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2. Abstract

Congenital limb malformations occur in 1 in 500 Xan 1000 human live births and are
diverse in their epidemiology, aetiology and anatoffhe molecular analysis of disturbed
gene function in inherited limb malformations pm®$ essential information for the
understanding of physiological and pathophysiolabionb development in humans as well
as in other vertebrates. The following Ph.D théstsissed on the identification and molecular
characterisation of disease causing genes andp#giophysiological mechanism for selected
human limb defects such as Cenani-Lenz syndromeS)YCWerner mesomelic syndrome
(WMS), Bardet-Biedl syndrome (BBS), Split hand/ tomalformation (SHFM) and Temtamy
preaxial brachydactyly syndrome (TPBS).

In this context, we were able to identify novel lirapecific genes and causative mutations in
different components of evolutionary highly consstvpathways and, furthermore, to
elucidate their role in physiological as well aspathophysiological limb development. In
detail, we found (i) alterations in the low-dendipoprotein-related protein 4 (LRP4), an
antagonistic receptor of Wnt signalling, causing@ ttare autosomal recessive CLS, (ii)
specific mutations in the cis-acting limb-spec#ichancer of theonic hedgehog (SHHjene
being causative for WMS, and (iii) mutations @HSY1to be responsible for TPBS.
Furthermore, we could show that mutations in thrgi protein BBS12 can cause a very
mild BBS phenotype.

Moreover, we used in vitro studies to obtain inssghto the molecular pathogenesis of these
limb malformations. We studied the effect of fiv&kR4 mutants on the transduction and
activation of canonical Wnt signalling by using aidDLuciferase Reporter Assay and
showed that co-expression of each of the five mssenutations with LRP6 and WNT1
abolish the known antagonistic effect of LRP4 orPlBRmediated activation of Wnt/3-catenin
signalling and thus conclude that homozyghB$4mutations in CLS cause a loss of protein
function.

Additionally, we functionally characterized thesfirautosomal recessive p.R332W mutation
in the WNT10bgene causing SHFM6 and rise evidence that p.R38&V¥§es loss of function
of Lrp6-mediated Wnt signalling. In this regard we&amined the role of the SHFM3
candidate genEgf8 in altering Wnt signalling and demonstrated thgfi8Hs a novel putative
Wwnt signalling antagonist which functions by diresteraction with Wnt10b. Hence, we
present the first direct cross-talk between Fgf @t signalling pathways and, therefore,

physically link two important signalling pathways/blved in limb initiation and outgrowth.



2. Zusammenfassung

Congenitale Extremitatenfehlbildungen treten mmeeilnzidenz von 1 in 500 bis zu 1 in 1000
Lebendgeburten auf und sind in ihrer Epidemiologigjologie und Anatomie sehr
mannigfaltig. Die molekulare Analyse von krankhettsirsachenden Genen liefert wichtige
Erkentnisse  Uber physiologische und pathophysistbgi  Mechanismen  der
Extremitatenentwicklung. Die nachfolgende Dissestat konzentriert sich auf die
Identifikation und funktionelle Charakterisierungrv krankheitsverursachenden Genen und
ihren pathophysiologischen Mechanismen far ausgkerah  humane
Extremitatenfehlbildungen wie das Cenani-Lenz-Sgndr(CLS), das Werner mesomele
Syndrom (WMS), das Bardet-Biedl-Syndrom, die Spalt/Spaltful3-Malformation sowie
das Tentamy preaxiale Brachydaktylie-Syndrom (TPBS)

In diesem Zusammenhang ist es uns gelungen, newemgtétenspezifische Gene und
kausale Mutationen in verschiedenen Komponenten ewolutiondr hoch konservierten
Signalwegen zu identifizieren. Darlber hinaus kenntwir die physiologische und
pathophysiologische Rolle jener Gene aufklaren.BHimzelnen fanden wir heraus, dass (i)
Veranderungen im low-densitiy-lipoprotein-relatewtein 4 (LRP4), einem antagonistischen
Rezeptor des Wnt Signalweges, ursachlich sind && skltene, autosomal rezessive CLS,
dass (ii) spezifische Mutationen im extremitateadpehen, cis-agierenden, regulatorischen
Element desonic hedgehog (SHH3enes das WMS verursachen und dass (iii) Mutatione
im CHSY1Gen kausal sind fur das TPBS. Des Weiteren konmignnachweisen, dass
Mutationen im zilidren BBS12-Protein einen sehr dndusgepragten Phanotyp im BBS
bewirken.

Im weiteren Verlauf des Projekts nutzten wir veredbBne in vitro Studien, um die
molekulare Pathogenese der genannten Extremitétbiiéeingen aufzuklaren. Wir
untersuchten den Effekt von funf verschiedenen L-RFdanten auf die Transduktion und
Aktivierung des kanonischen Wnt Signalweges mitilses Dual-Luciferase-Assays und
konnten zeigen, dass die Ko-Expression jeder Matamit LRP6 und WNT1 den
wildtypischen antagonistischen Effekt von LRP4 aédn kanonischen Wnt Signalweg
aufhebt. Daher schlussfolgern wir, dass homozygdigtationen im LRP4Gen CLS
verursachen und zu einem Funktionsverlust des LRMteins fihren. Zusatzlich haben wir
die erste rezessive p.R332W Wntl10b-Mutation, d&ichlich fur SHFM ist, mittels eines
Dual-Luciferase-Assays funktionell charakterisiertd nachgewiesen, dass die p.R332W
Mutation zu einem Proteinfunktionsverlust des Ly@Bmittelten Wnt Signalweges fihrt. In

diesem Zusammenhang untersuchten wir ebenfalliRdlee des Kandidatengertxgf8 fur
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SHFM3 im Wnt Signalweg. Mit Hilfe des Dual-LucifeeAssays ist es uns gelungeégf8
als neuen Wnt Signalweg Antagonisten, der direkiVami10b binden kann, zu identifizieren.
Somit zeigen wir die erste direkte Interaktion zhisn dem Fgf und Wnt Signalweg und
verbinden hierdurch zwei wichtige Sighalwege migider, die an der
Extremitatenentwicklung maf3geblich beteiligt sind.



3. Introduction

3.1 Vertebrate limb development

The genetic processes that control limb developrrerertebrates are complex and still not
fully understood. The current understanding of mn@ecular genetics of limb development
was mainly achieved from (i) experiments manipatgenetic interactions of temporal and
spatial expression of individual genes in vertedsatnd invertebrates and (ii) identification of
genes involved in congenital limb malformationsnouse and human and the subsequent
functional analysis of the underlying pathogenesis.

The human limb buds are built on day 26 for theaupipnb and day 28 for the lower limb by
the activation of mesenchymal cells of the lateresodermal plate. During the onset of
outgrowth, the distal border of the ectoderm thinskéo form the apical ectodermal ridge
(AER). The developing limb is characterized by éhthfferent compartments; the proximal
stylopod, the middle zeugopod and the distal awdapad it is patterned into three axes; the
proximal-distal (PD), the anterior-posterior (AR)dathe dorsal-ventral (DV) axis. During
human development the AP limb axis correspondsi¢oprimary body axis and manifests
itself in the skeletal morphology of the zeugopathwhe radius/ulna in the upper limb and
the tibia/fibula in the lower limb and in the distt identities of the autopod developing into
digits. The thumb has the most anterior and thie fiilnger has the most posterior identity in
the autopod.

The AER is an important organizing center for lirobd development and controls the
outgrowth and the patterning of the PD limb budgsg8aunders 1948). Initially, T-box family
transcription factorsTBX4 and TBX5 activate FGF10 and WNT3 (Barrow et al. 2003) to
initiate the outgrowth of the limb bud (Rallis dt 2003). T-box genes may modify the
morphology of limbs by selectively inducing or repsing genes that are specific either for
the forelimb or the hindlimb. For instanc€BX5 can induce expression of the forelimb
marker HOX9 and repress the hindlimb markelOXC9 (Rodriguez-Esteban et al. 1999;
Takeuchi et al. 1999). ThHOX gene family is instrumental in proximal-distal fgahing.
HOX genes become up-regulated e.g. by retinoic ach) (R the limb bud and especially
genes from thédOX-A and HOX-D clusters are involved in limb patterning (Yasha&tbal.
2004). For instanceHOXD9 is expressed across the whole limb during zeugopod
development, butiOXD13is restricted to the posterior part of the lilrf©XD10, -11and-

12 are expressed in an overlapping pattern betw#@KD9 andHOXD13 This differential



expression creates the morphological differencas/den the radius and the ulna in the
forelimb and the tibia and fibula in the hindlimbakany and Duboule 2007).

The AP axis is patterned and controlled by the zoh@olarising activity (ZPA), which
consists of a collection of cells at the posteborder of the developing limb. The formation
of the ZPA depends on the expressiof@XB-8and RA in the posterior mesoderm (Charite
et al. 1994). The development of the AP axis isntyamnediated through the expression of
sonic hedgehod SHH), which is up-regulated in the ZPA through RA (Relék al. 1993). A
complicated set of positive and negative feedbdacgs exists, in which e.g. SHH stimulates
FGFs in the AER and FGFs in the AER activate SHEh@&ZPA (Zuniga et al. 1999).

AER
proximal distal

posterior

Figure 1. The developing limb bud with the relative positioh the zone of polarizing
Activity and the apical ectodermal ridge (AERBX5inducesWNT3expression which itself
triggers the expression of FGFs and thereby folmsAER. FGFs from the AER together
with retinoic acic and differerntiOX genes induce the expressionSHiH in the ZPA. The

SHH signal is maintained BYNT7a which itself is repressed by engrailed 1 (EN1).

