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Homozygous Mutations in [HH Cause Acrocapitofemoral Dysplasia,
an Autosomal Recessive Disorder with Cone-Shaped Epiphyses in Hands

and Hips
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Acrocapitofemoral dysplasia is a recently delineated autosomal recessive skeletal dysplasia, characterized clinically
by short stature with short limbs and radiographically by cone-shaped epiphyses, mainly in hands and hips. Ge-
nomewide homozygosity mapping in two consanguineous families linked the locus to 2q35-q36 with a maximum
two-point LOD score of 8.02 at marker D252248. Two recombination events defined the minimal critical region
between markers D252248 and D2S2151 (3.74 cM). Using a candidate-gene approach, we identified two missense
mutations in the amino-terminal signaling domain of the gene encoding Indian hedgehog (IHH). Both affected
individuals of family 1 are homozygous for a 137C—T transition (P46L), and the three patients in family 2 are
homozygous for a 569T—C transition (V190A). The two mutant amino acids are strongly conserved and predicted
to be located outside the region where brachydactyly type A-1 mutations are clustered.

Recently, we delineated a new autosomal recessive skel-
etal dysplasia in two consanguineous families of Belgian
and Dutch origin (Mortier et al. 2003). The clinical phe-
notype is characterized by short stature of variable de-
gree with short limbs and brachydactyly, relatively large
head, and narrow thorax with pectus deformities (fig.
1). Affected individuals do not exhibit associated con-
genital anomalies and are of normal intelligence. Ra-
diographically, cone-shaped epiphyses (CSE) or a similar
epiphyseal configuration are observed in the hands, the
proximal part of the femur, and, to a variable degree,
at the shoulders, knees, and ankles (fig. 2). These CSE
appear early in childhood and disappear with the pre-
mature fusion of the growth plate before puberty, re-
sulting in shortening of the involved skeletal compo-
nents. This process leads, in the hips, to a characteristic
egg-shaped femoral head attached to a very short femoral
neck and, in the hands, to shortening of the tubular bones,
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especially the middle phalanges. Since all affected indi-
viduals show these striking and characteristic abnormal-
ities in hands and hips, we named the disorder acrocapi-
tofemoral dysplasia (ACFD).

To unravel the genetic basis of this skeletal dysplasia,
we performed homozygosity mapping in both consan-
guineous families, using 400 genetic markers with an
average spacing of 10 cM (ABI PRISM Linkage Mapping
Set version 2) (Lander and Botstein 1987). Initially, the
genomewide screening was performed on four affected
individuals (VII-1, VII-4, IX-2, and IX-5) from both fam-
ilies (fig. 3). A fifth patient (IX-1), later identified, was
subsequently used in the analysis. Appropriate informed
consent was obtained from all human subjects involved
in the study. Alleles were scored using the Genescan and
Genemapper software (Applied Biosystems). After the
initial screening, the region on 2q35-q36 was further in-
vestigated, because four affected individuals were homo-
zygous by descent for two consecutive markers, D25325
and D2S52382. Analysis with additional, closely spaced
markers refined the candidate region to between D252382
and D2S163, a distance of about 5 cM (fig. 3). A re-
combination event between loci D252382 and D252248
in patient IX-2 (fig. 3B) defined the proximal boundary
of the genetic interval. A recombination event between
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loci D252151 and D25163 in individual IX-4 (fig. 3B)
defined the distal boundary of the candidate region. The
MLINK program of the LINKAGE software package
(Lathrop and Lalouel 1984) was used to calculate two-
point LOD scores between the disease phenotype and
each of the markers, assuming a recessive disease with
an allele frequency of 0.001 and marker allele frequen-
cies of 0.125. This resulted in a maximum LOD score
of 8.02 at # = 0 for marker D252248 (table 1). A search
on the human genome resources of the National Center
for Biotechnology Information disclosed several candi-
date genes within the linked region on chromosome
2q35-q36: IGFBP2 and IGFBPS (both encoding an in-
sulin-like growth-factor-binding protein), IHH (encod-
ing Indian hedgehog), and STK36 (human homologue
of the Drosophila melanogaster gene fused). We selected
IHH as the strongest candidate because this gene is ex-
pressed in the growth plate (Kindblom et al. 2002), dom-
inant mutations have been identified in brachydactyly
type A1l (BDA1 [MIM 112500]) (Gao et al. 2001;
McCready et al. 2002), and Ihh-null mice exhibit a
short-limb dwarfism phenotype (St-Jacques et al. 1999).

