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Identical mutations in NOG can cause either tarsal/
carpal coalition syndrome or proximal

symphalangism

Mary E. Dixon, BA', Peter Armstrong, MD?, David B. Stevens, MD’, and Mike Bamshad, MD>*

Purpose: To identify the gene causing tarsal/carpal coalition syndrome (TCC). Methods: Individuals from three kindreds

with TCC and normal hearing were used to map TCC and screen for mutations in Noggin (NOG). Results: Three different

missense mutations in NOG were found. Two of these mutations are identical to mutations previously reported to cause

proximal symphalangism (SYM1). Conclusions: TCC is allelic to SYM1, and at least two different mutations in NOG can

result in either TCC or SYM1 in different families. This finding suggests that phenotypic differences between these
conditions are caused by epistatic modifiers of NOG. Genet Med 2001:3(5):349-353.
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The genetic analysis of human malformation syndromes
characterized by disturbances of skeletal development pro-
vides important insights about the control of bone growth and
maintenance. Tarsal/carpal coalition syndrome (TCC; OMIM
186570) is an autosomal dominant disorder characterized by
fusion of the carpals, tarsals, and phalanges; short first meta-
carpals causing brachydactyly; and humeroradial fusion.!? At
birth, all affected individuals have stiffness of the proximal
interphalangeal (PIP) joint of the 5th digit with or without
bony synostosis. Over time, the distal end of the proximal pha-
lanx and the proximal end of the middle phalanx fuse. As an
individual ages, progressive fusion of the PIP joints of digits 4,
3, and 2 proceeds sequentially (Fig. 1). The distal interphalan-
geal joints are affected less commonly. Humeroradial fusion is
not present in infancy but can be noted shortly thereafter. Ab-
normalities of the elbow are the most variable feature.

The most substantial disabilities suffered by individuals with
TCC are caused by the abnormalities of the ankle and foot.
Often, ambulating is painful and difficult, necessitating pallia-
tive and/or corrective surgical intervention. Height, facial
characteristics, and intelligence are normal. Penetrance of the
gene appears to be complete, and the clinical findings are sim-
ilar among males and females.

We collected phenotypic data and biological materials from
members of a family with TCC of the “Fuhrmann type” that
had been previously reported by Drawbert et al.> An updated
pedigree revealed that 17 individuals in this family (K1) are
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affected. Data were also collected from two additional unre-
lated families (K2 and K3) with TCC.

METHODS

Clinical evaluation

All studies were performed with the approval of the Institu-
tional Review Board of the University of Utah and the General
Counsel of the Shriners Hospitals for Children. After obtaining
informed consent, each participant was evaluated by history
and physical examination and/or review of medical records.
Radiographs were performed on all individuals. Individuals in
three unrelated families in which TCC was segregating in an
autosomal dominant pattern were selected for linkage studies
and mutation analysis. Twelve of 13 living affected individuals
in family K1 and all 6 living affected individuals in K2 were
examined by three of the authors (PA, DS, and MB). Both
affected individuals in family K3 were examined by DS. The
clinical characteristics of many of the affected members of fam-
ily K1 have been described previously.? All affected individuals
have normal stature and intelligence. One affected individual
has a conductive hearing loss caused by absence of the meatus
of the auditory canal of each ear. This abnormality was consid-
ered a coincidental malformation unrelated to the TCC
phenotype.

Ascertainment of genotype

Fifteen milliliters of blood were obtained from all affected
individuals and at least their first-degree relatives. Genomic
DNA was prepared from lymphocytes® and cell lines derived
from EBV-transformed lymphocytes* as described elsewhere.
Fluorescent-tagged primers were used to amplify genomic
DNA in 1XX buffer (10 mM Tris pH 8.3, 50 mM KCl, 1.5 mM
MgCl,) using 25 ng of template genomic DNA, 50 uM dNTPs,
20 pmol of each primer, and 1 unit Tag DNA polymerase in a
total reaction volume of 25 pL. Samples were cycled 30 times in
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Fig.1 Hands of a young woman with TCC. A: Each digit is short and flexion of the PIP
joint of the posterior four digits is limited. B: This is illustrated by her attempt to make a
fist. Digits, 2, 3, 4, and 5 cannot flex at the PIP joint. C: Radiograph of hands and wrists
demonstrating fusion of the PIP joint of each of the posterior four digits, a short 5th
metacarpal, and multiple carpal fusions.

a Perkin-Elmer 9600 PCR machine using standard profiles.
The annealing temperature was decreased 4°C on the sixth
cycle. A total of 20 uL of 50% formamide loading dye was
added to each reaction following PCR. Samples were dena-
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tured for 3 minutes at 94°C and then electrophoresed through
5% denaturing polyacrylamide gels on an ABI automated
sequencer.