WNT7a, which is one of the factors responsibletfa preservation of the SHH signal in the
ZPA, was shown to be mainly involved in the devetept of the DV axis by inducing the
transcription factot.MX1, which specifies cells to the dorsal site. WNT&lf is repressed

by the transcription factoengrailed 1 which is induced by bone morphogenic proteins



(BMPs) from the ventral ectoderm (Dealy et al. 199BMPs, which are expressed in
response to the SHH signal from the ZPA, act vikh ssaface bone morphogenic protein
receptors (BMPRs) and are essential for the foonatif bone and cartilage. For instance
BMP2 plays a key role in osteoblast differentiateomd induction of bone formation while

BMP4 controls the formation of limbs from the mesod. Under the influence of SHH,

BMP2 and BMP7 play a major role in digit identitychformation (Zou and Niswander 1996;
Jena et al. 1997). Finally the temporal and spatatrol of progressive skeletal development
is monitored by SOX9 and RUNX2, which initiate tbendensation and differentiation of

chondroblasts in the developing limb (Weston e2@03).

3.2 Signalling pathways important in limb developmat

Vertebrate limb development results from a temppr@hd spatially co-ordinated expression
of many different genes and pathways including 8ten-Gli, Fgf and Wnt signalling-

pathway. Because defects in these pathways haweatcaand devastating effects on limb
development the understanding and investigatiosach of them is of high relevance. In the
following, some of the most important signallingipaays for vertebrate limb development
are described separately, although it has to betiom&d that in the limb bud a complex
interaction between these pathways might existcivifiorms different positive and negative

feedback loops and thereby maintains the expresdiarspecific signal.

3.2.1 The Shh signalling pathway

In human development, tf&HH gene is expressed in the gut, the neural tuberatiee zone

of polarizing activity in the posterior part of thenb bud (Odent et al. 1999). The elements of
the Shh-Patched-Gli-pathway are highly conservedrarspecies, indicating the essential
role of this pathway during development.

In order to function in development patterning, 8t¢éH protein first needs to be processed to
an active N-terminal form, which is modified by thddition of cholesterol (Pepinsky et al.
1998; Williams et al. 1999). The SHH protein fuoa by binding to its 12-span
transmembrane receptor proteins PATCHED-1 (PTCHRAL) PATCHED-2 (PTCH-2) (Stone
et al. 1996). Without the SHH signal, PTCH-1 andCPif2 block downstream signal
transduction through a physical interaction withe tir-span transmembrane protein
SMOOTHENED (SMO). Binding of SHH to PTCHSs results the activation of GLI zinc



finger transcription factors which are normally ilnited by the suppressor-of-fused (SUFU).
The activation of the intracellular signal transtioe by SHH releases Glil which finally
activates gene expression (Huangfu and Anderso6)200

Genetic analysis in the transgenic mouse mutarguadsh (Ssq), which resembles a pre-axial
polydactyly phenotype, showed initial evidencetfue regulation of th&HH gene (Lettice et
al. 2003). In the Ssq mouse, a random transgesertion of a HOXB1 human placental
alkaline phosphatase construct on chromosome Sagissgextopic SHH expression at the
anterior margin of the developing limb bud. Thensgene insertion was physically linked to
SHH, but is placed in intron 5 of the neighbourgeneLMBRL1 (limb-region homolog 1)
located about 1 Mb away (Lettice et al. 2003). #-tcans test showed that this 800 bp long
highly conserved region, which was named zone d¢drf@ing activity regulatory sequence
(ZRS), acts as a cis enhancer to directly affeetetkpression of th8HH gene (Lettice et al.
2003). The authors concluded that the ZRS is resplenfor initiation of SHH expression in
limb bud development and that it also drives thstg@aorly restricted spatial expression
pattern (Lettice et al. 2003).

3.2.2 Fgf signalling
Fibroblast growth factors (FGFs) belong to a lafgmily of highly conserved polypeptide

growth factors which mediate a variety of cellulasponses during embryonic development
and in the adult organism. FGFs function by bindang activating their specific cell surface

tyrosine kinase Fgf receptors (FGFRs) (Ornitz aodd P001) and the Fgf signalling pathway
itself is one of the most ubiquitous in biologygand binding results in receptor dimerization
and activation of intrinsic tyrosine kinases, le@dito trans-phosphorylation of multiple

tyrosine residues on the receptor. These residnes terve as docking sites for the
recruitment of SH2 (src-homology-2) or PTB (phodyhasine binding) domains of adaptors,

docking proteins or signalling enzymes (Dailey kt2805). Activated FGFRs then act as
transducers for several downstream intracellulgnaling pathways, including extracellular

signal-regulated kinase (ERK), p38 mitogen-actidalenases, phospholipase C gamma,
protein kinase C (PKC) and phospatidylinositol Bdge (PI3K)(Klint and Claesson-Welsh

1999).

Fgf signalling is crucial for the PD outgrowth inrhan limb development. In the developing
limb bud, the AER is positioned and induced by éRpression of Fgf8 and Fgfl10, followed

by expression of Fgf4 (Niswander et al. 1993). Aipee feedback loop, regulated by the

9



wnt signalling pathway, is then established betw&gfiB8 and Fgfl0, such that Fgfl0
promotes Fgf8 expression and Fgf8 promotes FgfpPession (Agarwal et al. 2003). Further
evidence for the importance of the pathway in liddvelopment comes from a conditional
knockout of Fgf4 and Fgf8. Mouse lacking these tyegoe products fails to form limbs (Sun
et al. 2002).

3.2.3 The canonical Wnt signalling pathway

The Wnt signalling pathway is an evolutionary higldonserved pathway in metazoan
animals that regulates fundamental aspects of fatdl determination, cell migration, cell
polarity, neural patterning and organogenesis duembryonic development. The extra-
cellular Wnt signal induces several intra-cellusagnal transduction cascades such as the
canonical or Wnt/R-catenin-dependent pathway ane tilon-canonical or [3-catenin-
independent pathway which can be further split th Planar Cell Polarity pathway and the
Wnt/C&* pathway (Wodarz and Nusse 1998). Wnt proteins aceeted glycoproteins that
bind to the N-terminal extra-cellular domain of thizzled (Fz) receptor family and their
expression during development is restricted batiptarally and spatially (Yamaguchi 2001,
He et al. 2004). Low-density-lipoprotein receptelated protein 5/6 (LRP5/6) are required
for mediating the Wnt signalling (He et al. 2004)so Norrin and R-Spondin, which can bind
to the LRP5/6 receptor, are capable of activating ¥¥gnalling independent of a Wnt signal
(Kazanskaya et al. 2004; Xu et al. 2004). A key Ima@csm in regulating Wnt signalling is the
presence of diverse numbers of secreted Wnt anttgdike dickkopf (DKK) proteins, wise,
cerebrus, Wnt-inhibitor protein (WIF) or the Sosbtein (Bouwmeester et al. 1996; Glinka et
al. 1998; ltasaki et al. 2003; Semenov et al. 2@¥gigan and Liu 2006).

The hallmark of the canonical Wnt pathway is theuaculation and translocation of
cytoplasmatic 3-catenin into the nucleus. WithouttWignalling, 3-catenin is degraded by
axin, adenomatosis polyposis coli (APC), proteingghatase 2A (PP2A), glycogen synthase
kinase 3 (GSK3) and casein kinase (CK1 ) (He et al. 2004; Gordon and Nusse 2006).
Phosphorylation of [3-catenin within this complesg#ds it for ubiquitilation and proteolytic
destruction by the proteosomal machinery (He et2@04). After binding to the receptor
complex, the Wnt signal is first transduced to plasmatic dishevelled (DSH) which is able
to directy interact with Fz (Wallingford and Hali2@05). This induces the phosphorylation of
LRP5/6 by CK1 and GSK3-3 and allows the translocatf axin from the cytosol to the
membrane. Axin now binds to the phosphorylated LBRSd this triggers the stabilisation of
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[3-catenin via either sequestration and/or degrawlati axin and allows the translocation of [3-
catenin to the nucleus where it complexes with OEFH/ family members to mediate
transcriptional activation of target genes (Ma@le2001b; He et al. 2004; Zeng et al. 2008).
These target genes then control posterior pattgriweart, lung, kidney, skin and bone
formation (Yamaguchi 2001; Logan and Nusse 200dy€lks 2006).

LRP5/6 LRP5/6

N\

Figure 2: The canonical Wnt-signalling pathway. Without aahgl, [3-catenin gets
ubiquitilated and degraded. Binding of e.g. WntRRIN or R-SPONDIN2 results in the
translocation of [3-catenin to the nucleus wherdiitds to TCF/LEF and induces the
expression of target genes. WISE, DKK and SOSTkamvn inhibitors of canonical Wnt-

signalling.
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3.2.3.1 Wnt signalling in limb development

whnt signalling plays a fundamental role in the depmg limb bud and controls multiple
processes such as limb patterning and limb morptexie. Several Wnt genes such as Wnt3,
wnt4, Wnt6, Wnt7a, Wnt7b, Wnt9b, Wnt10a, Wnt10b &at16 are highly expressed in the
ectoderm and AER during early limb development (&t al. 2009) and especially Wnt3
has been shown to be essential for limb initiagowl AER induction (Barrow et al. 2003).
wnt3 in the developing limb bud triggers the expias of Fgfl10 and Fgf8 and leads to a
positive feedback loop between these three compsneinich is required for AER
maintenance and the proximal-distal limb outgro@@arrow et al. 2003). Furthermore, Wnt
signalling is important for determining the dorsahtral limb identity (Galceran et al. 1999).
Wnt7a is highly expressed in the dorsal limb ectodand is responsible for dorsal-ventral
patterning by regulating the expression of Lmxlbfaetor which determines the dorsal
mesodermal cell fate in the limb (Parr et al. 19P3rr and McMahon 1995). In addition,
Wnt7a signalling also regulates the expressionhtif i the ZPA and, since there is a positive
feedback loop between Shh and Fgf4 in the AER @raef al. 1994; Niswander et al. 1994),
Wnt7a signalling also indirectly affects AP and pdeterning in the limb bud.

