304

J Med Gener 2001;38:304-309

Original articles

Duncan Guthrie
Institute of Medical
Genetics, Yorkhill,
Glasgow G3 8SJ, UK
T M Gordon

A Cook

J L Tolmie

Departments of
Medical Genetics,
Plastic and
Reconstructive
Surgery, and Thoracic
Surgery, Erciyes
University Medical
Faculty, 38039 Kayseri,
Turkey

M Dundar

I Ozyazgan

F Oguzkaya

Y Ozkul

Department of
Radiology, Royal
Hospital for Sick
Children, Edinburgh
EH9 1LF, UK

A G Wilkinson

Clinical Genetics,
Western General
Hospital, Edinburgh
EH4 2XU, UK

S Holloway

Molecular Medicine
Unit, Institute of Child
Health, 30 Guilford
Street, London

WCIN 1EH, UK

F R Goodman

Correspondence to:

Ms Gordon (molecular),
caf2e@
pop-server.cent.gla.ac.uk
or Dr Dundar (clinical),
mdundar@hotmail.com

Revised version received
31 January 2001
Accepted for publication
2 February 2001

A novel acropectoral syndrome maps to

chromosome 7q36

Munis Dundar, Tilda M Gordon, Irfan Ozyazgan, Fahri Oguzkaya, Yusuf Ozkul,
Alexander Cooke, A Graham Wilkinson, Susan Holloway, Frances R Goodman,

John L Tolmie

Abstract

F syndrome (acropectorovertebral syn-
drome) is a dominantly inherited skeletal
dysplasia affecting the hands, feet, ster-
num, and lumbosacral spine, which has
previously been described in only two
families. Here we report a six generation
Turkish family with a related but distinct
dominantly inherited acropectoral syn-
drome. All 22 affected subjects have soft
tissue syndactyly of all fingers and all toes
and 14 also have preaxial polydactyly of
the hands and/or feet. In addition, 14 have
a prominent upper sternum and/or a blind
ending, inverted U shaped sinus in the
anterior chest wall. Linkage studies and
haplotype analysis carried out in 16
affected and nine unaffected members of
this family showed that the underlying
locus maps to a 6.4 cM interval on
chromosome 7q36, between EN2 and
D7S2423, a region to which a locus for
preaxial polydactyly and triphalangeal
thumb-polysyndactyly has previously
been mapped. Our findings expand the
range of phenotypes associated with this
locus to include total soft tissue syndactyly
and sternal deformity, and suggest that F
syndrome may be another manifestation
of the same genetic entity. In mice, ectopic
expression of the gene Sonic hedgehog
(Shh) in limb buds and lateral plate meso-
derm during development causes preaxial
polydactyly and sternal defects respec-
tively, suggesting that misregulation of
SHH may underlie the unusual combina-
tion of abnormalities in this family. A
recently proposed candidate gene for 7q36
linked preaxial polydactyly is LMBRI,
encoding a novel transmembrane receptor
which may be an upstream regulator of
SHH.

(¥ Med Gener 2001;38:304-309)

Keywords: preaxial polydactyly; sternal deformity; F
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F syndrome or acropectorovertebral syndrome
(OMIM 102510) is a rare, dominantly inher-
ited skeletal dysplasia affecting the distal limbs,
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sternum, and lumbosacral spine. It was first
described in 1969 in eight members of a four
generation American family whose surname
began with the letter F' and has only once been
reported since, in an Italian father and daugh-
ter.” In the hands, the malformation primarily
involves the thumbs and index fingers, which
are short, deformed, often partially duplicated,
and joined by soft tissue webbing and some-
times a bony bridge. The capitate and hamate
are invariably fused and other carpals are
frequently fused as well. In the feet, there is soft
tissue webbing between the toes, especially the
first and second, occasional postaxial polydac-
tyly, and hypoplasia, deformity, and fusion of
the metatarsals, especially the first and second
and the fourth and fifth. The talus and navicu-
lar are invariably fused, and there are also
extensive fusions of most other tarsals. In the
chest, there is characteristically a prominent
upper sternum, with pectus excavatum of the
lower sternum, while in the spine there is often
spina bifida occulta of L5 and/or S1. The
minor craniofacial anomalies and mild intellec-
tual impairment observed in some affected
members of the original family probably do not
form part of the syndrome.