Sequence analysis of Indian hedgehog (IHH [GenBank
accession number Q14623]) in the affected individuals
revealed two distinct nucleotide changes. In the two af-
fected individuals in family 1, a homozygous 137C—>T
transition, predicted to result in a P46L substitution, was
observed (fig. 4). In the three affected individuals in fam-
ily 2, a homozygous 569T—C transition, predicted to re-
sult in a V190A substitution, was identified (fig. 4). Both
substitutions are located in the amino-terminal domain
of the Indian hedgehog protein, which is responsible for
local and long-range signaling (Porter et al. 1995). Het-
erozygosity for the 137C—>T and 569T—C mutation was
observed in the unaffected parents in family 1 and 2,
respectively. Both sequence changes were absent in 75
unrelated control subjects (150 chromosomes), confirm-
ing that they do not represent common polymorphisms.
Finally, alignment of the protein sequence of homologues
of Indian hedgehog in several species showed that both
proline at position 46 and valine at position 190 are
strongly conserved residues (fig. 5).

Indian hedgehog is one of the three mammalian homo-

Table 1
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Figure 1 Clinical variability illustrated by two affected indi-
viduals. Left panel, Patient VII-4 at age 10.5 years. Note mild dis-
proportionate short stature with brachydactyly. Right panel, Short-
limb dwarfism with narrow thorax and genu varum in patient IX-2
at age 9 years.

logues of the D. melanogaster segment polarity gene,
Hedgehog (Jeong and McMahon 2002). The Hedgehog
gene family encodes a group of secreted signaling mol-
ecules that are essential for growth and patterning of
many different body parts of vertebrate and invertebrate
embryos (Ingham and McMahon 2001). These mole-
cules are processed after translation by internal cleavage
to generate an amino-terminal fragment and a carboxy-
terminal fragment with the subsequent addition of cho-
lesterol at the C-terminus of the amino-terminal fragment.
This amino-terminal fragment has all the known signaling
activity, whereas the carboxy-terminal fragment is re-
sponsible for the autoproteolytic process (Lee et al. 1994;
Porter et al. 1995).

The precise regulation of proliferation and hypertro-
phic differentiation of chondrocytes in the growth plate
is critical for balancing longitudinal growth and ossifi-
cation of bones (Erlebacher et al. 19935). Several lines of

Two-Point LOD Scores for Linkage of the ACFD Locus to Chromosome 2¢35-q36

Combined LOD Score at 6= Family 1 Family 2 Families 1 and 2
Marker Position® .00 .01 .08 .10 30 Z,.. 0 Zax 0 Zax 0
D2S2382  213.49 —oo 7.01 681 596 203 324 0 3.89 .05 7.09 .02
D2S2248 21471 8.02 780 692 5789 166 190 0 612 O 8.02 0
D2S1371 21525 632  6.11 528 4.26 97 140 0 492 0 6.32 0
D2S2151  218.45  5.02 485 417 3.34 .74 63 0 440 O 5.02 0
D25163 218.45 —» 10.85 1062 9.72 498 202 0 8.89 .01 10.92 .02

* The position is given in centiMorgans according to the Marshfield map.



Figure 2 Most characteristic radiographic abnormalities in the affected individuals. A-C, Radiographs of the left hand. A, Cone-shaped
epiphyses in the thumbs and the middle and distal phalanges of digits [I-V of patient VII-4 at age 9.5 years. B, Shortening of the tubular bones
more pronounced in patient IX-2 at age 11 years. Note the remnants of cone-shaped epiphyses and the fused “tear-drop” metacarpal epiphyses.
C, Severe brachydactyly in patient IX-1 at age 14 years. Note complete epimetaphyseal fusion of metacarpals and phalanges. D, Radiograph
of the right hand of parent VI-1, showing no obvious signs of BDA1. E, Radiograph of the pelvis in patient VII-4 at age 6 years, showing coxa
vara with egg-shaped femoral head and very short femoral neck after epimetaphyseal fusion. E Normal radiograph of the pelvis in parent VI-
1, with no evidence of a premature fusion of the proximal femoral growth plate (normal femoral head and neck). G, Radiograph of the lower
limbs in patient IX-2 at age 11 years. Varus deformity of the tibiae with proximal and distal premature epimetaphyseal fusion is most likely
the result of cone-shaped epiphyses. Note the voluminous distal femoral epiphyses and the proximal overgrowth of the fibulae.
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Pedigrees of (Belgian) family 1 (A) and (Dutch) family 2 (B). The genotypes of five markers within the linked region on
1043

chromosome 2 are shown. The haplotype cosegregating with the disorder is indicated with a black bar.

