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Genetics of Congenital Hand Anomalies

Die Genetik angeborener Handfehlbildungen

Abstract

Congenital limb malformations exhibit a wide spectrum of phe-
notypic manifestations and may occur as an isolated malforma-
tion and as part of a syndrome. They are individually rare, but
due to their overall frequency and severity they are of clinical
relevance. In recent years, increasing knowledge of the molecu-
lar basis of embryonic development has significantly enhanced
our understanding of congenital limb malformations. In addi-
tion, genetic studies have revealed the molecular basis of an in-
creasing number of conditions with primary or secondary limb
involvement. The molecular findings have led to a regrouping of
malformations in genetic terms. However, the establishment of
precise genotype-phenotype correlations for limb malforma-
tions is difficult due to the high degree of phenotypic variability.
We present an overview of congenital limb malformations based
on an anatomic and genetic concept reflecting recent molecular
and developmental insights.
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Zusammenfassung

Angeborene Handfehlbildungen sind durch ein breites Spektrum
an phanotypischen Manifestationen gekennzeichnet. Sie treten
als isolierte Malformation oder als Teil verschiedener Syndrome
auf. Die einzelnen Formen kongenitaler Handfehlbildungen sind
selten, besitzen aber aufgrund ihrer Hdufigkeit insgesamt und
der hohen Belastung fiir Betroffene erhebliche klinische Rele-
vanz. Die fortschreitende Erkenntnis iiber die molekularen Me-
chanismen der Embryonalentwicklung haben in den letzten Jah-
ren wesentlich dazu beigetragen, die genetischen Ursachen kon-
genitaler Malformationen besser zu verstehen. Der hohe Grad an
phdnotypischer Variabilitdt kongenitaler Handfehlbildungen er-
schwert jedoch eine Etablierung praziser Genotyp-Phanotyp-
Korrelationen. In diesem Ubersichtsartikel prisentieren wir das
Spektrum kongenitaler Malformationen, basierend auf einer ent-
wicklungsbiologischen, anatomischen und genetischen Klassifi-
kation unter Beriicksichtigung der Bedeutung neuerer molekula-
rer und entwicklungsbiologischer Erkenntnisse.

Schliisselworter
Angeborene Handfehlbildungen - Genetik - Embryologie - Syn-
daktylie - Polydaktylie - Brachydaktylie

Introduction

Congenital hand malformations are a genetically and clinically
heterogeneous group of disorders which present as an isolated
trait or as part of a syndrome. They exhibit a wide spectrum

of manifestations, phenotypic variability and genetic hetero-
geneity. For a review on skeletal malformations see Kornak and
Mundlos [30]. They are individually rare, but due to their overall
frequency and severity they are of clinical relevance. Congenital
limb malformations may be caused by genetic or environmental
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factors disturbing the regular developmental program during
embryogenesis. The study of the molecular mechanisms under-
lying human genetic diseases, the analysis of animal model or-
ganisms and the use of transgenic mouse technology have con-
siderably helped elucidate the genetic basis of limb development
and malformation in the last years. These findings have strongly
influenced the genetic classification of congenital limb malfor-
mations (see Glossary). In addition, a number of non-genetic
conditions exist that are mainly caused by external factors such
as amniotic bands, vascular disruptions or teratogens. In this ar-
ticle we present an overview covering hand malformations in an
isolated form or as part of a syndrome, based on anatomic and
genetic observations and taking into account the significance of
recent molecular and developmental data (see Fig.1 and Table 1).
Accordingly, we will focus on conditions with known molecular
and genetic causes, refraining from a surgical classification.

Embryonic Limb Development

During development, the limb forms as a result of a dual contri-
bution from the lateral plate and the somitic mesoderm (Fig. 2;
[28,35]). The limb buds of the embryo are formed at the lateral
flank by proliferation of cells from the lateral plate. Shortly
thereafter, cells from the lateral edges of adjacent somites invade
the limb bud to form limb muscles, nerves and vessels. The limb
bud increases in size and the individual skeletal elements are
laid down in a proximodistal fashion. Different signaling centers
control the outgrowth and patterning of the limbs in three di-
mensions (Fig. 2). The outgrowth of the limb along the proximo-
distal axis is directed by signals from the overlying ectoderm
which forms a specialized epithelial structure at its distal tip,
the apical ectodermal ridge (AER). Experimental removal of the
AER leads to limbs with different severities of truncations, de-
pending on the time of removal. Subsequently, it has been shown
that fibroblast growth factors (Fgfs) represent key factors that
mediate the outgrowth of the limb.

The anteroposterior patterning of the limb is controlled by the
zone of polarizing activity (ZPA), consisting of mesenchymal cells
at the posterior margin of the limb bud. Experimental grafting of
the ZPA to the anterior margin of the limb bud leads to mirror
image duplications of skeletal elements. Sonic hedgehog (Shh), a
secreted molecule related to Drosophila Hedgehog (Hh), has been
identified as the molecule responsible for the morphogenetic
properties of the ZPA. Shh regulates its target genes by control-
ling the balance of Gli3 repressor and activator.

Dorsoventral patterning results in the formation of the dorsal
versus the palmar side of the hand including the formation of
an ordered structure of muscles, tendons and nails. Originally,
surgical manipulations involving rotation of the chick limb bud
ectoderm suggested that the non-AER ectoderm is responsible
for specifying the fate of cells along the dorsoventral axis. Subse-
quent findings now indicate that the dorsal identity of the limb
is controlled by the genes Wnt7a and Lmx1, whereas Enl1 is re-
sponsible for the ventral identity [43].
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Fig.1 Congenital limb anomalies and their anatomic basis. Sche-
matic representation of congenital limb malformations appearing as
an isolated trait or in association with a syndrome. Abbreviations:
BDA - Brachydactyly Type A; BDB - Brachydactyly Type B; BDC - Bra-
chydactyly Type C; BDD - Brachydactyly Type D; BDE - Brachydactyly
Type E; CG - Chondrodysplasia Grebe; GCPS - Greig cephalosynpoly-
dactyly; HFGS - Hand-foot-genital syndrome; HOS - Holt-Oram syn-
drome; NPS - Nail-patella syndrome; PAPA - Postaxial polydactyly;
PHS - Pallister-Hall syndrome; PPD - Preaxial Polydactyly; SD - Syn-
dactyly; SHFM - Split-hand/-foot malformation; SLOS - Smith-Lemli-
Opitz syndrome; SYM - proximal symphalangism; TBS - Townes-
Brocks syndrome, UMS - Ulna-mammary syndrome.