Here we report a large six generation Turkish
family (fig 1) with a related but distinct combi-
nation of distal limb and sternal abnormalities,
also inherited in an autosomal dominant fash-
ion. The phenotype in this family is illustrated
in figs 2 and 3, and summarised in table 1.

Case reports

All 22 living affected subjects were assessed
clinically and radiographs of the hands and feet
were obtained in 13 cases. All 22 subjects were
found to have partial or complete soft tissue
webbing between all fingers and all toes. The
most lateral three or four toes were also often
adducted and flexed at the interphalangeal
joints. Eight had preaxial polydactyly in the
hands (unilateral in two, bilateral in six), rang-
ing in severity from broad or bifid distal
phalanges in the thumbs to duplication of an
entire biphalangeal or triphalangeal thumb, in
two cases with an associated extra metacarpal,
lying in a soft tissue web between the thumb
and index finger. Fourteen had preaxial


http://jmg.bmj.com

Acropectoral locus on 7936

e 2
) b
L
Q
RN ~ © o < o)
® ® | o o
A
%
a2 N
>3
=
A Q
\QA Q
X o)
‘95
<% -«
Q ( - o
8 & O ) LN
“ O
[ 6}
% -
*
09 % O
6l ’s
Lg
a
02
s d v
&g
¥4
Ife)
ism
o (44
e 95
gto
19
|
g%
1]
[N
o
) ¢
N % n
N C
19 0'}) 0
< N \Y
Q@ 4 Vg
’Qo" d
S RY
&
4
g v
Vi

VQ

305
Ry
o o
&
% <
o)
&
® [~
ol ™
7 S Y
i o)
/9
Y f\(}) '\
Q
«
oY 0°
©
v
Q . n®
ot
rLA
© o)
& >
‘o rz' A
2
W ’L
ot 7'\
q a3 020 03
A2
A 19
on 018 o2
017
016
a1l
15
510 014
‘]3
] Q12
077
Do )
ds 9
P o) Ve
i 6
% .'
55 0s°
& e¥ qs
ERS :
v [t
T)
<

Figure 1 Pedigree of the affected family. The 28 clinically affected subjects (22 living and six dead) are represented by filled symbols.

polydactyly in the feet (unilateral in one, bilat-
eral in 13), consisting of a small extra
biphalangeal toe, in most cases with an associ-
ated rudimentary extra metatarsal, lying in a
soft tissue web between the hallux and second
toe. In some cases, this was accompanied by
hypoplasia of the head of the first metatarsal
and absence of both phalanges of the hallux. In
addition, 14 had a sternal abnormality, consist-
ing of a pectus carinatum deformity of the
upper sternum and/or a pectus excavatum
deformity of the lower sternum, producing a
blind ending, inverted U shaped sinus in the
anterior chest wall. A thoracic CT scan of V.38,
who was typically affected, showed an increase
in the anterior-posterior diameter of the upper
chest, with no underlying bony defect in the
sternum. There were no other skeletal or
extraskeletal abnormalities.