Linkage analysis

Two-point analysis was performed using MLINK of the
LINKAGE package.> Disease penetrance was set at 0.95 with-
outa sex difference. Normal and disease allele frequencies were
set at 0.9999 and 0.0001, respectively. Genotypes for all indi-
viduals typed in the reported families are available upon
request.

Mutation analysis of NOG

Human NOG coding sequence is contained in a single exon.
A 761-bp product containing the NOG coding region was
PCR-amplified using previously published primers,® and the
following internal primers (kindly provided by Dr. M.
Mangino) were used for sequencing: F1-CAAAGGGCTA-
GAGTTCTCCGA, F2-CAGCTGCTTCAGTAAGCGCTGC, F3-
CACCCAGCGACAACCTGC, RI1-CCATGAAGCCTGGGT-
CGTAGT, and R3-CTAGCCCTTTGATCTCGCTCG. Geno-
mic DNA sequences were amplified as described above except
for the use of Expand Taq (Boehringer-Mannheim). PCR
products were purified on a 2% NuSieve gel and sequenced
using ABI Dye-primer or rhodamine sequencing reagents. Se-
quenced products were loaded on an ABI 377 automated se-
quencer and analyzed using SEQUENCHER software (Ge-
necodes). The forward and reverse strands of the exon,
including flanking splice-recognition sequences, were PCR-
amplified and sequenced twice in each direction. The presence
of each mutation was confirmed by restriction digest (Fig. 2),
and genomic DNA samples from 100 individuals representing
200 control chromosomes were screened for each mutation.

RESULTS

Linkage analysis

Initially, we hypothesized that TCC was caused by perturba-
tions of one of the HOX genes. However, before this hypothesis
could be tested, Krakow et al.” reported that a locus for multi-
ple synostosis syndrome (SYNS1; OMIM 186500) mapped to
chromosome 17q21, near the locus for proximal symphalang-
ism® (SYM1; OMIM 185800). Because of the phenotypic sim-
ilarity of SYNSI1 to TCC, we tested markers on 17q for linkage
to TCC. A pairwise LOD score of 4.16 was obtained with W359
(AFM2682zg9) at a recombination fraction of 0.001. Additional
markers spanning ~40 cM around W359 were tested for link-
age and haplotypes constructed on the basis of the marker
order estimates of the regional linkage map of chromosome 17.
Analysis of recombinants narrowed the critical interval con-
taining the TCC locus between D175790 and D175794 (data
not shown). This region overlapped the critical intervals of
SYM1# and SYNS1,” suggesting further that TCC might be
caused by mutations in NOG.

It is worthwhile to note that at least three other conditions
manifest by skeletal abnormalities (i.e., sclerosteosis, van
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Mutations in NOG cause tarsal/carpal coalition syndrome
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Fig. 2 Partial pedigrees, electropherograms, and restriction digests demonstrating mutations in NOG in families with tarsal/carpal coalition with symphalangism syndrome (TCC).
Blackened symbols represent affected individuals. Electropherogram of control sequence is in upper panel and affected individual in lower panel. Missense mutation is depicted by arrow
in each electropherogram. (K1) A G—T mutation results in a R204L substitution. This mutation creates a new Acil site that is present in affected individuals (211 bp and 137 bp) but absent
in the unaffected individuals (211 bp). (K2) A C—G mutation results in a P35R substitution. Unaffected individuals are homozygous for a BmyI site (115 bp), whereas loss of this site in
affected individuals results in heterozygosity for the 115-bp product and new fragment of 150 bp. (K3) An A— G mutation results in a Y222C substitution. This mutation creates a new Rsal
site that is present in affected individuals (211 bp and 122 bp) but absent in the unaffected individual (211 bp).
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Buchem disease, and familial patella aplasia-hypoplasia) are
caused by genes on chromosome 17q21.°-!! This finding sug-
gests that there may be a cluster of genes in this region that
participate in skeletal development.

Mutation analysis

Mutation analysis was conducted on at least two affected
individuals in each multiplex family. Missense mutations were
found in the affected individuals of all three families (Fig. 2).
Individuals in family K1 had a G—T mutation that results in a
R204L substitution. This mutation has not been reported
previously.

Individuals in family K2 had a C— G mutation the results in
a P35R substitution. This mutation was reported previously in
a sporadic case of SYM1 (family 7 in ref. 6) in which neither
parent carried the mutation and paternity was confirmed.
Thus, the same mutation appears to have arisen independently
in these two families and caused different synostosis
syndromes.

