1 (MIM 605522) and duplications encompass-

ing the ZRS are known to cause syndactyly type IV (MIM

186200) and polydactyly (MIM 174500) due to ectopic

misexpression of Shh at the anterior margin of the limb

bud.6,25,26 Polydactyly as observed in SHH regulatory

mutations is also a feature of the mouse mutant Doublefoot

(Dbf).27 In this case, however, Ihh and not Shh is ectopically

expressed in the anterior limb bud mesenchyme.28,29 This

ectopic expression leads to an anterior expansion of posi-

tive Hh regulators such as Ptch1 and Gli1 (MIM 165220)

and at the same time to a reduction of Gli3 expression.27

The Dbfmutation was identified as a large deletion located

50 of Ihh and encompassing ~600 kb of sequence, including

parts of the Ihh flanking gene Nhej1 and 22 other genes.27

The Dbf deletion is thus telomeric to the duplications

described here. It has been hypothesized that the deletion

removes a long-range regulatory element, most likely

a repressor, and by this causes ectopic Ihh expression.

Syndactyly of the fingers and toes was also observed in

a case with a balanced translocation (2;7)(q26;p22) dis-

rupting NHEJ1 in intron 5.30 The translocation separates

any regulatory sequences located distal to the breakpoint,

including the hypothetical repressor, and may thus have

a pathogenetic effect similar to that of the deletion. In

theHoxd cluster it was shown that the distance of repressor

and/or enhancer elements to their target gene is important

for precise gene regulation.31 Tandem duplications result

in the expansion of distance between regulator and target

and may thus result in imprecision or even inactivation of

the regulator.32 The duplications presented here may have

a similar effect and by this cause misexpression of IHH as

described in the Dbf mice. The presence of bilateral

preaxial polydactyly, as observed in individual IV-1 from

family 3, is a typical abnormality in patients with muta-

tions in the ZRS leading to SHH misexpression, thus sup-

porting this hypothesis.

Our results identify a putative distant regulator of IHH

that is located within a large intron of the neighboring

gene NHEJ1. A very similar situation exists for SHH, in

which the limb control region ZRS is also located in an

intron of a flanking gene (LMBR1). Such similarities may

reflect the common evolutionary past of these Hh genes

und underscore the importance of long-range regulation

in development. Our findings show that developmental

defects can be caused by CNVs in noncoding regions. The

resulting phenotype may be completely different from

those caused by mutations within the coding sequence of

the corresponding gene.

Supplemental Data

Supplemental Data include two figures and one table and can be

found with this article online at http://www.cell.com/AJHG/.
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