During late limb morphogenesis, Wnt signalling efeimining the position and morphology
of limb structures such as muscles, tendons anktekeslements (Yang 2003). Wntl1l for
instance is expressed in the periphery of the Imd@soderm and is involved in muscle fibre
differentiation whereas Wnt5a triggers muscle filsgecification (Anakwe et al. 2003).
Finally, Wnt signalling is also involved in bonerfioation by regulating chondrogenic
differentiation from mesenchymal progenitors aslvasl osteoblast proliferation (Rudnicki
and Brown 1997; Hartmann and Tabin 2001). While %dntwas found to promote
chondrocyte differentiation in the distal limb b(ang et al. 2003), Wntl, Wnt7a and Wnt14

are known inhibitors of chondrocyte differentiatigtiartmann and Tabin 2001).

3.2.3.2 Low-density lipoprotein receptor-relatedtpms 4 and 6 (Lrp4 & Lrp6)

The low-density lipoprotein receptor (LdIr) supenidy consists of 10 structurally related
proteins. Lrpl, Lrplb, Lrp2, LdIr, VIdIr, Lrp4, LEy Lrp6, Lrp8 and Lrpl2 are cell surface
receptors with diverse biological functions such li@gd metabolism, protection against
atherosclerosis, neurodevelopment, the transportnafients and vitamins and limb

development (May et al. 2007).
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Lrp4 or multiple EGF-like domain LDL receptor reddtprotein 4 (Megf7) is associated with
limb development and the formation of digits (Mayaé 2007). Like all family members,
Lrp4 exhibits a ligand binding type repeat, EGFeprsor homology domains, an O-
glycosylation domain, a transmembrane domain, aptggmatic tail and, similar to Lrpl, an
NPXY sequence which mediates it to the endocyticmmery (Chen et al. 1990). LRP4 is
expressed in migratory primordial germ cells in biredgut, in spermatogonia of the neonatal,
adult testis and in the immature oocytes and fdbic cells in females (Yamaguchi et al.
2006). The Lrp4 knockout mouse is characterizecpblysyndactyly of the fore and hind
limbs, craniofacial and tooth abnormalities (Johmsob al. 2005). Johnson et al. could show
that the loss of Lrp4 results in an abnormal exgpogsof important signalling molecules like
Fgf8, Shh, Bmp2, Bmp4 and Wnt7a, which are crucahormal digit formation. Moreover,
the authors demonstrate that Lrp4 is able to imhibe Wnt-induced activation of the
Luciferase Reporter in an activity assay, assurthag Lrp4 antagonizes the Lrp5/6 mediated
activation of the pathway. LRP4 mutations causiggdactyly have so far been found in
Holstein cattle (Duchesne et al. 2006).

Recently, Choi et al. showed that Lrp4 is also egped in osteoblasts and that it regulates
bone growth and turnover in vivo by binding scléigsan osteocyte secreted inhibitor of
bone formation (Choi et al. 2009). The authors d@lso demonstrate that Lrp4 is a receptor
for Dkk1, another inhibitor of Wnt/[3-catenin sigiad. Finally, another group reported that
Lrp4 is expressed in epithelial cells during tookkvelopment and that it binds the Bmp
antagonist Wise through its highly conserved E&E-iomain and thus acting as a modulator

and integrator of Bmp and Wnt signalling duringttomorphogenesis (Ohazama et al. 2008).

Another prominent member of the LdIr family is thd&kRP6 gene located on human
chromosome 12p13.3-p11.2 encoding the low-dengplotein receptor-related protein 6
(LRP6) (Brown et al. 1998). Lrp6 functions as a corecefpoorWnt signal transduction by
activating Wnt-frizzled signalling as well as Wgsponsive genes. It could be shown that the
extracellular domain of Lrp6 binds Wntl and therebgluces dorsal axis duplication and
neural crest formation (Tamai et al. 2000). Fumiane, it could be elevated that Lrp6 is a
specific, high-affinity receptor for Dkkl and Dkkand that Dkkl and Lrp6 interact
antagonistically during embryonic head formationXenopus laevis (Mao et al. 2001a).
Moreover, Semenov et al. found that human SOSTeprantagonizes Wnt signalling by
binding the extracellular domain of the LRP6 recend thereby disrupts the Wnt-induced
frizzled LRP complex formation (Semenov et al. 2003 P6 itself gets phosphorylated via
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the glycogen synthase kinase-3 (GSK3) and caseias&il and this dual phoshorylation
promotes the interaction of LRP6 with the scaffiotfprotein axin and the stabilization of 3-
catenin in Wnt signalling (Zeng et al. 2008).

Homozygous Lrp6 null mice die at birth and exhibitvariety of severe developmental
abnormalities, including the truncation of the &sikeleton, limb defects, microphtalmia, and
malformations of the urogenital system (Pinsonle2@00) (Kelly et al. 2004). Also in the

Lrp6-/- embryo, Fgf8 expression is significantlydueed, suggesting that the AER is
degenerated as a result of weakened canonical Mmdlkng (Pinson et al. 2000). A single
humanLRP6missense mutation has so far been identified iakdd to a large Iranian family

with early coronary artery disease and metabolcsyne (Mani et al. 2007).

In conclusion, the Lrp-gene family is an evolutipn@onserved multifunctional class of
receptors acting in fundamental signal transducpathways including BMP, TGFR, and

canonical Wnt signalling with diverse physiologitasks.
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3. 3 Human limb malformation syndromes

Congenital limb malformations belong to a rare groaf genetically and clinically
heterogeneous disorders with a very diverse spactnutheir epidemiology, aetiology and
anatomy. Limb malformations manifest themselvesaasisolated trait or as a part of a
syndrome. Congenital hand and feet anomalies cayeiberally classified into malformations,
deformations, disruptions and dysplasias. Malforomat result as a structural defect in the
embryo or fetus due to an abnormal developmentiDeitions are defined as a change from
the normal size or shape of an anatomic structueetd mechanical forces that distort an
otherwise normal structure. Disruptions are charamtd by a destruction of a previously
normally formed fetal body part due to externaluahces such as infections, and dysplasias
refer to an abnormal formation of a body structuréissue based on disturbed organogenesis.
Furthermore, inherited hand anomalies are clinfogibuped as polydactylies, ectrodactylies,
brachydactylies and syndactylies.

Polydactylies are distinguished by the appearariceupernumary digits or parts of them,
which may be present as a complete duplicationwhale limb or as a duplication of single
digits (Schwabe and Mundlos 2004). Preaxial poljggavith extra digits located on the side
of the hand of the thumb or postaxial polydactylyane the extra digit is found on the side of
the hand or foot of the fifth digit are common &eld limb malformation traits. As a part of a
syndrome, they may be detected in e.g. Smith-L&pltz syndrome, McKusick-Kaufmann
syndrome, Bardet-Biedl syndrome or Greig cephalpsiydactyly where the polydactyly is
present both pre-and postaxial (Schwabe and Murzd@g). Another example is Pallister-
Hall syndrome with a rare central or postaxial palgtyly.

Ectrodactyly involves the deficiency or absencewé or more central digits of the hand or
foot with the absence of distal segments such akapges (aphalangia), fingers (adactyly) or
the entire limb (acheiria). Ectrodactylies ofterpegr sporadically with only one hand or foot
affected and most of the cases are considered toobeyenetic but due to disruptions in
development. A prominent disease in the group ofrodactylies is split-hand/foot
malformations, which may occur isolated or in conalbion with other features and which is
phenotypically characterized by the deficiency bé tcentral rays with a median cleft.
Another example is Holt-Oram syndrome where a Wéiapectrum of the upper limb defects
with shoulder girdle ranging from thumb hypoplataphocomelia is found (Schwabe and
Mundlos 2004).

Brachydactylies are defined by shortened digits @medclassified on an anatomic and genetic

background into five groups from A to E. Isolate@dhydactylies are often inherited in an
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autosomal dominant manner and are characterizedhigh degree of phenotypic variability.
Brachydactylies can be also associated with a synésr for example Rubinstein-Taybi
syndrome with short thumbs. A hallmark of type Adirydactylies is hypoplasia or aplasia of
the middle phalanges in contrast to type B, whé&talphalanges are missing, and where nail
hypoplasia and distal or proximal symphalangism imaypresent. Type C brachydactylies are
characterized by brachymesophalangy of the sedbind, and fifth fingers, hyperphalangy
and shortening of the first metacarpals. Finallghartened distal phalanx of the thumbs is
observed in type D brachydactylies and type E ydattylies show a variable shortening of

the metacarpals.
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Figure 3: Schematic representation of congenital limb anasa{Schwabe and Mundlos
2004).