Despite our knowledge of outgrowth and patterning, the mecha-
nisms underlying the specification of cells in the early limb bud
remain unclear. In order to form distinct skeletal elements, the
cells in the early limb bud are specified and receive positional in-
formation during development. Two models, the “progress zone
model” and the “early specification model”, have been proposed
to explain the underlying developmental mechanisms (Fig.2).
The progress zone model suggests that cells acquire their posi-
tional information progressively in a proximodistal manner. In
this model, the AER facilitates specification by maintaining the
cells in the underlying progress zone in an immature condition.
The cells are specified as they leave the PZ, indicating that cells
that leave the PZ late will acquire a more distal fate. According
to the early specification model, a specified cell population ex-
pands as the limb grows and is determined in a proximodistal
fashion in response to cell-cell interactions [15].
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Table 1 Congenital limb anomalies and their molecular basis

Classification Disorder Genomic locus  Gene Classification Disorder Genomic locus  Gene

Polydactylies - preaxial Nager

Preaxial LADD

_ isolated PPD | Fanconi anemia
PPD II/TPT 7q36 C70rf2[ZRS TAR
PPD Il Baller-Gerold
PPD IV 7p13 GL3 Holt-Oram 12q24.1 TBX5

- associated Carpenter . HFGS . 7p14.2-p15 HOXA13
oD II - postaxial Cornelia de Lange 3926
SRPS I FFU
Townes-Brocks 16q12.1 SALLT UMS 12924.1 TBX3

Postaxial

— isolated PAPA1 7p13 GLI3 Brachydactylies
PAPA2 13q21-q32 - isolated BDA1 2q35 IHH
PAPA3 19p13.2-p13.1 BDA2 4q23-q24 BMPR1B
PAPB 7p13 GLI3 BDB 9934 ROR2

- associated Ellis van Creveld 4p16 EVC BDC 20q11.2 CDMP1
Smith-Lemli-Opitz 11q12-q13 DHCR7 BDD 2q31 HOXD13
McKusick-Kaufmann ~ 20p12 BBS6 BDE 2q31 HOXD13
SRPS | - associated Robinow 9q34 ROR2
OFD Il Grebe 20q11.2 CDMP1
BBS1 11q13 BBS1 Rubinstein-Taybi 16p13.3 CREBBP
BBS2 16921 BBS2 - associated Turner 45X0
BBS3 3p13 BDE Albright HO 20q13.2 GNAS
BBS4 15q22 BBS4 Albright-like HO 2q37
BBSS5 2g31 BCNS 99223 PTC
BBS7 4q27 BBS7 HTNB 12p
Meckel-Gruber 17q21q24 - Cone shape TRPS 8q24.12 TRPS
Jeune 15q13 epiphysis Acrodysostosis

- central Pallister-Hall 7p13 GLI3

- pre- an‘d Greig 7p13 GLI3 AT

postaxial
- isolated SD1 2q34-q36
Reduction anomalies SD2/SPD 2q31-q32 HOXD13
- mesoaxial SHFM1 7q21.3-g22.1  DLX5/6 SD3/0DDD 6q22-q24 CX43
isolated SHFM2 Xq26 - associated Apert 10q26 FGFR2

SHFM3 10g24-35 Saethre-Chotzen 7p21 TWIST
SHFM4 3q27 P63 Pfeiffer 8p11.2 FGFR1
Acheiropodia 7936 C7orf2 F-syndrome 2936

- associated  EEC, AEC, LMS, 3q27 P63 Fraser 4921 FRAST
ADULT

Abbreviations: ADULT - Acro-dermato-ungual-lacrimal-tooth syndrome; AEC — Ankyloblepharon-ectodermal dysplasia defects-cleft lip/palate; BBS - Bardet-Bied! syn-
drome; BCNS - Basal cell nevus syndrome; BDA - Brachydactyly Type A; BDB - Brachydactyly Type B; BDC - Brachydactyly Type C; BDD - Brachydactyly Type D; BDE -
Brachydactyly Type E; EEC - Ectrodactyly ectodermal dysplasia, and cleft lip/palate syndrome; FFU - Femur-Fibula-Ulna syndrome; HFGS - Hand-foot-genital syndrome;
HTNB - Hypertension with brachydactyly; LADD - Lacrimoauriculodentodigital syndrome; LMS - Limb-mammary syndrome; OFD - Orofaciodigital syndrome; PAPA - Post-
axial polydactyly; PPD - Preaxial Polydactyly; SD - Syndactyly; SHFM - Split-hand/-foot malformation; SRPS - Short rib-polydactyly syndrome; UMS - Ulna-mammary syn-
drome; TAR - Thrombocytopenia-absent radius syndrome; TPT - Triphalangeal thumb, TRPS - Trichrhinophalangeal syndrome

Multiple genes are involved in order to control growth and polar-
ization of the limb and the subsequent formation of skeletal ele-
ments. Homeobox (Hox-) genes of the 5’ region of the A- and D-
clusters on human chromosome 7 and chromosome 2, respec-
tively, are expressed in the developing limb bud and are involved
in the determination of shape and identity of skeletal elements.
Hox genes influence limb patterning, mesenchymal condensa-
tion and the rate and timing of cartilage proliferation and differ-
entiation. The specification of fore and hind limb identity is
mediated by certain T-box (Tbx) genes [1]. Tbx genes are related
to the murine transcription factor T. In addition, signals deriving
from the interdigital mesenchyme between the digital rays in-
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cluding Bone morphogenetic proteins (Bmp) and their antagonist
Noggin (Nog) have recently been shown to influence the number
of phalanges. These findings underscore the impact of local sig-
naling during development of cartilage templates.

Classification of Congenital Hand Anomalies

Congenital anomalies in the embryo occur as malformations, de-
formations, disruptions and dysplasias. Malformations are de-
fined as an abnormal intrinsic embryonic development due to a
genetic defect as a consequence of exposure to teratogens or ma-
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ternal metabolic disease. Deformations result from external me-
chanical influences, for example an oligohydramnion leading to
joint contractures or facial compression of the fetus. Disruptions
refer to the pathology of organs or tissues that have initially de-
veloped normally but have been disrupted in their development
by external influences such as infections or ischemia. Disruptions
normally affect different types of tissues not restricted to a devel-
opmental pattern. Dysplasias are characterized by tissue specific
defects, indicating that the initial patterning process is normal,
while organogenesis is disturbed, for example harmatomas.

In this review, we focus on limb malformations with known mo-
lecular and genetic causes. The large spectrum of remaining limb
malformations are likely to have a wide range of different etiolo-
gies, ranging from external factors, polygenic mutations to single
gene mutations with low penetrance. We present an overview of
congenital limb malformations, classified on an anatomic and
genetic basis, taking recent molecular and developmental in-
sights into account (see Fig.1 and Table 1). For a human chromo-
some karyogram with loci of limb malformations see Fig. 4.