The novel acropectoral syndrome in this
family, comprising total soft tissue syndactyly,
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preaxial polydactyly, and sternal deformity, is
remarkably similar to F syndrome. It differs in
that the carpal, metatarsal, and tarsal synos-
toses and the vertebral anomalies found in F
syndrome are absent. In addition, the soft
tissue syndactyly is more extensive than in F
syndrome and the preaxial polydactyly occurs
in the feet as well as in the hands. These limb
abnormalities are also very similar to those that
occur in several dominantly inherited types of
preaxial polydactyly, especially preaxial poly-
dactyly type II (PPD2, OMIM 174500,
characterised by duplication of an opposable
triphalangeal thumb), preaxial polydactyly type
III (PPD3, OMIM 174600, characterised by
duplication of a non-opposable triphalangeal
index finger), and triphalangeal thumb-
polysyndactyly (TPT-PS, OMIM 190605,
characterised by duplication of a triphalangeal
thumb, syndactyly of fingers 3 to 5, and
variable syndactyly and preaxial or postaxial
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Figure 2 Limb abnormalities in three typically affected subjects. Hand and foot photographs of (A) V.34, (B) VI.21, and
(C) V58, showing partial or complete skin syndactyly between all digits of all four limbs, preaxial polydactyly in the feet,
and, in V.34 only, preaxial polydactyly in the hands. (D) Radiograph of the hands of V.34, showing bilateral triphalangeal
thumbs and bilateral extra triphalangeal digits with rudimentary extra metacarpals in the first web spaces. (E) Radiograph
of the feet of VI.21, showing bilateral, small, extra biphalangeal digits with rudimentary extra metatarsals in the first web
spaces. (F) Radiograph of the feet of V.58, showing bilateral rudimentary extra digits in the first web spaces, and, on the
left, absence of both phalanges of the hallux, with hypoplasia of the head of the first metatrarsal.

polydactyly in the feet). In nine unrelated
families with PPD2/3’>" and two unrelated
families with TPT-PS,*° the underlying locus
has been mapped to chromosome 7q36.
Although none of the affected subjects in any of
these families had the sternal deformity seen in
the family we report here, the similarity in limb
phenotype prompted us to investigate whether
the underlying locus in our family might map
to the same chromosomal region.

Methods

Karyotyping in two affected family members did
not show any chromosomal abnormality. We
therefore carried out linkage and haplotype
analysis on a subset of 16 affected and nine
unaffected family members (fig 4), using seven
highly polymorphic microsatellite repeats that
map to chromosome 7q36 (table 2). Infor-
mation about these markers and their relative
positions was obtained from the Genome Data-
Base (http://gdbwww.gdb.org/). Marker

www. jmedgenet.com

D7S594 was reported by Hing et al'* and the
dinucleotide repeat within the EN2 gene was
reported by Tsukurov ez al.* Genomic DNA was
extracted from whole venous blood by standard
methods' and the markers were amplified by
PCR and analysed by polyacrylamide gel
electrophoresis, as described previously.”? Two
point linkage analysis was performed using the
MLINK program of the LINKAGE package
(version 5.1)."” Lod scores were calculated
assuming acropectoral syndrome is an auto-
somal dominant trait with a gene frequency of
0.0001 and complete penetrance. The mutation
rate was set at zero and equal recombination
rates between males and females were assumed.
Marker allele frequencies were kept equal.

Results

The results of two point linkage analysis and
haplotype analysis are shown in table 2 and fig
4, respectively. A maximum lod score of 4.00 at
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Figure 3 Sternal abnormalities in two typically affected
subjects. (A) Upper sternum deformity in IV 15, showing
blind ending, inverted U shaped sinus. (B) Upper sternum
deformiry in V41.

Table 1 Chinical findings in the 22 affected subjects

Preaxial polydactyly
_ Sternal
deformiry

Syndactyly of all

Subject  fingers and toes Hands Feer

II1.4*
Iv.12*
IvV.14*
IV.15*
IV.20*
v.21*
V.15
V.19
V.33*
V.34*
V.36
V.38*
V.41*
V.48
V.49
V.51
V.53
V.58*
V.60*
VI.15
VI.17
VI.21*
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Asterisks indicate the 13 subjects for whom hand and foot
radiographs were obtained. B = bilateral, L = left sided.