Individuals in family K3 had an A—G mutation that results
in a Y222C substitution. This mutation was reported previ-
ously in alarge SYM1 kindred (family 1 in ref. 6) that was used
to map the locus for SYM1 by Polymeropoulpos et al.8 Restric-
tion analysis confirmed that each mutation segregated only
with affected individuals (Fig. 2). None of the changes that are
predicted to cause missense mutations were found in 200 con-
trol chromosomes.

DISCUSSION

TCCis one of a heterogeneous group of disorders characterized
by multiple synostoses that includes symphalangism-brachydac-
tyly syndrome, WL syndrome,'?> deafness-symphalangism syn-
drome of Herrmann,'? and facioaudiosymphalangism syn-
drome.'* The pattern of joint involvement was very similar in the
families that were studied to define these conditions. Indeed, only
the presence of short stature, hearing loss, humeroradial fusion,
and brachydactyly varied among them. All of these findings are
characteristics of TCC, SYM1, or SYNS1.2.7:8

In contrast to SYM1 and SYNSI1, conductive hearing is typ-
ically normal in individuals with TCC and fusion of the MP
joints is uncommon. SYNSI is differentiated from SYM1 by
consistent involvement of the hips and cervical spine.® SYM1
and SYNSI are caused by different missense mutations in
NOG, suggesting that perturbation of specific domains of the
protein that it encodes, Noggin, could underlie the phenotypic
differences between these conditions. Furthermore, the obser-
vation that only a subset of joints are affected in individuals
with SYM1 and SYNSI1 also suggested that different tissues
might have varied dosage requirements for Noggin and/or that
BMP activity is modulated by redundant mechanisms in some
tissues. Thus, we hypothesized that TCC is caused by muta-
tions in NOG that perturb Noggin’s function in joint forma-
tion in the limbs but retain Noggin’s role in forming joints of
the middle ear ossicles and the vertebral column. This might
highlight functionally specific domains of Noggin. We discov-

352

ered that identical mutations in NOG cause either SYM1 or
TCC. However, the phenotypic characteristics of each condi-
tion are consistent within a family. This finding suggests that
epistatic modifiers are responsible for the varied expressivity
and pleiotropy among TCC and SYM1. This is analogous to the
finding that, in Nog -/- mice, the severity of the neurological
phenotype was dependent on the genetic background of the
affected offspring.'>

The mechanism by which mutations in NOG cause disease is
unknown. Noggin is a member of the TGF- 3 family of recep-
tors that negatively modulates the activity of bone morphoge-
netic proteins (BMPs).!¢ In murine null mutants of Nog'” (i.e.,
Nog-/- mice), increased BMP activity results in excess cartilage
and failure to initiate joint formation, although the spatial ex-
pression patterns of BMPs are normal. Because individuals
with symphalangism and deletions of chromosome 17q21-22
have been reported,'® it has been suggested that functional
haploinsufficiency of Noggin® disturbs joint morphogenesis
and causes multiple synostoses. Alternatively, missense muta-
tions could impair the ability of Noggin protein to participate
in dimer formation or in binding to members of the TGF-f3
superfamily (e.g., BMP2, 4, and 7 in the limb) with which it
normally interacts.

In the developing chick and mouse limb, Noggin is ex-
pressed in the prechondrogenic condensations and in chon-
drocytes.!® Targeted disruption of Nogleads to impaired chon-
drogenesis but does not appear to disrupt patterning of the
limb. This finding is consistent with the observation that mis-
sense mutations in NOG result in the formation of excess car-
tilage and progressive bony synostoses, while the patterning of
joints in the limb is normal.

A recently proposed model of digit formation?® may explain
the earlier onset of fusion in the posterior elements of the
hands and feet. In this model, the number and identity of digits
is dependent on the activity of Sonic Hedgehog (Shh) and
BMP2 in the anterior mesenchyme. Shh acts as a long-range
signal to make the anterior mesenchyme competent to respond
to a signal from BMP2 and subsequently to induce the expres-
sion of BMP2. BMP2 acts in a dose-dependent fashion on the
competent mesenchyme to specify digit identity. Lower levels
of BMP2 expression specify an anterior identity while higher
levels of BMP2 expression promote formation of posterior
digits.

The observation that, in individuals with TCC, SYM1, or
SYNSI, the most posterior digits are affected at birth is consis-
tent with a higher level of BMP2 activity in the posterior ante-
rior mesenchyme of the developing autopod. A gradient of
BMP2 activity could be produced by either higher BMP2 ex-
pression or attenuation of BMP2 signaling by inhibitory mol-
ecules such as Noggin. However, digit identity is unchanged in
individuals with missense mutations in NOG. This finding
suggests that establishment of the BMP2 gradient is indepen-
dent of the function of Noggin and/or other molecules (e.g.,
Gremlin) can compensate for haploinsufficiency of Noggin.
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