I. Polydactyly

Polydactyly refers to the occurrence of supernumerary digits or
parts of them, ranging from complete duplication of a limb or a
part of a limb to duplications of single digits. Isolated polydactyly
is commonly found as preaxial or postaxial polydactyly. Polydac-
tyly of central rays is rare. Higher degrees of polydactylies in-
clude defects/agenesis of hands/feets or mirror image duplica-
tions.
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Hoxd11
Hoxd12
Hoxd13

Fig.2atoc Limb development and pat-
terning. The limb buds form at the lateral
flank of the embryo by proliferation of cells
of the lateral plate. Signaling centers are
important for outgrowth and patterning of
the limb bud. Proximodistal outgrowth of
the limb along the axis is controlled by the
apical ectodermal ridge (AER). Anteroposte-
rior patterning of the limb is established by
the zone of polarizing activity (ZPA). a The
progress zone model suggests that meso-
dermal cells are specified as they leave the
so-called progress zone (PZ), indicating that
the first cells leaving the PZ will form the
stylopode (S), followed by the zeugopode (Z)
and the autopode (A). b The early specifica-
tion model proposes that in the early limb
bud cells are specified to form all three com-
partments (S, Z, A), then expand and are fi-
nally determined to form the distinct skeletal
elements. ¢ Gene expression patterns cor-
responding to signaling centers direct the
three-dimensional outgrowth and pattern-
ing of the limb bud. Fgfs mediate proximo-
distal outgrowth and mutually influence Shh,
a key factor for establishment of anteropos-
terior polarity. Wnt7a regulates the dorsal

identity of the limb. HoxD10-13 genes are
expressed in the developing limb bud and
are involved in the determination of shape
and identity of skeletal elements.

In syndromic association, postaxial polydactylies are found in
Ellis-van-Creveld syndrome (EVC; MIM 225500, for explanation
of MIM numbers see Glossary), Smith-Lemli-Opitz syndrome
(SLOS, MIM 270400), McKusick-Kaufmann syndrome (MKKS;
MIM 236700), short rib-polydactyly syndrome I (SRPS I; MIM
263530), orofaciodigital syndrome III (OFD III, MIM 258850),
Bardet-Biedl syndrome (BBS; MIM 209900), Meckel-Gruber syn-
drome (MKS1; MIM 249000) and many others. Preaxial poly-
dactyly occurs in acrocephalopolysyndactyly syndrome (ACPS
II; MIM 201000), orofaciodigital syndrome II (OFD II, MIM
252100), short rib-polydactyly syndrome II (SRPS II; MIM
263520) and Townes-Brocks syndrome (TBS; MIM 107480).
Greig cephalosynpolydactyly (GCPS; MIM 175700) presents with
both pre- and postaxial polydactyly, whereas Pallister-Hall syn-
drome (PHS; MIM 146510) is characterized by central or post-
axial polydactyly. On the molecular level, many forms of poly-
dactyly have been shown to be more or less directly linked to
the Shh signal transduction pathway, which plays a major role
in anteroposterior patterning of the limb.

Shh signal transduction pathway

Shh belongs to the Hedgehog family of intercellular signaling
proteins and functions as a key morphogen in a dose dependent
manner to induce cell fates and play a central role in growth, pat-
terning and morphogenesis of a variety of tissues [24]. Many of
the signaling mechanisms for Hh have been identified and exten-
sively studied in Drosophila and are essentially conserved among
flies, mice and other species (Fig. 3). After synthesis, the N-ter-
minal part of Hh is autocatalytically cleaved, secreted and pro-
cessed in an active form by covalent coupling of cholesterol to
the C terminus of Hh-N. Hh exerts its function by binding to its
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Fig.3 Hedgehog pathway (adapted from
McMahon [37]). Hh is autocatalytically
cleaved, secreted and processed in an active
form by cholesterol. Hh binds to the Ptc re-
ceptor which inhibits downstream signaling
by forming a complex with Smo. When Shh
binds to Ptc, Smo is released from Ptc inhi-
bition and leads to stabilization of the tran-
scription factor Ci, which activates down-
stream Hh targets. Ci acts as an activator and
repressor. In the absence of Hh, Ci protein is
cleaved, converting it to a repressor form.
Hh activity leads to stabilization of full length
Ci, resulting in transcription of Hh targets.
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Fig.4 Chromosomal karyogram of a nor-
mal female with loci of genetic limb malfor-
mations. Genetic loci and genes (in italics)
of traits with limb malformations are indi-
cated with an arrowhead. Due to space limi-
tations, loci and genes are not indicated on
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receptor Patched (Ptc). Ptc normally forms a complex with the
seven span transmembrane protein Smoothened (Smo), thereby
inhibiting downstream signaling. As a result of Shh binding, Ptc
releases Smo resulting in stabilization of the transcription factor
cubitus interruptus (Ci). Ci represents a zinc finger transcription
factor acting as an activator of Hh target genes in the presence of
Hh or a repressor in the absence of Hh. During mouse embryonic
development, Shh is expressed in the notochord, the floorplate of
the neural tube, the gut and the zone of polarizing activity (ZPA),
where it mediates anteroposterior limb patterning.

Preaxial polydactyly

Preaxial polydactyly is a genetically heterogeneous group. The
following classification has been suggested: 1) Thumb polydac-
tyly (PPD1; MIM 174400) is characterized by duplications of one
or more skeletal elements of a biphalangeal thumb. 2) Polydac-
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tyly of a triphalangeal thumb (PPD2/TPT; MIM 174500; Fig.5)
shows a triphalangeal opposable thumb with facultatively du-
plicated phalanges. 3) Polydactyly of the index finger is charac-
terized by replacement of the thumb by one or two triphalangeal
digits with an accessory complete or partial metacarpal (PPD3;
MIM 174600). 4) In preaxial polydactyly type 4 (PPD4; MIM
174700), preaxial polydactyly and facultative syndactyly of vari-
ous degrees are present involving the third and fourth finger in
the hand and the second and third toe in the foot.

It is conceivable that a large proportion of these different forms
of preaxial polydactyly represents a variable disease spectrum
involving the Shh-Ptc-Gli pathway. TPT and PPD3 occur in the
same families and have been mapped to the Shh locus on chro-
mosome 7q36 ([57]. In addition, mutations in a Shh regulato-
ry element have been described for PPD1 [33]. PPD4 has been
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Fig.5 Right hand
of an individual with
preaxial polydactyly
of a triphalangeal
thumb (PPD2/TPT).
Note that the meta-
carpal and the pha-
langes of the thumb
are duplicated; both
thumbs have three
phalanges. In addi-
tion, in the fifth digit
the middle phalanx
is absent and the dis-
tal phalanx is hypo-
plastic.