The last and most frequent congenital limb malfdromain Europe and North America are
snydactylies, which are characterized by the fusibtine soft tissues of fingers and toes with
or without bone fusion. Syndactylies are due to ek of apoptosis in the interdigital

mesenchyme and may also occur isolated or withrosigeptoms in a syndrome. The
syndromal forms include Poland syndrome with syrolydactyly, Saethre-Chotzen

syndrome, Pfeiffer syndrome, and Fraser syndrommedntion only some of them. Isolated
forms are grouped in categories from one to fiveeding to the degree of affecting different
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interdigital spaces (Schwabe and Mundlos 2004)evere isolated syndactyly is syndactyly

type IV (also known as Hass type syndactyly) wlgetetal fusion of all fingers is observed.

3.3.1 Phenotypes investigated in this study

During this Ph.D study, cohorts of different hunm@ongenital limb patients were collected
and the molecular cause of different defects sughCanani-Lenz syndrome, Werner-
mesomelic syndrome, split-hand/foot malformationsd aBardet-Biedl syndrome were
investigated. All these limb defects are due toanons in different developmental genes,
stages and pathways and therefore resemble ani@weon the complex genetic concept

necessary for proper limb development.

3.3.1.1 Cenani-Lenz syndrome

Cenani-Lenz Syndrome (CLS) was first described9671by Cenani and Lenz (Cenani and
Lenz 1967) in two brothers. CLS is a rare autosomedssive disorder mainly characterized
by total syndactyly of the hand and feet (so calgmbon hands), bilateral radioulnar
synostosis and metacarpal fusion. Additional fesgunclude mild facial dysmorphism such
as a high broad, hypertelorism, a depressed nashjeh a short nose, a short prominent
philtrum and malar hypoplasia (Temtamy et al. 2008)so bilateral renal hypoplasia
(Bacchelli et al. 2001) and oligodontia with flaad “screwdriver-shaped" incisors (Elliott et
al. 2004) have been reported in some patients. lithie abnormalities in CLS closely
resemble those found in the recessive mouse muianit deformity” (Id) which is suffering
from syndactyly, bone fusions, radioulnar and reat®al synostosis and renal malformations
(Bacchelli et al. 2001). The Id mouse phenotypa issult of homozygousormin mutations
and, therefore, Formin and its downstream targeth @s Gremlin were considered to be
good candidate genes for human CLS. However, neragibns in eithetFORMIN or
GREMLINcould be identified in CLS patients (Bacchelliagét2001), so the aetiology of this

rare disorder was unknown at the initiation of fAisD thesis.
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3.3.1.2 Werner mesomelic syndrome

Werner mesomelic syndrome (WMS), also known asaltitiypoplasia-polysyndactyly-
triphalangeal thumb syndrome, was first reportedWgrner in 1912 (Werner et al 1912).
WMS is an autosmal dominant disorder with hypoaplasia of the tibiae resulting in short
stature, preaxial polydactyly of the hands and feed/or five-fingered hands and
triphalangeal thumbs being distinctive features (Vée et al 1912). Triphalangeal thumb is a
common autosomal dominant hand malformation, wit@h occur isolated or as a clinical
feature of different syndromic conditions e.g. HGItam syndrome (Basson et al. 1997),
lacrimo-auriculo-dento-digital syndrome (Rohmann &t 2006) or Nager acrofacial
dysostosis (McDonald and Gorski 1993). At the omdehis Ph.D thesis the molecular basis
for WMS was unknown.

3.3.1.3 Split-hand/foot malformation

Split-hand/split foot malformation (SHFM), also kmo as ectrodactyly, is a congenital limb
malformation involving the central rays of the qudd and characterized by syndactyly,
median cleft of the hands and feet, aplasia anaypoplasia of the phalanges, metacarpals
and metatarsals (Duijf et al. 2003). SHFM can nestiftself as an isolated entity or as a part
of a syndrome and is phenotypically highly variatlamilial SHFM is often inherited in an
autosomal dominant manner with reduced penetradezen et al. 1999), but also autosomal
recessive (Gul and Oktenli 2002) as well as X-lthkerms (Ahmad et al. 1987) are known.
Recently the first autosomal recessive mutatiotheWWNT10Bgene causing SHFM6 was
identified in a large consanguineous family fronrkiey (Ugur and Tolun 2008). Wnt10b is
expressed throughout the mouse limb ectoderm fréhbEo E.15.5 (Witte et al. 2009) and a
well-known regulator of osteoblastogenesis and hoass (Bennett et al. 2005). However,
the molecular pathophysiological mechanismV@NT10Bmutations causing SHFM6 was

unknown at the onset of this Ph.D study.

3.3.1.4 Bardet-Biedl syndrome

Bardet-Biedl syndrome (BBS) is an autosomal regegsinherited cilliopathy with red cone
dystrophy, postaxial polydactyly, obesity, renaktranomalies, learning difficulties or mental

retardation and hypogonadism being distinct featu(Beales et al. 1999). Postaxial
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polydactyly with syndactylies and brachydactylissobserved in about 70% of all cases
whereas other features such as hearing loss caldemmalies are rare (Beales et al. 1999).
In this study, we investigated a consanguineousilyafnrom Pakistan with postaxial
polydactyly and late-onset retinal dysfunction. Rdffected individuals did not display any
renal or genital anomalies, obesity, mental retéwdaor learning difficulties and did thus not

fulfill the proposed clinical diagnostic criteriarfBBS.

3.3.2 Molecular pathogenesis of SHH limb phenotypes

Components of the SHH-PTCH-GLI pathway, which playsajor role in anterior-posterior
patterning of the limb, are known to cause severgenital human limb disorders (Figure 4).
Sporadic and inherited mutations in the hum@RH gene itself are causative for
holoprosencephaly, the most common structural nralition of the human forebrain
characterized by cleft lip, absent olfactory bulibacts and the corpus callosum, hypotelorism

and/or a single cyclopic eye (Roessler et al. 1996)
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Figure 4: Human disorders associated with mutated elemérteSHH signalling pathway
(Villavicencio et al. 2000).
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Mutations in humanGLI3 have been detected in several types of limb nraliion
syndromes. Structural alterations such as transtotsaand deletions but also point mutations
throughout theGLI3 gene cause Greig Cephalopolysyndactyly syndronméchvmanifests
itself by syndactyly, preaxial polydactyly, brodtuimbs and first toes, facial anomalies such
as hypertelorism and frontal bossing (Vortkamp letl891) whereasGLI3 frameshift and
nonsense mutations cause the postaxial polydasyylglactyly Pallister Hall syndrome (Kang
et al. 1997). Recently, also frameshift, nonsemgkraissens&LI3 mutations were shown to
be responsible for human preaxial polydactyly tyfpe autosomal dominant preaxial
polydactyly type IV and postaxial polydactyly tyAéB (Radhakrishna et al. 1997).

Mutations in the zone of polarizing activity regioley sequence (ZRS), a long-range limb-
specific enhancer of SHH, have been identifiedatigmts with preaxial polydactyly type Il
(PPD2) (Lettice et al. 2002; Li et al. 2009), ti@dngeal thumb polysyndactyly (TPTPS)
(Sun et al. 2008; Wu et al. 2009) and syndactypetivV (SD4, Haas type polysyndactyly)
(Sun et al. 2008).

3.3.3 Limb phenotypes due to defective Wnt signglli

Mutations of any element of the Wnt signalling pedly (Table 1) have been shown to cause
a wide spectrum of limb malformations. For instagrmoetations inWNT3have been found in
the rare autosomal recessive disorder tetra-amefiaacterized by the absence of all four
limbs (Niemann et al. 2004) and homozygous nudieothanges iWNT10Blead to the
scarce recessive split-hand/split foot malformat{tlgur and Tolun 2008). Furthermore,
odonto-onycho-dermal-dysplasia which is charaoteriby hyperkeratosis and hyperhidrosis
of the palms and soles, atrophic malar patchespdotia, conical teeth, onychodysplasia,
and dry and sparse hair, is caused by a homozygonsense mutation in exon 3 of the
WNT10Agene (Adaimy et al. 2007).

Also, alterations in Wnt signalling receptors assariated with different diseases. Loss-of-
function and gain-of-function mutations ilRP5 which are associated with the regulation of
bone mass and osteoporosis like in osteoporosiglpgéoma syndrome (Gong et al. 2001),
demonstrate the receptors” significance for propee development.
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Gene Human disease

WNT3 Tetra-amelia

WNT10A | Odonto-onychodmetiympiesa

WNT10B | Split-hand/foot malformation

LRP5 High bone mass, osteoporosis-pseudoglion'a

Table 1: Human limb malformations with mutations in Wnt sajmg components
(MacDonald et al. 2009).