0=0.00 was obtained for marker D7S550,
showing linkage of acropectoral syndrome to
chromosome 7q36. No recombination was
seen with markers D7S550 and D7S559.
Recombination events were, however, observed
between the phenotype and EN2 in one
affected subject (V.58), and between the
phenotype and D7S2423 in another affected
subject (VI.17). The locus for acropectoral
syndrome thus lies in an interval flanked by
EN2 and D7S2423, a genetic distance of
approximately 6.4 cM. All 16 affected subjects
shared a common haplotype for markers
D7S550 and D7S559, which was not seen in
any of the nine unaffected subjects. This
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haplotype differs from that segregating with
PPD2/3 and TPT-PS in previously reported
families, including a Turkish TPT-PS family,’
suggesting that the phenotype in the family we
describe results from an independent muta-
tional event.

Discussion

Previous studies of phenotypic variation in
PPD2/3 and TPT-PS families linked to 7q36,°°
as well as in families not subjected to linkage
analysis and in isolated cases (reviewed by
Kantaputra and Chalidapong'*) have suggested
that PPD2/3, TPT-PS, tibial hypoplasia/aplasia
with polydactyly (OMIM 18870), and Haas
type syndactyly (syndactyly type IV, OMIM
186200) are all different manifestations of the
same genetic entity. Our results support this
suggestion. Haas type syndactyly is character-
ised by skin syndactyly of all fingers, variable
skin syndactyly of the toes, and wvariable
polydactyly, and we have found that skin
syndactyly of all fingers and all toes with
variable preaxial polydactyly is linked to 7q36.
In addition, our findings extend the range of
associated abnormalities to include sternal
deformity, and suggest that F syndrome may
also be part of the same phenotypic spectrum.

Three mouse mutant strains with limb abnor-
malities closely related to these human pheno-
types map to a region on proximal mouse chro-
mosome 5 that is syntenic to human
chromosome  7q36.  Hemumelic  extra-toes
(Hx),” '* a spontaneous semidominant muta-
tion, produces triphalangeal first digits, preaxial
polydactyly, and shortening of the radius and
tibia in both heterozygotes and homozygotes. All
four limbs are affected, the hindlimbs more
severely than the forelimbs. Hammertoe (Hm),"”
another spontaneous semidominant mutation,
produces persistent interdigital webbing in all
four limbs, more extensive in homozygotes than
in heterozygotes, resulting in marked flexion of
digits 2-5. Hx and Hm are extremely closely
linked, with only a single recombination in 3664
meioses,'® suggesting that they may represent
different mutations in the same gene or
regulatory region. Sasquatch (Ssq)" is a semi-
dominant mutation generated by the random
insertion of an enhancer-reporter construct in
proximal mouse chromosome 5. Heterozygotes
have preaxial polydactyly in the hindlimbs, while
homozygotes also have tibial hemimelia and
preaxial polydactyly in the forelimbs.

The supernumerary anterior digits in preax-
ial polydactyly and the alteration of digit iden-
tity from anterior to more posterior in
triphalangeal thumb both result from a distur-
bance of anterior-posterior patterning in the
developing limb. One of the key determinants
of anterior-posterior patterning is the secreted
signalling molecule Sonic hedgehog (Shh).
Expression of Si4 is normally confined to the
zone of polarising activity at the posterior mar-
gin of the developing limb. Artificially induced
expression of Sk at the anterior margin causes
mirror image duplications of the anterior
digits,” *' and an ectopic anterior domain of
Shh expression has been identified in many
mouse mutants with triphalangeal first digits,
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Table 2 Pairwise lod scores between chromosome 7q36 markers and the acropectoral locus
at various recombination fractions. The markers are ordered from centromere to telomere

Recombination fraction ()