Fig.6a and b  Pallister-Hall syndrome. a Right hand of female new-
born individual. The fingers are plump and shortened with emphasis
on distal phalanges including nail dysplasia. The fourth finger is ex-
tremely shortened and hypoplastic. b The corresponding radiograph
of the right hand shows metacarpal synostosis. The middle phalanges
are absent in all digits and the distal phalanges are hypoplastic.

shown to be caused by heterozygous frameshift mutations in
Gli3 [46]. For an explanation of mutation terminology see Glos-
sary. These findings underline the key function of the Shh-Ptc-
Gli pathway in the development of various forms and the varia-
bility of preaxial polydactyly.

Postaxial polydactyly

Postaxial polydactyly is characterized by supernumerary digits
on the ulnar or fibular side of the hands or feet. Two phenotypi-
cally and possibly genetically different varieties exist: Postaxial
polydactyly type A is inherited as a dominant trait with marked
penetrance and is characterized by a rather well formed digit
articulating with the fifth or an extra metacarpal. Three differ-
ent loci exist for postaxial polydactyly on chromosomes 7p13
(PAPA1; MIM 174200), 13q21-q32 (PAPA2; MIM 602085) and
19p13.2-p13.1 (PAPA3; MIM 607324). Heterozygous frameshift
mutations in Gli3 have been demonstrated for autosomal domi-
nant PAPA1 [47]. In postaxial polydactyly type B (PAPB; MIM
174200) exhibiting a more complicated trait, the extra digit is
not well formed and frequently appears in the form of a skin tag
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(pedunculated postminimus). In postaxial polydactyly A/B, some
patients present with polydactyly type A and polydactyly type B,
indicating phenotypic variability of the trait. Heterozygous Gli3
frameshift mutations have been described for PAPA/B [46], indi-
cating a more complex genotype-phenotype correlation than
previously expected.

Greig cephalopolysyndactyly

Greig cephalopolysyndactyly (GCPS; MIM 175700) is an autoso-
mal dominant disorder affecting limb and craniofacial develop-
ment. GCPS is characterized by 1) malformations of the hands
(broad and sometimes duplicated thumbs, postaxial polydactyly,
pedunculated postminimus, syndactyly of the third and fourth
finger) and feet (preaxial polydactyly, broad toes, occasionally
postaxial polydactyly, syndactyly particularly of the first to third
toes) and 2) craniofacial abnormalities including macrocephaly,
frontal bossing, hypertelorism, a broad base of the nose, occa-
sionally associated with late closure of cranial sutures, mild
mental retardation and a mild degree hydrocephalus. GCPS is
caused by deletions, truncations or point mutations before the
zinc finger region of the Gli3 gene, which is likely to lead to hap-
loinsufficiency of GLI3 [58].

Pallister-Hall syndrome

Pallister-Hall syndrome (PHS; MIM 146510) is characterized by
1) malformations of the central nervous system, including hypo-
thalamic harmatomas, hypopituitarism and occasional underde-
velopment of the thyroid, 2) craniofacial anomalies including a
flat midface with midline capillary hemangioma, anteverted
nares, external ear anomalies, micrognathia, multiple frenuli be-
tween the alveolar ridge and buccal mucosa, 3) limb malforma-
tions with nail dysplasia, variable degrees of syndactyly and
polydactyly (central and postaxial) involving hands and feet,
shortened and distally placed fourth metacarpal and distal
shortening of limbs (Fig. 6) and 4) anal defects including imper-
forate anus with variable degrees of rectal atresia. PHS has been
shown to be caused by Gli3 frameshift mutations located after
the zinc finger domain. If stable, these proteins are able to bind
DNA, leading to disturbances of the Hh pathway.

Townes-Brocks syndrome

Townes-Brocks syndrome (TBS; MIM 107480) is an autosomal
dominant disorder with marked phenotypic variability. TBS in-
cludes 1) craniofacial anomalies consisting of auricular anoma-
lies ranging from large ears to poorly formed ears with microtia
and preauricular tags and variable degrees of facial hypoplasia
resembling hemifacial microsomia (Goldenhar syndrome; MIM
141400), 2) limb anomalies including hypoplastic, broad, tripha-
langeal and supernumerary thumbs, fusion of carpal and meta-
tarsal bones, 3) imperforate anus, anterior placement and steno-
sis of the anus, 4) renal anomalies including renal hypoplasia.
TBS is caused by heterozygous nonsense mutations, insertions
or deletions in SALL1, a homolog of the Drosophila homeotic gene
spalt (Sal) that encodes a putative C2H2 zinc finger transcription
factor [29]. The mutations are predicted to lead to haploinsuffi-
ciency as they result in a prematurely terminated SALL1 protein
lacking all putative DNA binding domains. In the fish, Spalt has
been demonstrated to be a Hedgehog target gene and is expressed
in the Hh signaling centers of the embryo [31].

Handchir Mikrochir Plast Chir 2004; 36: 85-97



Smith-Lemli-Opitz syndrome

Smith-Lemli-Opitz syndrome (SLOS, MIM 270400) is a relatively
frequent autosomal recessive malformation syndrome (inci-
dence 1:20000 live births) that is characterized by 1) craniofa-
cial abnormalities including microcephaly, slanted or low set
ears, ptosis, inner epicanthal folds and micrognathia and 2) limb
malformations, such as simian crease, high frequency of digital
whorl dermal ridge patterning, syndactyly of the second and
third toe, asymmetrically short fingers or pre- or postaxial poly-
dactyly. Other limb malformations include a short thumb with a
short first metacarpal, ectrodactyly, monodactyly, oligodactyly,
radial agenesis, various forms of syndactyly and rhizomelic or
mesomelic limb shortening. In addition, patients with SLOS ex-
hibit 3) genitourinary abnormalities and 4) severe mental retar-
dation and different morphogenic defects of the central nervous
system with seizures. Occasionally, cardiovascular defects, renal
and gastrointestinal anomalies are present.

Smith-Lemli-Opitz syndrome (SLOS) is caused by mutations in
the DHCR7 gene, leading to deficient activity of 7-dehydrocholes-
terol reductase (DHCR7?), the final enzyme of the cholesterol bio-
synthetic pathway, resulting in low cholesterol and high concen-
trations of its direct precursor 7-dehydrocholesterol in plasma
[59]. The mutations in DHCR? lead to decreased protein stability
with a genotype-phenotype correlation existing between clinical
severity scores and mutation classes [60].