Figure 3
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Figure 4 Sequence analysis of ITHH in both families. The normal
(top), heterozygous (middle), and homozygous mutant (bottom) se-
quences are shown. The 137C—T mutation is presented on the left,
and the 569T—C mutation is shown on the right (¢riangles).

evidence indicate that Thh signaling controls growth of
bones by coordinating chondrocyte proliferation and
differentiation (Vortkamp et al. 1996; Long et al. 2001).
The regulation of differentiation is indirectly mediated
through the production of parathyroid hormone-related
peptide (PTHrP). By stimulating PTHrP production in
the periarticular growth plate, Thh delays the switch from
proliferation to differentiation. In this way, Thh deter-
mines the rate and site in the growth plate at which
hypertrophic differentiation occurs (Karp et al. 2000).
We postulate that the recessive mutations, identified in
our patients with ACFD, cause an increased rate of chon-
drocyte differentiation by diminishing Indian hedgehog
signaling in the growth plate. This increased rate of dif-
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ferentiation is radiographically reflected by the appear-
ance of CSE and subsequent premature closure of the
growth plate, with shortening of the bone as a conse-
quence. The cone-shaped configuration of the epiphyses
may indicate that this increased rate of differentiation
is most pronounced or starts earlier at the center of the
physis. There is no evidence for a concentration gradient
of THH and/or PTHrP within a certain zone of the
growth plate that could explain an earlier fusion at the
center. However, in normal conditions, the knee growth
plates seem to close earlier in their central portion than
in their peripheral portion (Sasaki et al. 2002). Of note
are also the presence of CSE in other skeletal dysplasias
affecting the balance between chondrocyte proliferation
and differentiation in the growth plate (e.g., cartilage
hair hypoplasia [MIM 250250]) and the appearance of
CSE after infantile meningococcemia (Patriquin et al.
1981; Grogan et al. 1989; Giedion 1998).

Radiographic evaluation of the heterozygous parents
of patients VII-1, VII-4 (family 1), and IX-2 (family
2) does not reveal obvious signs of BDA1 (fig. 2D). None
of these parents show absent or rudimentary middle pha-
langes or middle phalanges fused with the distal phalan-
ges. Mild shortening of middle phalanges II-IV (up to 2.5
SD below the mean) and severe shortening of the middle
phalanx V (up to 5 SD below the mean) are observed
only in the parents of patients VII-1 and VII-4. The par-
ents of patient IX-2 show only relative shortening (>2 SD
below the mean) of the metacarpals and proximal pha-
langes (data not shown). In addition, both parents of
patients VII-1 and VII-4 (family 1) show normal radio-
graphs of the pelvis (fig. 2F).

A similar situation, where heterozygotes of the reces-
sive mutations do not exhibit the dominant phenotype,
has been observed in brachydactyly type B (BDB [MIM
113000]) and Robinow syndrome (MIM 268310). Het-
erozygous mutations flanking the intracellular tyrosine

* *
HH Drome CGPGRG-LG- -RHRARN-LY PLVLKQTIPN LSEYTNSASG PLEGVIRRDS PKFKDLVPNY NRDILFRDEE GTGADGLMSK RCKEKLNVLA
IHH Mouse «++.V.V.S R.RPP.K..V J.AY..FS.. VP.K.LG... RY..K.A.S. ER..E.T... .P..I.K... N....R..TQ ...DR..S..
IHH Brare ....... Y.. K.RTP.K..T ..AY..FS.. VAKLG RY..KVTPS. ER..E.T... .P..I.K... N....RM.TQ ...D...S..
DHH Mouse ...... PV.. R.RYV.KQ.V ..LY..FV.S MP.R.LG... .A..RVT.G. ER.R...... .P..I.K... NS...R..TE ....RV.A..
DHH2 Xenla ...... PV.G R.RYM.R..V ..LY..FV.. VP.K.LG... KS..K...G. ER.IK..... .P..I.K... N....R..TE ...DRV.A..
TWHH Brare ....... Y.. K.RHPKK..T ..AY..F... VA.K.LG... KY..K.T.N. ER..E.I... .P..I.K... N.N..R..T. ...D...S..
AmphiHH -.GR.F.. R.RHP.K..T .F.Y..QM.A V..N.FG... LFN.R.T... ER.KT.KQ.F .T..I.K... K....RF.TQ ...D...A..
*
HH Drome YSVMNEWPGI RLLVTESWDE DYHHGQESLH YEGRAVTIAT SDRDQSKYGM LARLAVEAGF DWVSYVSRRH IYCSVKSDSS ISSHVHG
IHH Mouse I....Q...V K.R...G. - B < P Y.E.KA. VH..... EH. AARKTG.
IHH Brare I....L...V ..R...G.. RN..R. ... -.Y.E.KG. VH..... EH. VAAKTG.
DHH Mouse IA...M...V ..R...G. RN...L . ..Y.E..N. .HV...A.N. LAVRAG.
DHH2 Xenla I....M...L K.R...G. RN.... ..Y.E.KA. .HV..NT.N. LGVRSG.
TWHH Brare I....H...V K.R...G... .G..LE.... «.....D.T. ....K..... ..Y.E.KA. .H....AEN. VAAKSG.
AmphiHH I....Q.E.V K.R...G.. - L e Y.E.KA. .H....AE.D TTATQG.