3.3.4 Molecular pathogenesis of split-hand/footforahation (SHFM) phenotypes

SHFM is genetically very heterogenous and six |Ibave been described so far with
autosomal dominant SHFM1 on 7q21-22, the X-linkednf SHFM2 on Xq26, SHFM3 on
10924, SHFM4 on 3928, SHFM5 on chromosome 2g31tlamadutosomal recessive SHFM6
on 12g13.11-13 (Scherer et al. 1994; lanakiev.e2@0; Goodman et al. 2002; Roscioli et al.
2004; Faiyaz-Ul-Haque et al. 2005; Ugur and ToluB0®. SHFM1 is caused by
chromosomal deletions on 7g21-22, which abolish ékpression of the candidate genes
DLX5, DLX6andDSS1in this region. However, no mutations in the codiagion of these
genes have been identified so far in any SHFM1lepgtiindicating a putative long range
enhancer in this region to cause the phenotypeckOveer et al. 1996). SHFM2 is due to
translocations or X-chromosomal rearrangements @26Xwhich share the candidate genes
FGF13 and TONDU (Faiyaz-Ul-Haque et al. 2005). The SHFM3 locus efirced to a
minimal 325-kb region on 10924 containing BBERCgene (Lyle et al. 2006), which is the
human orthologue of Drosophila Slimb, an F-box/WDdpeat protein and a regulator of the
SHH and Wnt signalling pathway (Jiang and StruhB8)9 Also, only chromosomal
rearrangements like duplications could be foundpatients (Kano et al. 2005) but no
mutations in theBTRC gene itself, again suggesting an regulatory elén@ncause the
malformation. Mutations underlying SHFM4 have beetected in th&8P63gene which has
a fundamental role in embryonic development (lagmalet al. 2000). Finally, the critical
SHFEMS5 interval includes the candidate geri@sX1 and DLX2, two important genes
expressed in the AER, but also here only deletion2q24-g31 could be identified in patients
(Faiyaz-Ul-Haque et al. 2005).
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3.3.5 Molecular pathogenesis of Bardet-Bied| (BBg@)drome

Bardet-Biedl syndrome (BBS) is a genetically hegereeous, pleiotropic ciliopathy disorder
with recessive inheritance pattern but also tiiglland oligogenic inheritance are known
(Katsanis et al. 2001). The incidence of BBS hanlmescribed with 1 in 150,000 to 175,000
individuals in European populations but populatiovith a high level of consanguinity or
from geographically isolated regions show a mugnéi frequency of BBS (Farag and Teebi
1988). The 14 BBS genes (BBS1-BBS14 nani&B51, BBS2, ARL6, BBS4, BBS5, MKKS,
BBS7, TTCS8, BBS9, BBS10, TRIM32, BBS12, MKS1, A R#tified to date account for
over 75% of affected families (Zaghloul and Katsa2®09), withBBS1andBBS10showing
the highest frequency in families with Europeancdes (Chiang et al. 2006; Stoetzel et al.
2007). Most of the known BBS genes are ciliary @reg with important functions in
development and homeostasis of different tissuesgFt al. 2005) and play a major role in
signal transduction including fundamental biologjgathways such as Wnt or SHH signalling
(Marshall and Nonaka 2006; Saxena et al. 2007).refoee, it is assumed that ciliary
dysfunction and disturbance of the intraflagellensport is the main pathophysiological

mechanism leading to BBS (Katsanis et al. 2001).

4. Aims and major findings of this Ph.D thesis

4.1 Aims

The aim of the present Ph.D thesis was to idemtdyel key factors and new molecular
mechanisms involved in physiological and pathopblggiical processes during limb
development. In order to identify novel genes anb$ of mutations, we wanted to focus on
different human inherited limb malformations, sueh Cenani-Lenz syndrome and Werner
mesomelic syndrome, and used a combination of genmitle linkage analysis,
homozygosity mapping, positional cloning, and cdatk gene approach to identify the
disease causing genes. Furthermore, the inten@sntavinvestigate the encoded proteins and
mutations of identified genes by in vitro studies dain an insight into the molecular

pathogenesis of these limb malformations and plhygyoof limb development.
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4.2 Major findings

(1) Mapping of the first locus for Cenani-Lenz syndro(@4.S) to chromosome 11p11.2 and
identification of mutations inLRP4 causing Cenani-Lenz syndronflel et al., Am J Hum
Genet (2010); 86(5):696-706)

(2) Screening of additional CLS patients and famikesl thus broadening the mutational
spectrum of CLS mutatior(i et al., Am J Hum Genet (2010); 86(5):696-706)

(3) Functional analysis of mutant LRP4 p.D137N, p.C4,6®.D449N, p.D473N and
p.D529N proteins. a) Dual-Luciferase Reporter Assdgmonstrated that mutant proteins
abolish the antagonistic LRP4 effect on LRP6-mediatctivation of Wnt/[3-catenin
signalling. b) Cell surface biotinylation display¢dat mutant LRP4 receptors fail to be
efficiently transported to the plasma membrdhe et al., Am J Hum Genet (2010);
86(5):696-706)

(4) Identification of point mutations within the soniedgehog(SHH) regulatory region
(ZRS) causing Werner mesomelic syndrorfWieczorek et al.,, Hum Mutat. (2010);
31(1):81-9)

(5) Establishment of quantitative gene copy analyst idantification of duplications of the
ZRS being responsible for polysyndactyly type IV ada and triphalangeal
thumbpolysyndactyly (TPTP$Wieczorek et al., Hum Mutat. (2010); 31(1):81-9)

(6) Functional analysis of th&/nt10bp.R332W mutation causing autosomal recessive- split
hand/foot malformation. Using Dual-Luciferase-RépoiAssays we show that p.R332W
causes a loss of function of Lrp6 mediated Wntaligrg (Pawlik et al., submitted).

(7) Detectionof the first direct cross-talk between Wnt and Bgjnalling pathways by
indicating that Fgf8 is a novel potential Wnt sitling antagonis{Pawlik et al., submitted)

(8) Mapping the Tentamy preaxial brachydactyly syndrofi@BS) locus to 15926 and
identification of mutations IlCHSY 1lcausing TPBSLi et al., in Press, Am J Hum Genet
(2010)).

(9) Identification of a novel nonsend#BS12 mutation (p.S701X) in a Pakistani family
diagnosed with postaxial polydactyly and late-ortbgdtrophy which causes a mild Bardet-
Biedle syndrome (BBS) phenotypeawlik et al., Mol Syndromol (2010); 1:27-34)
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5. Main publications on human limb malformationshaown contributions

5.1 Pawlik B, Mir A, Igbal H, Li Y, Nurnberg G, Becker C, Qamar R, Nurnberg P,
Wollnik B. A Novel Familial BBS12 Mutation Associaed with a Mild Phenotype:
Implications for Clinical and Molecular Diagnostic Strategies. Mol Syndromol (2010);
1:27-34.

Abstract of the publication:

Bardet-Biedl syndrome (BBS) is an autosomal regessisorder characterized by progressive
retinal degeneration (rod-cone dystrophy), obegitstaxial polydactyly, renal tract, genital

anomalies, and learning difficulties or mental réédion. The phenotype of BBS is highly

variable, and it has been suggested that the alidiagnosis is established if at least four of
the main manifestations are present in a patient.this study, we investigated a

consanguineous family from Pakistan with postaxpalydactyly and late-onset retinal

dysfunction who did not fulfill all clinical diagrstic criteria for BBS.

In order to identify the disease causing gene wst ionducted the Affymetrix GeneChip
Human Mapping 10K Array (CCG, University of Cologrend mapped the family to the
BBS12ocus on chromosome 4g27 to a critical region g62IMb between SNPs rs1390560
and rs1343812. The critical region on 4927 was gateand contained approximately 80
known and predicted genes. In total, we testedgblhirelevant candidate genes of this
region:FGF2, BBS7 BBS12NUDT6 SPATAS andSPRY 1Finally sequencing of the coding
exon 2 ofBBS12in affected individuals identified a novel homozygac.2103C >A mutation,
which is predicted to insert a stop codon at posiffO1l of the BBS12 protein (p.S701X).
This nonsense mutation is located at the very @iteal end of the protein and the truncation
leads to a loss of 10 amino acids. Co-segregafidineop.S701X mutation with the disease in
the family could be confirmed. In addition, the miigdn was not found in 147 healthy
controls from Pakistan.

Thus we provide evidence for a very mild, familBBS12 phenotype. Clinical diagnosis
would have been missed when applying the suggesaeghostic criteria for BBS. Therefore,
we propose the use of less strict diagnostic aiter familial BBS cases that might also
influence the molecular testing strategies of BBS.
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Own contributions:

Initially, the index patient of the MR-10 family wasubjected to a genome-wide scan using
the Affymetrix GeneChip® Human Mapping 10K arraydG, University of Cologne, group
of Prof. Dr. P. NUrnberg). At first, | evaluateddaimterpreted the Affymetrix GeneChip data
(Figure 1c, p.30). Genome Scan pointed out thaMRel0 family map to three possible loci
on chromosome 4q27-4931.22, 4925.1-4935.2 and 11¢23)23.3, respectively (Figure 1c,
p.30).

In order to identify the disease causing locusyst fperformed fine mapping analysis using
microsatellite markers and thereby excluded loog®541-4g35.2 and 11g23.1-11g23.3 and
mapped the MR10 family to a critical region on 4¢RjB81.22 (Figure 1a, p.29). The critical
region was gene rich and contained approximatelirgvn and predicted genes (Figure 2a,
p.32).

In total, | tested 6 highly relevant candidate gefog mutations in the index patieiGF2,
BBS7, BBS12, NUDT6, SPATARd SPRY. | identified a novel homozygous ¢.2103C>A
mutation in all affected family members which prods a stop codon at position 701 in the
BBS12 protein (p.S701X) by sequencing the codimgneX ofBBS12(Figure 2b, p.32).

| next confirmed co-segregation of the p.S701X momain the MR-10 family and finally
established a PCR/enzyme digestion method usingd tp@st 147 healthy Pakistani control
individuals (data not shown).