II. Absence Deformities

Terminal transverse defects

Terminal transverse defects refer to absence or hypoplasia of dis-
tal structures of the limb with more or less normal proximal
structures. Ectrodactyly (Greek: ektroma-abortion, daktylos-fin-
ger) describes a number of genetic and non-genetic malforma-
tions with absence deformities of more distal segments such
as certain phalanges (aphalangia), fingers (adactylia) or the en-
tire hand (acheiria). More severe degrees of terminal transverse
defects are hemimelia and amelia. Most of these cases occur
sporadically with one hand involved and the feet not affected.
The majority of these malformations are considered to be non-
genetic, i.e. caused by external factors such as amniotic bands or
vascular disruptions. However, inheritance of unilateral hypo-
plasia has been described. It is conceivable that many conditions
currently considered to be non-genetic are in fact polygenic, i.e.
they occur only if several (three or more) mutated genes are
present or they are more likely to be caused by single gene muta-
tions with low penetrance. If the threshold of a mutation to pro-
duce a certain phenotype is low, random factors may determine
the outcome. This may then result in only one limb affected and
no obvious pattern of inheritance.

Split-hand/-foot malformation

Split-hand/-foot malformation (SHFM) belongs to the group of
ectrodactylies and may occur as an isolated trait or in combina-
tion with other defects. Phenotypically, two types of SHFM are
recognized: 1) deficiency of the central ray with a cleft and
2) monodactyly with absence of radial rays and no cleft with only
the fifth digit remaining (Fig. 7). There is reduced penetrance and
considerable phenotypic variability in SHFM.
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Fig.7 Split-hand/-foot malformation. Patient with a unilateral split-
hand malformation showing a severe central reduction defect of the
left hand. There is aplasia of the third finger, hypoplasia of the first,
second and fourth fingers and nail hypoplasia in all affected digits.
The fingers of the right hand are normal.

Four genetic loci for SHFM have been described to date: SHFM1
(MIM 183600) maps to chromosome 7q21.3-q22.1 [48], harbour-
ing the Distalless Homeobox genes DLX5 and DLX6 that are
expressed in the limb and represent candidate genes for SHFM1.
SHFM2 (MIM 313350) is located on chromosome Xq26 [17].
SHFM3 (MIM 600095) maps to chromosome 10q25, a region cor-
responding to mouse chromosome 19, where the mouse mutant
dactylaplasia (Dac) is located [27]. Dac is a member of the F-box/
WD40 gene and the expression of Dac is regulated by a modi-
fier locus (mdac) on mouse chromosome 13 [27]. SHFM4 (MIM
605289) is caused by mutations in P63 [11]. Interestingly, P63
mutations have been found in four other phenotypically related
diseases including ectrodactyly ectodermal dysplasia and cleft
lip/palate syndrome (EEC1; MIM 604292; [11]), ankyloblepharon
ectodermal defects-cleft lip/palate (AEC; MIM 106260; [36]),
limb-mammary syndrome (LMS; MIM 603543) and acro-derma-
to-ungual-lacrimal-tooth syndrome (ADULT; MIM 103285; [16]).
The mutations are predicted to lead to dominant negative and
gain of function mechanisms rather than loss of function.

Radial ray defects

Radial ray defects occur as an isolated malformation or in a num-
ber of syndromes. Syndromic radial defects comprise a large
group of diseases and can be classified into radial defects with
1) orofacial malformations such as in Nager syndrome (AFD1;
MIM 154400) or lacrimoauriculodentodigital syndrome (LADD;
MIM 149730), 2) aplastic anemias such as Fanconi anemia (FA;
MIM 227650), thrombocytopenia and absent radius (TAR; MIM
274000) syndrome, 3) craniosynostosis-radial dysplasia syn-
drome (BGS; MIM 218600), 4) Holt-Oram syndrome (HOS; MIM
142900), 5) hand-foot-genital syndrome (HFGS; MIM 140000)
and others. HOS and HFGS and their molecular pathogenesis are
discussed in more detail.

Holt-Oram syndrome

Holt-Oram syndrome (HOS; MIM 142900) is a dominantly inher-
ited condition characterized by 1) skeletal and 2) cardiovascular
abnormalities [7]. The limb phenotype is variable and involves a
wide spectrum including defects in the upper limb and shoulder
girdle ranging from thumb hypoplasia to phocomelia sometimes
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with asymmetric presentation. The syndrome presents with fin-
ger-like hypoplastic to absent or triphalangeal thumbs with syn-
dactyly, hypoplasia to absence of the first metacarpal and radius,
defects of the ulna, humerus, clavicle, scapula and sternum. Car-
diovascular anomalies occur in 95 percent of the patients and in-
clude auricular septal defects, sometimes with arrhythmia and
ventricular septal defects.

HOS is caused by mutations in TBX5, a member of the Thx gene
family, predicted to lead to haploinsufficiency of the gene [34].
Thx genes encode a group of transcription factors characterized
by a highly conserved DNA-binding motif (T-box). Tbx genes play
key roles during organogenesis and pattern formation in verte-
brate and invertebrate embryos [42]. They are directly involved
in both the processes of limb initiation at early stages and in the
specification of limb identity at later stages [1].

Hand-foot-genital syndrome

Hand-foot-genital syndrome (HFGS; MIM 140000) is a domi-
nantly inherited condition affecting the distal limbs and the low-
er genitourinary tract. Individuals with HFGS display short hands
and feet with short proximally placed thumbs, hypoplastic the-
nar eminences and short tibially deviated greater toes with
small pointed first distal phalanges and short first metacarpals/
metatarsals. Moreover, delayed ossification, fusion and deform-
ity of carpal and tarsal bones is present. The limb abnormalities
are fully penetrant, bilateral and symmetrical with little varia-
tion in severity. Urogenital tract malformations are phenotypi-
cally variable with incomplete penetrance and include hypospa-
dias, micropenis in males and Miillerian duct fusion defects,
leading to a double uterus or double cervix in females. In some
patients, ectopic ureteric orifices, vesico-ureteric reflux and pel-
vi-ureteric junction obstruction has been described. HFGS is
caused by nonsense or frameshift mutations in HOXA13 leading
to a truncated protein or polyalanine tract expansions similar to
those in HOXD13 that cause synpolydactyly [38].

Ulnar defects

Ulnar defects occur as isolated disorders or as parts of syn-
dromes. Syndrome-related ulnar defects include ulnar defects
1) with orofacial malformations, 2) Cornelia de Lange syndrome
(CDL1; MIM 122470), 3) Femur-Fibula-Ulna syndrome (FFU;
MIM 228200) and 4) Ulnar-mammary syndrome (UMS; MIM
181450) which is presented in more detail.