Marker 0.00 0.05 0.10 0.15 0.20 0.30 0.40

NOS —co 1.72 2.20 2.28 2.18 1.67 0.87
D78637 1.71 1.64 1.54 1.40 1.25 0.90 0.48
EN2 —o 3.44 3.34 3.09 2.77 1.96 0.98
D7S8550 4.00 3.77 3.46 3.09 2.68 1.75 0.74
D7S8559 2.71 2.51 2.30 2.07 1.84 1.32 0.71
D7S82423 —o —-0.72 —0.44 -0.29 -0.19 —-0.08 —-0.02
D7S8594 —o0 -1.93 —0.99 —-0.50 —-0.21 0.08 0.12
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preaxial polydactyly, and tibial hemimelia.
These include not only Hx** and Ssg,"’, but also
Extra toes (Xt), Strong’s luxoid (Ist), Carter’s lux-
ate (Ix), Recombination induced mutant 4 (Rim4),
and X lnked polydactyly (Xpl),”>* as well as
transgenic mice misexpressing Hoxb8,**
Hoxd12,> or dHAND** throughout their
limbs. Interestingly, in Xz mice®* and trans-
genic mice misexpressing Hoxdl2 in lateral
plate mesoderm,” ectopic Shh expression also
results in sternal abnormalities, ranging from
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mildly split sternebrae to sternal agenesis with
open ribcage. In Xz and /st mice, ectopic Shh
expression is caused by loss of function
mutations in G43*® and Alx4 respectively,
transcription factors which normally down-
regulate Shh, while in the transgenic mice it is
caused by misexpression of Hoxb8, Hoxd12, or
dHAND, transcription factors which normally
upregulate SZh. In Ssq mice, however, the con-
struct insertion site lies only about 800 kb dis-
tal to the Shh gene itself, raising the possibility
that a long distance regulatory element of Shk
might be directly disrupted."

The chromosome 7q36 PPD2/3 and
TPT-PS critical region has recently been
narrowed down to a 450 kb interval, approxi-
mately 0.8-1.25 Mb distal to the human SHH
gene.” This interval includes one known gene,
HLXB9, which is mutated in Currarino
syndrome, and three novel transcripts, C7orf2,
encoding a putative transmembrane receptor,
and C7orf3 and C7orf4, encoding putative pro-
teins of unknown function. No mutations have
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Figure 4 Partial pedigree showing the 16 affected and nine unaffected subjects in whom linkage and haplotype analysis was carried out and the
haplotypes obtained. The seven microsatellite markers mapping to chromosome 7q36 are ordered from centromere to telomere.
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been identified in transcripts of any of these
candidate genes in patients with PPD2/3 or
TPT-PS.”

The Hx and Hm critical region on mouse
chromosome 5 has also recently been narrowed
down to a 295-570 kb interval, approximately
1.2 cM distal to the mouse Ski gene.”” The
mouse homologues of HLXB9 and C7orf3 lie
outside this interval, and there appears to be no
mouse homologue of C7Zorf4. The interval
does, however, include the mouse homologue
of C7orf2, which has been named Lmbrl. Not
only is this gene expressed in the developing
mouse limb, but its expression pattern is
dramatically altered in the limbs of Hx mice.
From E11.5 to 12.5, the period during which
morphological abnormalities first appear in Hx
limbs, there is transient loss of Lmbrl expres-
sion, occurring first in the hindlimbs (more
severely affected) and later in the forelimbs
(less severely affected). No mutations have
been identified in the coding sequence of
Lmbrl in either Hx or Hm mice, however, sug-
gesting that Hx (and probably Hm as well) is
caused by a mutation in a regulatory region of
Lmbr1.”* It will be interesting to see if the Ssq
phenotype results from a similar regulatory
mutation in Lmbrl, rather than a regulatory
mutation in Shh, as originally proposed."’
These exciting new findings strongly suggest
that PPD2/3 and TPT-PS are caused by regu-
latory mutations in the human LMBRI gene
(C70rf2), and we are currently screening for
such a mutation in the family we report here.
When taken together with previous data and
our own, they also suggest that Lmbrl may be a
novel upstream regulator of ShZ expression
both in the developing limb and in lateral plate
mesoderm.

Note added in proof

A homozygous loss of function mutation in
LMBRI1 has now been shown to be responsible
for the congenital limb malformation acheiro-
podia, confirming the gene’s importance in
human limb development.”

The first two authors contributed equally to this work. We thank
all the members of the family for their participation in this study.
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