Figure 5

Cross-species alignment of the amino-terminal signaling domain of several Hedgehog homologues: HH Drome, IHH Mouse,

IHH Brare, DHH Mouse, DHH2 Xenla, TWHH Brare, and AmphiHH (GenBank accession numbers Q02936, P97812, Q98862, Q61488,
Q91611, Q90419, and CAA74169.1). Amino acids matching the HH Drome sequence are represented as dots. ACFD mutations are indicated

with a gray bar and BDA1 mutations with an asterisk.
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Figure 6 Tertiary structure of the amino-terminal signaling do-
main of mouse Shh with the indication of the corresponding location
of the different missense mutations in human IHH and SHH (Human
Gene Mutation Database). ACFD mutations (IHH) are represented in
red, BDA1 mutations (IHH) in green, and HPE3 mutations (SHH) in
yellow. The cluster in the middle (bottom) contains the four BDA1
mutations (E95K, D100E, D100N, and E131K) and two HPE3 mu-
tations (D93V and H140P). The cluster at the carboxy-terminal end
(middle right) contains one ACFD mutation (V190A) and two HPE3
mutations (Q105H and E193Q). The cluster at the amino-terminal
end (top) contains one ACFD mutation (P46L) and four HPE3 mu-
tations (I116F, N120K, W122G, and W122R).

kinase domain of ROR2 cause BDB (Schwabe et al.
2000). Homozygous ROR2 mutations scattered through-
out the entire coding region cause Robinow syndrome.
However, heterozygous carriers of Robinow syndrome
do not seem to have BDB (Afzal et al. 2000; Schwabe
et al. 2000; van Bokhoven et al. 2000). A possible ex-
planation may be that Robinow mutations are loss-of-
function mutations with no phenotypic consequences in
carriers, whereas BDB mutations exert a dominant ef-
fect. In contrast to these observations, loss-of-function
mutations of GDFS cause brachydactyly type C (BDC
[MIM 113100]) in the heterozygous state and Grebe
dysplasia (MIM 200700), an autosomal recessive acro-
mesomelic dysplasia, in the homozygous state, with ra-
diographic features of BDC in the heterozygous carriers
of Grebe mutations (Costa et al. 1998; Everman et al.
2002; Faiyaz-Ul-Haque et al. 2002).

These studies together with our data indicate that the
phenotypic outcome of mutations in genes involved in
brachydactyly is not only dependent on the homozygous
versus heterozygous state but also on the location and
nature of the mutation. The mutations in IHH, causing
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either BDA1 or ACFD, are both missense mutations.
However, their precise locations within the amino-ter-
minal signaling domain differ. To compare the locations
of different Hedgehog mutations, the crystal structure of
the amino-terminal domain of mouse Shh (1VHH [Mo-
lecular Modeling DataBase accession number 3860]) can
be used because of the high similarity between human
IHH and mouse Shh (GenBank accession number
Q62226) (Hall et al. 1995) (fig. 6). The mutations re-
ported in BDA1 (fig. 6, green) are predicted to be clus-
tered together on one side of the protein, whereas the
ACFD (fig. 6, red) mutations seem to be located at the
other side, in regions where mutations in SHH (GenBank
accession number Q15465) have been reported to cause
holoprosencephaly (HPE3 [MIM 142945]) (fig. 6, yel-
low). In addition, the P46L mutation is located in a
region important for binding of the sonic hedgehog pro-
tein to its receptor Patched (Fuse et al. 1999). In con-
clusion, this study indicates that mutations in [HH can
cause not only BDA1 but also a more severe skeletal
dysplasia with short-limb dwarfism (ACFD). Additional
in vitro and in vivo experiments are necessary to inves-
tigate the consequences of the different (BDA1 and
ACFD) mutations on Indian hedgehog signaling in the
growth plate.
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