Ulnar-mammary syndrome

Ulnar-mammary syndrome (UMS; MIM 181450) is a rare autoso-
mal dominant disorder associated with a wide range of pheno-
types. UMS is characterized by 1) hypoplasia of the ulnar side of
the upper extremity or ulnar longitudinal deficiency ranging
from symphalangism, absence or duplication of the fifth digit to
absence of the ulna and reduction of the humerus, 2) hypopla-
sia or aplasia of mammary glands and nipples and of apocrine
glands in both sexes and 3) underdeveloped external genitalia
and delayed puberty in males and uterine anomalies in females.
UMS is caused by haploinsufficiency of the TBX3 gene [6], coding
for another T-box transcriptional factor. Thx3 is widely expressed
in a variety of tissues including forelimbs and hindlimbs, epithe-
lium of the mammary gland, the genital tubercle and the uterus.
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Mice with loss of Thx3 function show deficiency of mammary
gland induction and forelimb and hindlimb abnormalities [13].

III. Defects in Dorso-Ventral Patterning

Nail-patella syndrome

Nail-patella syndrome (NPS; MIM 161200) is an autosomal dom-
inant disorder characterized by developmental defects affecting
the nails, skeleton, kidneys and eyes. Onychoskeletal features in-
clude hypoplastic or absent nails and patellae, patella disloca-
tions, elbow abnormalities and iliac horns on radiographs. Renal
manifestations include a defect in the glomerular basal mem-
brane. In the eye, open-angle glaucoma may present as a feature.
NPS has a high penetrance and phenotypic variability. Additional
skeletal defects have been noted such as foot and ankle abnor-
malities including clubfoot, dislocation or subluxation of the hip
or of the radial head.

Loss of function mutations in the LIM-homeodomain protein
LMX1B lead to NPS [14]. Lmx1b is involved in determination of
dorso-ventral patterning of the limb. Lmx1b is induced by dorsal
ectoderm expression of Wnt7a and repressed by ventral ecto-
derm expression of En1 [28]. Lmx1b knock-out mice show com-
plete absence of the dorsal side of the autopode including nails
and patellae indicating that Lmx1b is needed for the specifica-
tion of dorsal limb fate [12]. Although the murine phenotype is
more pronounced than in the NPS patient, the parallels are ob-
vious.

IV. Brachydactyly

Brachydactyly may occur as an isolated trait or in association
with other malformations. According to their patterns of skeletal
involvement isolated brachydactylies have been classified on an
anatomic and genetic basis into five groups, A to E, including
three subgroups Al to A3 [8]. Isolated brachydactylies usually
occur as autosomal dominant traits and show a high degree of
phenotypic variability.

Brachydactyly type A1, A2, A3

The type A brachydactylies according to the Bell classification are
characterized by hypoplasia/aplasia of the middle phalanges. In
brachydactyly type Al (BDA1; MIM 112500) all middle pha-
langes are affected and shortened or fused with terminal pha-
langes. BDA1 was the first trait in man to be interpreted in Men-
delian terms [19]. For BDA1 heterozygous missense mutations
have been identified in the amino-terminal signaling domain of
Indian hedgehog (IHH) [21]. A second locus for BDA1 has been
mapped to chromosome 5p13.3-p13.2 [3].

BDA2 (BDA2; MIM 112600) is characterized by a triangular
shaped middle phalanx with or without radial deviation and cli-
nodactyly of the fifth finger and can be caused by missense mu-
tations in BMPR1 B [32]. Brachydactyly type A3 (BDA3; MIM
112700) is characterized by shortening of the middle phalanx of
the little finger but no genetic location has been found so far.
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Brachydactyly type B

Brachydactyly type B (BDB; MIM 113000) is an autosomal domi-
nant disorder characterized by shortening/hypoplasia of the dis-
tal phalanges, nail dysplasia, hypoplasia of middle phalanges and
variable degrees of distal and proximal symphalangism (Fig. 8).
Additional findings are broad thumbs with or without distal du-
plication/clefts and syndactyly. Brachydactyly type B is caused
by mutations within two distinct regions of the receptor tyrosine
kinase ROR2 [41,50] that are predicted to result in truncation of
the receptor before or after the tyrosine kinase (Tk) domain. Mu-
tations located after the Tk domain are associated with a more
severe phenotype. ROR2 is expressed in the limb bud, throughout
the nervous, cardiovascular, respiratory, digestive, urogenital and
skeletal systems [2,52].

Brachydactyly type C

Brachydactyly type C (BDC; MIM 113100) is characterized by bra-
chymesophalangy of the second, third and fifth fingers, hyper-
phalangy of the second and/or third finger and shortening of the
first metacarpal. Generally, the fourth finger is not affected and
it is therefore the longest digit in BDC. Accompanying skeletal
or non-skeletal features such as short stature, talipes valgus,
Perthes disease, hip dysplasia or spine deformities have also
been described. Heterozygous frameshift or nonsense mutations
affecting the cartilage-derived morphogenetic protein-1 (CDMP1)
also called GDF5 and leading to a loss of function are responsible
for dominant BDC[45]. A recessive form of BDC has recently been
described, caused by a homozygous missense mutation located
within the CDMP1 prodomain [51]. Gdf5, the murine homologue
of CDMP1, is expressed along early cartilage condensations in
the joint interzone and in the perichondrium during limb devel-
opment. Gdf5 has been shown to be a key regulator during skel-
etal and joint development. Treatment of embryonic mouse and
chicken limbs with recombinant Gdf5 results in an altered pat-
tern of bones and articulations in the digits [20].

Brachydactyly type D

In Brachydactyly type D (BDD; MIM 113200) the distal phalanx
of the thumb is shortened to various degrees. Recently, a muta-
tion in HOXD13 has been described in an individual with BDD
[26].

Brachydactyly type E

Isolated Brachydactyly type E (BDE; MIM 113300) is inherited as
a dominant trait and is characterized by variable shortening of
metacarpals. In one individual with BDE a mutation in HOXD13
has been described [26]. The majority of cases with BDE occur
in association with syndromes such as Turner syndrome (Fig. 9),
Albright hereditary osteodystrophy (AHO; MIM 103580), an
AHO-like disorder on chromosome 2q37 (MIM 600430), basal
cell nevus syndrome (BCNS; MIM 109400), hypertension-bra-
chydactyly syndrome (HTNB; MIM 112410) and others.