In the end, | arranged all figures for the publimatand wrote the manuscript, which was

published in Molecular Syndromology.
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Key Words Bardet-Biedl syndrome (BBS, MIM 209900) is an au-
Bardet-Biedl syndrome BBS12 Diagnostic criteria Mild tosomal recessive disorder characterized by a wide spec-
phenotype Novel mutation trum of clinical features, of which the most common ones

are progressive retinal degeneration (rod-cone dystro-
phy), obesity, postaxial polydactyly, renal tract and geni-
Abstract tal anomalies, and learning difficulties or mental retar-
Bardet-Biedl syndrome (BBS) is an autosomal recessively ghation [Beales et al., 1999]. The phenotype of BBS is high-
herited ciliopathy mainly characterized by rod-cone dystro-ly variable, and it has been suggested that the clinical
phy, postaxial polydactyly, obesity, renal tract anomaliesdiagnosis is established if at least four of the main mani-
and hypogonadism. To date, 1BBSgenes,BBSlto BBS14 festations are present in a patient. Clinical evaluation
have been identified, accounting for over 75% of mutationsduring early infancy remains difficult as not all of the
in BBS families. In this study, we present a consanguineoumain manifestations are congenital but may occur later
family from Pakistan with postaxial polydactyly and late-on-during childhood. Congenital postaxial polydactyly in-
set retinal dysfunction. Adulaffected individuals did not cluding syndactyly and/or brachydactyly is present in ap-
show any renal or genital anomalies, obesity, mental retarproximately 70% of cases and may not affect all limbs.
dation or learning difficulties and did thus not fulfill the pro- Developmental anomalies of the renal tract are also com-
posed clinical diagnostic critéa for BBS. We mapped the dis-mon and can lead to chronic renal failure [Harnett et al.,
ease in this family to th&BS1docus on chromosome 427 1988]. Further congenital symptoms, which can be diag-
and identified the novel homozygous p.S701X nonsensenosed in early infancy, are genital anomalies such as vag-
mutation in BBS12n all three affected individuals of this fam- inal atresia and hypoplasia of the uterus and hypogonad-
ily. We conclude thaBBS12mutations might cause a very ism in males. The appearance of a rod-cone dystrophy,
mild phenotype, which is clinically not diagnosed by the cur-which is also described as atypical retinitis pigmentosa
rent diagnostic criteria for BBS. Consequently, we suggest
the use of less strict diagnostic criteria in familial BBS families
with mild phenotypic expression. B.P. and A.M. contributed equally to this work.
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with early macular involvement, is characteristic in BBSia structures arising from the basal body and playing
patients and present in over 90% of patients [Green etah,important role in development and homeostasis of
1989]. Typically, night blindness is one of the first symparious tissues, e.g. as mechanosensors in kidney epithe-
toms at the end of the first decade and the progresdiven and in the organization of photoreceptor cells of the
retinal degeneration often causes total blindness in ttetina [Ross et al., 2005; Badano et al., 2006a]. Cilia are
course of the second decade of life. Although mental neicrotubule-based eukaryotic organelles that project
tardation is not very common in BBS patients, learnirigom the surface of human cells. Beside performing a
difficulties are present in over half of the patients. Trumvide variety of functions, they play a major role in extra-
cal and rhizomelic obesity develops in the majority oéllular signal transduction including important biologi-
BBS patients before the end of puberty. Developmental pathways such as wnt and hedgehog signalling [Mar-
delay might be present and poor motor coordination ghall and Nonaka, 2006; Saxena et al., 2007]. It is sug-
described in a subset of patients. Other features suclyested that ciliary dysfunction and disturbance of the
hearing loss, dental anomalies, congenital heart defestgaflagellar transport represent the main pathophysi-
diabetes mellitus, and hepatic fibrosis are rare [Greerpkigical mechanism leading to BBS [Katsanis et al.,
al., 1989; Beales et al., 1999]. 2001Db]. For this reason, BBS is regarded as a ciliopathy.
The incidence of BBS has been estimated at 1in 150,008ere we report a novdBS12mutation, p.S701X,
to 175,000 individuals in European populations. Howeund in three affected individuals of a consanguineous
ever, populations with a high level of consanguinity éamily from Pakistan clinically diagnosed with postaxial
from geographically isolated regions like Newfoundlanmblydactyly and late-onset retinal dysfunction. Adult af-
show a much higher frequency [Farag and Teebi, 19&&ted individuals did not show any renal and genital
1989]. BBS is a genetically heterogeneous disorder andmpmalies, obesity, learning difficulties or any other
to date 14 genes have been identifBBS1to BBS14 symptoms, thus indicating that mutations BBS12can
namelyBBS1, BBS2, ARL6, BBS4, BBS5, MKKS, B&#iige a very mild phenotype which is clinically not diag-
TTCS8, BBS9, BBS10, TRIM32, BBS12, MKS1, OQEP28€ed by the current diagnostic criteria for BBS.
using traditional genome-wide mapping and positional
cloning strategies in large consanguineous families or ...
more recently ... computational comparative genomic exX-\paterial and Methods
pression methods [Katsanis et al., 2000; Mykytyn et al.,
2001, 2002; Badano et al., 2003; Chiang et al., 2004; FafR-10 family: Index patient was referred to the hospital due
etal., 2004; Li et al., 2004; Nishimura et al., 2005; Chitrglateral polydactyly and mild vision impairment. All affected
etal., 2006: Stoetzel et al., 2006: Leitch et al., 2003}_ family members were clinically examined including general

L - . sical examination, ophthalmological examination, X-rays of
the majority of BBS patients do show a classical aUtO% nds and feet, and abdominal ultrasound. The study was first

mal reC?SSive inheritance pattern, triallelic ar‘d OIiQOQGéb_‘proved by local institutional review boards of COMSATS Insti-
ic inheritance was suggested in some families [Katsauts, Islamabad, Pakistan (CIIT Biosciences Review/Ethics Com-
et al., 2001a]. Since then it has been suggested that gani¢ee; A.S. 24112008), and followed the Declaration of Helsinki

ic modifiers exist responsible for the clinical variabilit&mtocé"s- Afterwards, blood ngp'es were ta‘lke” dafte.r written di”' |
of phenotypic expression in BBS patients. ormed consent was given and DNA was isolated using standar

. g procedures.
Mutations inBBSL1...BEtcount for over 75% of affected

families [Zaghloul and Katsanis, 2009]. In families of Eu- |inkage Analysis

ropean descent,mutations in BBSland BBS10show Genomic DNA of the index patient of the MR-10 family (1V-3)
the highest frequency accounting for approximately 208% well as DNAs of siblings and parents (fig. 1, individuals I-1, 1-2,
of BBS mutations each [Chiang et al., 2006; Stoetzel el'd4,!-2. 1I-3, 11-4, 111-2, 11I-3, IV-1, IV-3, IV-4, IV-5, 1V-6, I\/8)

. . ... _\Were subjected to a genome-wide mapping using the Affymetrix
2006]. TheBBS12gene is the most recently IClentIer(geneChip Human Mapping 10K Array (Affymetrix, Santa Clara,

gene and the encoded protein belongs to a novel brargd). This 10K array comprises a total of 10,204 single-nucleotide
of type 2 chaperonin superfamily, which includes algolymorphisms (SNPs) with a mean intermarker distance of 258
BBS6GandBBS1(Stoetzel et al., 2007]. In general, most k. equivalent to 0.36 cM. Sample processing and labelling were

he knownBB n re hiahl nserved in cili _erforme(_j in acc_ordance with the manufactureres instructions
the kno Sgenes are highly conserved in ciliated O?Affymetrlx Mapping 10K 2.0 Assay Manual). Genotypes were

g_a_nlsms, such &Iamydomopas_and are absentin nor_1’provided by the GeneChip DNA Analysis Software (v.4.1, Af-
ciliated ones _SUCh asabidopsigLi et_al., 2004]. Ther(f) ISfymetrix). Non-parametric linkage analysis using all genotypes
molecular evidence that BBS proteins are part of primaifya chromosome simultaneously was carried out with MERLIN.
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Fig. 1. MR-10 family maps to tH8BS12ocus on chromosome 4g27Pedigree of the MR-10 family and hap-
lotypes of the 4927 region. The disease-associated haplotype is showi iX-ragls of affected individuals
showing the postaxial polydactyly of hands and feet.
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Fig. 1. Continued MR-10 family maps to tB8S12ocus on chromosome 4g27Schematic view of genome-
wide LOD score calculations. The arrows indicate regions of maximum LOD star@s.

Parametric linkage analysis was performed by the program Aiesystems). Co-segregation of the mutation in the faméiy w

LEGRO assuming autosomal recessive inheritance. For fine mapestigated by direct sequencing of all available fan@iylners

ping analysis, available MR-10 family members were genotyped by a PCR/enzyme digestion method ushpgl (data not

for the following markers: D4S2975, D4S2277, D4S429, D4S38B8wn). In addition, the mutation was tested in 147 Pakistani con-

D4S1527, D4S2920, D4S3047, D4S2921, D4S426, D11&48Mhdividuals by PCR/enzyme digestion method.