Brachydactyly as part of syndromes

Different forms of brachydactyly, some of them resembling
isolated brachydactyly traits, occur as part of a syndrome in a
number of bone dysplasias such as achondroplasia (ACH; MIM
100800), Weill-Marchesani syndrome (MIM 277600), Robinow
syndrome (RS; MIM 268310), Grebe syndrome (CG; MIM
200700) and others. Short thumbs are a characteristic feature
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Fig.8 Brachydactyly
type B. Right hand

of a patient exhibit-
ing shortening/ab-
sence of distal and
middle phalanges of
the second to fifth
fingers and aplasia

of nails.

Fig.9 Brachydactyly
type Ein a patient
with Turner (45, X0)
syndrome. Feet
exhibiting bilateral
shortening of the
third and fourth toes
due to shortening of
the third and fourth
metatarsals. The
nails exhibit a convex
shape.

of Robinow syndrome (RS; MIM 268310) and Rubinstein-Taybi
syndrome (MIM 180849) and BDB is present in Sorsby syndrome
(MIM 136900).

Other types of syndromal forms of brachydactyly include brachy-
telephalangy, characterized by shortening of distal phalanges
and cone shape epiphyses. Cone shape epiphyses result from os-
sification anomalies due to invagination of the epiphysis and
physis into the metaphysis leading to brachydactyly as found in
trichorhinophalangeal syndrome (TRPS1; MIM 190350), Langer-
Giedion syndrome (LGS; MIM 150230) and acrodysostosis (MIM
101800). Some of the mentioned syndromes with brachydactyly
are discussed below in more detail.

Acromesomelic chondrodysplasia Grebe, Hunter Thompson,

Du Pan

Chondrodysplasia Grebe (CG; MIM 200700), Hunter-Thompson
(HT; MIM 201250) and Du Pan syndrome (DP; MIM 228900)
are autosomal recessive inherited chondrodysplasias. Of the
three, CG is the most severe chondrodysplasia and is character-
ized by shortening of upper and lower limb skeletal elements in
a proximodistal fashion with absence of carpal bones and severe
reduction of metacarpals and phalanges. Patients with HT are not
as severely affected as in CG. DP is characterized by fibular hypo-
plasia with complex brachydactyly. All three forms of chondro-
dysplasia are caused by homozygous mutations of CDMP1 in the
active domain of CDMP1 [18,55,56]. The mouse mutant brachy-
podism (bp), caused by a loss of function mutation of Gdf5, exhib-
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its similar cartilage and joint formation and serves as a model for
CG and HT [53].

Hypertension with brachydactyly

Hypertension with brachydactyly, also referred to as Bilginturan
syndrome (HTNB; MIM 112410), is characterized by shortening
of both phalanges and metacarpals associated with hyperten-
sion. Affected adults present with short height and blood pres-
sure increasing with age. In a large Turkish kindred the disease
locus was mapped to chromosome 12p12.2-p11.2. [49]. Interest-
ingly, a deletion at 12p in a Japanese child with brachydactyly
but without hypertension overlaps the assigned locus suggesting
that possibly two different genes are involved for brachydactyly
and hypertension [5].

V. Segmentation Disorders

Proximal symphalangism

Proximal symphalangism (SYM1; MIM 185800) is an autosomal
dominant malformation characterized by absent proximal inter-
phalangeal joints in some fingers and fusion of talus and navicu-
lar bones in the foot. In a subset of patients, fusion of ossicles of
the middle ear occur, resulting in conductive hearing loss. Het-
erozygous missense mutations in the Bmp antagonist Noggin
(NOG) lead to SYM1 and multiple synostoses syndrome (SYNST1;
OMIM 186500) indicating that SYM1 and SYNS1 are allelic [22].
During development, Nog is expressed in multiple organs includ-
ing cartilage; Nog modulates activity of bone morphogenetic
proteins (Bmps) [10].

VI. Syndactyly

Syndactyly is the most common congenital malformation of the
hand in Europe and North America. It is characterized by the ap-
parent fusion of soft tissues of the fingers and toes with or with-
out bony fusion and is caused by the absence of programmed cell
death in the interdigital mesenchyme. Syndactyly is referred to
as partial when it involves proximal segments of the digits and
as complete when it extends to the finger tips. Syndactylies may
also present in association with constriction rings at the finger
tips as acrosyndactyly which involves soft tissue with occasional
fenestration and is not likely to have a genetic basis.

Syndactyly may occur as an isolated malformation or as part
of a syndrome. The syndromal forms comprise 1) Poland syn-
drome (MIM 173800) associated with symbrachydactyly, 2) sev-
eral types of acrocephalosyndactyly (in Apert syndrome; MIM
101200), Saethre-Chotzen syndrome (MIM 101400), Waarden-
burg syndrome type III (MIM 148820), Pfeiffer syndrome (MIM
101600), Summitt syndrome (MIM 272350), 3) the F-syndrome
(MIM 102510) and 4) Fraser syndrome (MIM 219900). Isolated
syndactylies have been classified into five groups with each syn-
dactyly type affecting different interdigital spaces as presented
below [54].
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Fig.10aand b Synpolydactyly. a Left hand of an individual with syn-
polydactyly showing soft tissue syndactyly of the third and fourth fin-
gers and brachydactyly of all fingers. The fourth digit is severely short-
ened and laterally deviated. There is clinodactyly of the fifth finger.
b The corresponding hand radiograph shows that the phalanges of
all digits are shortened. The proximal phalanx of the fourth digit ex-
hibits a delta shape and there is an additional rudimentary proximal
phalanx of the fourth digit in the syndactylous web. Shortening of the
middle phalanx of the fifth digit leads to clinodactyly.

Syndactyly type I (zygodactyly)

Syndactyly type I (SD1; MIM 185900) is an autosomal dominant
limb malformation and the most common type of syndactyly. It
is characterized by syndactyly of the third and fourth fingers and
the second and third toes. Syndactyly may be complete or par-
tial; occasionally other digits may be affected. The malformation
is not always bilateral or symmetric and in some cases may affect
either hands or feet. A special form of SD1 frequently involving
the second to fourth fingers was mapped to human chromosome
2q34-q36 in a large German family [9].

Syndactyly type II (synpolydactyly)

Synpolydactyly (SPD; MIM 186000) is a dominantly inherited
malformation of the distal limbs. It is characterized by soft tissue
syndactyly between the third and fourth fingers and between the
fourth and fifth toes with a supernumerary digit in the syndacty-
lous web (Fig.10). Clinodactyly or camptodactyly of the fifth fin-
gers, syndactyly and brachydactyly of the second to the fifth toes
are optional findings. The penetrance of SPD may be incomplete
with variable expressivity and asymmetrical involvement. Since
in SPD syndactyly can occur without polydactyly but polydactyly
does not occur without syndactyly, SPD has been classified as
one of the syndactylies. SPD is caused by heterozygous muta-
tions of HOXD13 [39] resulting in expansions of the 15-residue
polyalanine tract in the N-terminal region of the protein. The re-
sulting protein can be expected to regularly bind DNA, but inter-
actions through its N-terminal portion are likely to be disturbed,
suggesting a dominant negative effect. Interestingly, both pene-
trance and severity of the SPD phenotype correlate with expan-
sion size, with large expansion leading to a greater number of
limbs involved [23]. The polyalanine tract mutations in SPD have
been shown to be meiotically stable over at least seven genera-
tions [23]. These findings distinguish HOXD13 mutations from
dynamic repeat expansions found in Huntington disease, Fragile
X syndrome and myotonic dystrophy which increase in size
when transmitted and lead to a more severe course of the disease
in successive generations [4].
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Glossary

Anatomy and development Molecular genetics Major limb malformations

Apical Ectodermal Ridge (AER) Allele Aphalangia

- aspecialized ectoderm covering the distal - one or alternative forms of a gene occurring - absence/deformities of certain phalanges
tip of the limb at a chromosomal locus Adactylia

Acromelic
- concerning the distal segment of the limb
(autopode)

Autopode
- distal segment of the limb, i.e. hand/foot

Early specification model

- a specified cell population expands during
limb outgrowth and is determined in a
proximodistal sequence

Mesomelic

- concerning the middle segment of the
limb (zeugopode)

Preaxial

- concerning the radial side of the limb

Postaxial
- concerning the ulnar side of the limb

Progress zone (PZ)
- immature mesenchymal cells in the limb
bud beneath the AER

PZ zone model

- cells are specified as they leave the PZ;
cells that leave the PZ late will acquire
a more distal fate

Rhizomelic

- concerning the proximal segment of the
limb (stylopode)

Stylopode

- proximal segment of the limb,
i.e., humerus/femur

Zeugopode
- middle segment of the limb, i.e., radius/
ulna, tibia/fibula

ZPA (zone of polarising activity)

- mesenchymal cells at the posterior margin
of the limb expressing Shh, involved in
anteroposterior patterning of the limb

DNA binding domain
- permits specific binding of a transcription factor
to its target

Dominant negative
- mutational effect inhibiting the function of the
wildtype gene product

Enhancer

- positive regulatory element that stimulates
level of transcription, possibly located at a far
distance from the gene

Haploinsufficiency
- 50% reduction of gene function, i.e. loss of one
allele

Homeobox
- characteristic DNA binding motif

Knock-out

- targeted inactivation of a gene

Linkage

- genes inherited together due to their locus
proximity

MIM

- Medelian Inheritance of Men Database
http://www.ncbi.nlm.nih.gov/

Mutation

- anucleotide exchange resulting in a phenotype:
A frame-shift mutation alters the translational
reading frame of the mRNA, a nonsense muta-
tion results in a stop codon, a missense mutation
results in an amino acid exchange

Locus heterogeneity
- determination of the same phenotype at
different genetic loci

Promoter

- short sequence elements located in the upstream
region of a gene that serve to initiate transcription

Transcription factor
- recognizes and binds short DNA sequences and
regulates transcription

Zinc finger

- absence/deformities of certain fingers

Acheiria
- absence/deformities of a complete hand

Amelia
- absent limb

Brachydactyly
- short digits

Camptodactyly
- flexion contracture of finger at the proximal
interphalangeal joint

Clinodactyly
- lateral deviation of finger usually due
to a short middle phalanx

Hemimelia

- terminal transverse defect with absence
of a large portion of the distal segment

Polydactyly

- supernumerary digits

Split-Hand-Foot-Malformation (SHFM)

- absence/hypoplasia of median autopode
rays

Symphalangism

- fused phalanges due to absent interphalan-
geal joints

Syndactyly

- fusion of digits

Synostosis

- fusion of bones

Triphalangeal thumb
- thumb with three phalanges instead of two

- DNA binding motif with a central zinc atom bound
by two conserved cysteine/histidine residues

Syndactyly type III (syndactyly of the fourth and fifth fingers)

Syndactyly type III (SD3) affects the fourth and fifth fingers with
the middle phalanx of the fifth finger being rudimentary or ab-
sent. When expressed completely, the ring finger is always par-
tially flexed. Isolated SD3 is part of a disease spectrum which
leads to oculodentodigital dysplasia disease (ODDD; MIM
164200) if completely expressed, characterized by craniofacial
and limb dysmorphisms, spastic paraplegia and neurodegenera-
tion. Mutations in Connexin 43 (Cx43) also termed GJA1 have been
shown to be responsible for ODDD and SD3 [44]. During devel-
opment Cx43 is strongly expressed in the limb bud, developing
digits and cartilage condensation. Six connexins form a con-

nexon that surrounds a pore as a specialized structure and two
connexons in adjacent cell membranes can form a gap junction
which is important for the passage of ions and small molecules.

Syndactyly type IV (complete syndactyly of all fingers) and
type V (associated with metacarpal and metatarsal synostosis)
Syndactyly type IV (SD4) and type V (SD5) are extremely rare
disorders. SD4 is characterized by complete syndactyly of all fin-
gers without bony fusion. SD5 is associated with metacarpal and
metatarsal fusion, most commonly of the fourth and fifth or the
third and fourth digits [54].

Schwabe GC, Mundlos S. Genetics of Congenital ... Handchir Mikrochir Plast Chir 2004; 36: 85-97

(=]
=
S,
5
&
>
=
=
0




o
=t
S
5
&
>
=
g
0

Summary and Conclusion

Congenital limb malformations may occur as an isolated trait or
in association with a malformation syndrome. On an anatomic
and genetic basis they can be divided into six groups consisting
of polydactylies, absence deformities, defects in dorsoventral
patterning, segmentation disorders, brachydactylies and syndac-
tylies. The presented disorders are mainly caused by mutations
in genes which are important during embryonic development of
the limb and other organs. These findings have led to a regroup-
ing of limb malformations in genetic terms. Due to the consider-
able phenotypic variability of congenital limb malformations,
the establishment of exact genotype-phenotype correlations for
limb malformations is difficult. On the other hand, non-genetic
conditions such as amniotic bands or vascular disruptions are
caused by external factors. Many conditions currently considered
to be non-genetic are likely to be polygenic, meaning that they
present only if several genes are mutated or that they may be
caused by single gene mutations with low penetrance. Future re-
search of the interaction of genes and their genetic and epige-
netic control may help to better understand the pathogenesis
and phenotypic variability of congenital limb malformations.
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