D11S4122, D11S1885. Genomic localization and microsatellite se-

guences were obtained from the UCSC Genome Browser (http:/

genome.ucsc.edu/, build hgl8, March 2006) and the ENSEMBL

database (http:/www.ensembl.org). Polymerase chain reaction Results

(PCR) for fluorescent markers was performed on a DNA Engine

Dyad Thermal Cycler (Bio-Rad, Germany) under standard PCR Clinical Evaluation of the Family

conditions, run on an ABI 3730 DNA Analyzer (Applied Biosys- The three affected individuals of family MR-10 from

;err;rf]’ (ggfr{nggz)e’tiigdlfg uated with the GeneMarker 1.51 PPakistan (fig. 1a) were born to consanguineous parents

(first-degree cousins). Congenital postaxial polydactyly

Mutation Analysis of hands and feet were observed in various expressions

~ Thefollowing genes of the critical region were tested for mudiig. 1b). In addition, progressive night blindness started

tions in the index patient of family MR-18GF2 BBS7BBS12 phatyween 13...15 years of age in all the patients. Individuals

NUDT®6, SPATAS andSPRY Primer sequences and PCR proto-
cols are available upon request. The 2,144 bp of the codingl\e./éz’ V-3, and 1V-9 are now 30, 27, and 19 years old, re-

quence of exon 2 of tBBS12yene (123,873,307...123,885,548 Mpectively, and all of them have developed severe night
UCSC Human Genome Browser, hg 18 assembly) was sequetdiginess, while vision is only mildly impaired in day-
in the index patients (IV-2, IV-3, 1V-9). 20 ng of genomic DNAime. Ophthalmological examination was performed and

from patients was used to amplify the 4 amplicons of exon 2 by @ atypical retinitis pigmentosa (RP, rod-cone dystro-

touchdown PCR protocol on a DNA Engine Dyad Thermal Cyclerh ), myopia and astigmatism were diagnosed. Patients
(Bio-Rad, Germany). PCR fragments were purified and direc{:Pyy » Myop g g :

sequenced from both sides using the ABI BigDye Terminator vilfstory neither ShOW_ed deVelOpmenta_| dglay in Ch“dhC_)Od
Cycle Sequencing Kit and the ABI 3730 DNA Analyzer (Appligtbr mental retardation or learning difficulties. Obesity
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Table 1. Clinical findings in three affected individuals of familjng the 10K array. Genome-wide LOD score calculations
MR-10 listed according to the clinical criteria for the diagnosis pgiglted in maximum LOD scores of 1.83 at three differ-
BBS [Beales et al., 1999] . .

ent chromosomal regions located on chromosome 4q27...
4931.22,4935.1...4935.2, and 11g23.1...11923.3, respective

V-2 V-3 V-9 - _ - : :

ly (fig. 1c). Genotyping of additional microsatellite mark-
Major criteria ers of these regions clearly excluded the two loci on
Rod-cone dystrophy + (14 years) + (15 yearS) + (13 year)35.1...435.2 and 11g23.1...11923.3 (data not shown). For
Postaxial polydactyly — + * locus 4027...4931.22, marker analysis confirmed homo-
Truncal obesity it d th itical defined by SNP
Hypogonadism zygosity an e critical region was defined by S
Renal anomalies rs1390560 (located at 122.07 Mb) and rs1343812 (143.70
Minor criteria Mb) (fig. 2a). - S . .
Speech disorder/delay _ The_21.63-Mb critical region is gene rich and contains
Development delay approximately 80 known and predicted genes. In total,
Behaviour normal normal normal we tested 6 highly relevant candidate genes of this region:
Ataxia/imbalance FGF2 BBS7BBS12NUDT6, SPATAS andSPRY1 Se-

Diabetes mellitus
Congenital heart defects
Liver disease

guencing of the coding exon 2BBS124n affected indi-
viduals identified a novel homozygous c.2108Cnuta-

Hearing loss tion (fig. 2b), which is predicted to insert a stop codon at
Facial features position 701 of the BBS12 protein (p.S701X). This non-
Situs inversus sense mutation is located at the very C-terminal end of
Eg@ﬁ?ﬁ};%?%fpgiﬁease the protein and the truncation leads to a loss of 10 amino
Hypodontia + . + a<_:|ds (flg._ 20). C_o-segrega}tlon of the p.S7_OlX mutation
Anosmia with the disease in the family could be confirmed. All af-

fected individuals were homozygous for the p.S701X mu-
tation and parents were heterozygous carriers. In addi-
tion, the mutation was not found in 147 healthy controls
from Pakistan.

was not present in all three affected individuals either. No We compared the localisation of this nd&BIS12nu-
organ anomaly was found in ultrasound; especially tation with mutations described in the original gene iden-
renal tract abnormalities were seen. Furthermore, physfication study [Stoetzel et al., 2007]. The p.S701X muta-
cal examination showed hypodontia but did not shotion is located close to the C-terminus in the equatorial
any genital anomalies or additional symptoms. Genexddmain of the BBS12 protein (fig. 2b, ¢). Of the 17 patho-
neurological testing was normal. No signs for hypoggenic mutations described so far, which include missense,
nadism was present and individual 1V-2 was fertile amnsense, and frameshift mutations, the p.S701X is the
had 4 children. A summary of clinical findings is listeshost C-terminal one.

in table 1. The initial diagnosis of an autosomal reces-

sively inherited disorder characterized by postaxial poly-

dactyly and atypical RP was given. It is of interest to noteDiscussion

that a second, independent autosomal recessive disorder,

namely non-syndromic mental retardation (MR), was Itis well known that a large clinical variability of phe-
present in the family, but none of the BBS patients wastypic expression exists in Bardet-Biedl syndrome, both
affected by MR (individuals IV-1, IV-5, IV-6, IV-8 hadbetween and within families. In addition, clinical diag-
MR). The molecular basis of the independent MR phenesis is hampered by the fact that not all symptoms are

type will be analyzed in an upcoming study. congenital but may develop later during childhood or
within the second decade of life. Therefore, especially in

Linkage to thBBS12 ocus on 4927 and early infancy clinical diagnosis is often difficult. Diag-
Identification of a NovéBS12Viutation nostic criteria for the clinical diagnosis of BBS have been

In order to map the recessive disorder characterizedggested [Beales et al., 1999] that were modified by To-
by postaxial polydactyly and rod-cone dystrophy in thH@n and Beales in 2007 using a sub-classification of symp-
MR-10 family, we performed homozygosity mapping utssms in primary and secondary features [Tobin and

A Mild Familial BBS12 Phenotype Mol Syndromol 2010;1:27...34 31
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Fig. 2. Identification of the novel p.S701X mutatiorBBS12a Ideogram of chromosome 4 and localisation of
the linked region on 4g27. SNPs defining the critical region, analyseénsaakd tested candidate genes are
listed within the critical region. Illlustration of the genomic orgatmiseand transcript composition dBS12

The position of the ¢.2103@ mutation is indicatedb Sequence chromatograms of c.21D&Cnutation in

the index patient (IV-3), heterozygous carrier (l1l-2), and a healthy control. Amiitb@a) alignment of the

truncated C-terminal end of BBS12 proteins from different spec{@gerview of BBS12 protein structure and
location of previously identified mutations.

Beales, 2007]. Primary features are rod-cone dystrodigen missed in all three adult affected individuals in our
postaxial polydactyly, obesity, hypogonadism, and rerfaimily, because only 2 primary (polydactyly and rod-
anomalies, whereas secondary features include spemmie dystrophy) and 1 secondary criterium (hypodontia)
disorder/delay, development delay, diabetes mellit@se present. It is interesting to point out that this very
congenital heart disease, liver disease, situs inversusraild form of BBS was present in all three affected indi-
facial dysmorphism. It was suggested that the clinical diduals, suggesting a generally mild phenotypic expres-
agnosis of BBS can be made in a patient if four primasign of the disease in this particular family. Therefore,
features or three primary plus two secondary features atdct diagnostic criteria in BBS might lead to false-nega-
present. Using this classification, diagnosis would haiwee classification. For this reason, we propose that mo-
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lecular genetic testing for BBS might be considered in 1897; Bruford et al., 1997]. Polygenic inheritance or ge-
milial forms even if the diagnostic criteria are not fuletic modifiers might be an explanation for phenotypic
filled. However, the phenotype observed in the threariability in BBS. Moreover, epistatic interactions might
affected individuals of our family clearly representgay an important role in phenotypic variability [Badano
symptoms known to be caused by dysfunction of ciliand Katsanis, 2002]. In this context, it was demonstrated
Many human genetic disorders have been descriktbat certain synergistic effects can modify the penetrance
which are collectively called the ciliopathies, and sympr-expressivity of phenotype. Badano et al. reported some
toms associated with ciliary dysfunction include alter&ind of evidence for a novel gene caM&EC1203 which
tions of left-right body axis, polydactyly, kidney, liver anassists epistatically BBSImutations and also enhances
pancreas anomalies, retinal degeneration and anosniliee phenotype in a zebrafish model [Badano et al.,
neural tube defects as well as cognitive defects. 20060Dh].

Using homozygosity mapping, we linked the diseaseNo obvious phenotypic difference BBS12patients
in our family to theBBS12ocus on chromosome 4g27compared to otheBBSpatients was reported in the orig-
and identified the novel nonsense mutation p.S701Xiimal study, although no detailed information about the
BBS12 There is convincing evidence for a causative rdinical presentation of the families was given [Stoetzel et
ture of this mutation: (i) genome-wide mapping idential., 2007]. Nevertheless, our study showed that mutations
fied only one homozygous locus in this consanguineomsBBS12can cause a very mild phenotype that is clini-
family, which could be confirmed by subsequent markeally not diagnosed by the proposed diagnostic criteria.
analysis; (i) the mutation co-segregated with the di®nly mild phenotypic effects &BS1ZXuppression were
ease in the family and was absent in 147 healthy aisb reported in a zebrafish model [Stoetzel et al., 2007].
ethnically matched control chromosomes; (iii) the norln the future, it will be interesting and necessary to fur-
sense mutation is predicted to have a clear effect on timer delineate the phenotypic expression in oBRE512
BBS1%rotein, truncating ... even though ... 10 aminofaenilies.
ids from the conserved C-terminal end of the equatorial In conclusion, we provide evidence for a very mild, fa-
domain of the protein. It is estimated tHBBS12muta- milial BBS12 phenotype. Clinical diagnosis would have
tions account for up to 5% of families with BBS [Stoetdalen missed when applying the suggested diagnostic cri-
et al., 2007]One frameshift mutation has yet been deteria for BBS. For this reason, we propose the use of less
scribed to alter the equatorial domainBBS12namely strict diagnostic criteria in familial BBS cases that might
p.G594fsX605 (fig. 2c¢). also influence the molecular testing strategies of BBS.

Although clear genotype-phenotype correlations
could not yet be established in BBS, mutationBB&3
seem to cause more often polydactyly of all four limbs, Acknowledgements
while patients withBBS4 mutations more frequently , ] S
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Abstract of the publication:

The autosomal recessive Cenani-Lenz syndrome (GESa rare congenital disorder
characterized by fusion and disorganization of cef@al and phalangeal bones, radius and
ulnar shortening, radioulnar synostosis, and sesgneactyly of hands and feet. To identify
the genetic cause of CLS, we initially genotypedGLS families with different origin using
the Affymetrix GeneChip Human Mapping 10K Array (GCUniversity of Cologne) and
mapped the CLS1 locus to chromosome 11p11.2 ta7aMB critical region between SNPs
rs1346671 and rs490192. The gene encoding the émsHy lipoprotein receptor 4.RP4)
was considered as an excellent positional and ifumedt candidate gene because Lrp4
knockout mouse displays polysyndactyly of the farel hind limbs, craniofacial and tooth

abnormalities.

We sequenced the coding region of all 39 exonk@fRP4gene and identified homozygous
mutations in affected individuals in each of the faeimilies. We found one donor splice-site
mutation, ¢.547p1G>A (intron 6, CL-1), and five sease mutations: c.479G>A (p.C160Y,
exon 5, CL-2), c.409G>A (p.D137N, exon 4, CL-31417C>T (p.L473F, exon 12, CL-4),
€.1585G>A (p.D529N, exon 13, CL-5), ¢.1345G>A (p4DAl, exon 12, CL-6). All missense
mutations are located in the extracellular domdib.®P4 within highly conserved regions.
Furthermore we continued the molecular analysiERIP4in eight additional CLS families
and detected that the p.D529N mutation as wellhesptD137N are Turkish and Egypt
founder mutations. Additional we found two furthemissense mutations: ¢.1382A>C
(p.-T461P, exon 11) and ¢.3049T>C (p.C1017R, exgn\&2 further identified compound-
heterozygous splice-site mutations (c.200-9G>A am9566G>C) which caused aberrant
spliced LRP4 transcripts (r.199 200insGATTCAG and9%2 4987del) in a typically

affected fetus with CLS. Finally we confirmed thilaé mutations, which co-segregated with
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the disease, were present neither in unaffectedlyfamembers nor in ethnically matched

control individuals.

To investigate the molecular pathophysiological n@eism of LRP4 mutations leading to
CLS we analyzed the effect of five missense mutatigp.D137N, p.C160Y, p.L473F,
p.D449N, and p.D529N) on the transduction and atibm of canonical Wnt signalling by
using a Dual-Luciferase Reporter Assay in trangramnansfected HEK293T cells. We could
show that WNT1 was able to significantly activaRR6-mediated [3-catenin signalling and
that additional co-expression of wt LRP4 potenthfagonized this activation while the co-
expression of each of the five missense mutatitodished the antagonistic LRP4 effect on
LRP6-mediated activation of Wnt/3-catenin signglliMoreover, we could demonstrate by
cell-surface biotinylation that mutant LRP4 receptfailed to be efficiently transported to the

plasma membrane.

Own contributions:

Genome wide mapping analysis in five CLS familieswarried out by the group of Prof. Dr.
P. Ndrnberg (CCG, University of Cologne). A comldrgarametric LOD score of 7.46 was
obtained on chromosome 11p11.2 — q13.1 (Figurep1?), Fine mapping analysis of the
initial five CLS families was performed by Dr. Y (Figure 1c, p. 3).

In order to functionally characterize the LRP4 ntiotas found in our CLS patients, | first
generated five different mouse mutant LRP4 con&r(€160Y, D137N, L473F, D529N and
D449N) by site directed mutagenesis @cDNA3.1/V5-His-TOPOexpression vector.
Mutations corresponded to five homozygous missemstions identified by Dr. Yun Li in
patients with CLS (Figure 2a, p.6).

For transient expression studies, | transfected 2EH cells using Lipofectamine 2000.
Then | conducted expression analysis of the mytaniieins by Western Blot analysis and
showed that all mutant LRP4 proteins are transdrdved expressed (Figure 5a, p.9).

Next, | established a Dual-Luciferase Reporter #ssa order to determine the
pathophysiological mechanism of the mutants. Comsisvith earlier findings, co-expression
of LRP6 and WNT1 significantly activated LRP6-medddh [3-catenin signalling and
additional co-expression of LRP4 antagonized tloigvation. In contrast, co-expression of
each of the five LRP4 missense mutations abolisheadbserved antagonistic LRP4 effect on

LRP6-mediated activation of Wnt/3-catenin signgllifFigure 5a, p.9)Therefore, | could
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demonstrate that homozygous LRP4 mutations cailess af protein function and that this is
the underlying pathophysiology of CLS (Figure Bag, p.9).

Moreover, | established and performed a BiotinglatiAssay of wt and mutant LRP4

proteins. | could show by Western Blot analysist thautant LRP4 proteins were not

detectable in the plasma membrane (Figure 5b, m®rder to confirm a mis-localisation of

the LRP4 mutants | also performed immnuofloureseenth specific antibodies (data not

shown).

Furthermore, | sequenced thdé&kP4 gene for additional CLS patients and identifie@ th

p.E97X, the p.T416P and the p.C1017R mutationsifferdnt patients of diverse origins

(Figure 2a, p.6, p.E97X not published yet). In &ddil re-sequenced the identified mutations
in independent experiments, tested them for coegggion within the families, and screened
at least 100 healthy control individuals.

Finally, 1 accomplished fine mapping analysis usimicrosatellite markers for different

families diagnosed with CLS and detected the foumagtations, p.D529N and p.D137N, in

Turkish and Egypt CLS patients, respectively (Feg8a, b, c,d, p.7).

At last, | constructed the figures concerning tinectional data for the publication (Figure 5a,
b, c, p. 9), prepared Table 1 in discussion withidbns (p.4-5) and critically read the paper
before its submission to the American Journal ofmda Genetics.

Unpublished data:

| also analysed and interpreted Next Generatiou&wsrng (NGS) data from targeted regions
of a consanguineous CLS patient from Saudi-Aralha Wwad no mutation in tHeRP4 gene
and who was linked by the GeneChip® Human Mappidl§ NP Array (CCG, University

of Cologne) to three putative loci on chromosomed 253-5013.3, 5g21.2-5¢922.2 and
11.p15.3-11p15.1. The complete critical regionsenmgubject to NGS. In the beginning, a
priority list of possible disease causing altenagiin different genes on each chromosome had
been developed. Then | started to confirm the N&& by sequencing several alterations in
distinct candidate genes in these regions. So degeming the patient for alterations in
FCHO2, EPB41C4A, ABCA13, RAD17, FER, NUCB2, GRBREX, SOX6and TRIM26

found by NGS has not revealed the causative mutatithis family.
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LRP4 Mutations Alter Wnt/b-Catenin Signaling
and Cause Limb and Kidney Malformations

in Cenani-Lenz Syndrome

Yun Li, 1.2.18 Barbara Pawlik,1.2.18 Nursel Elcioglu, 3.18 Mona Aglan, 4 Hililya Kayserili,> Gdkhan Yigit, 1.2
Ferda Percin® Frances Goodman,” Gudrun Nu'rnberg,1.8.9 Asim Cenani, 10 Jill Urquhart, 11

Boi-Dinh Chung, 2.9 Samira Ismail,4 Khalda Amr, 4 Ayca D. Aslanger,5> Christian Becker, 8°

Christian Netzer, 1.2.9 Pete Scamblerl2 Wafaa Eyaid,13 Hanan Hamamy, 14 Jill Clayton-Smith, 11

Raoul Hennekam, 7.15 Peter Nurnberg,1.8.9.16 Joachim Herz,17 Samia A. Temtamy,4

and Bernd Wollnik 1.2,16*

Cenani-Lenz syndrome (CLS) is an autosomal-recessive congenital disorder affecting distal limb development. It is characterized mainly
by syndactyly and/or oligodactyly and is now shown to be commonly associated with kidney anomalies. We used a homozygosity-
mapping approach to map the CLS1 locus to chromosome 11p11.2-g13.1. By sequencing candidate genes, we identi“ed recessive
LRP4 mutations in 12 families with CLS. LRP4 belongs to the low-density lipoprotein (LDL) receptor-related proteins (LRPs), which
are essential for various developmental processes. LRP4 is known to antagonize LRP6-mediated activation of canonical Wnt signaling,
a function that is lost by the identi“ed mutations. Our “ndings increase the spectrum of congenital anomalies associated with abnormal

lipoprotein receptor-dependent signaling.
Introduction

Spatial and temporal activation of canonical Wnt/  b-cate-
nin signaling is an essential developmental process during
organogenesis and tissue regeneration. * Wnt ligands bind
to their speci‘c coreceptors, such as frizzled and low-
density lipoprotein-related proteins 5 and 6 (LRP5 [MIM
603506], LRP6 [MIM 603507]), leading to a stabilization
of b-catenin and transcriptional activation. 2 Alteration
of the LRP5/6 signaling pathway has been described in
cancer development and human diseases. ** LRP4 (MIM
604270) is another member of the low-density lipoprotein
receptor family, but has an antagonistic effect on LRP5/6
signaling. Recent results of GWAS in bone mineral density
and the “nding that Lrp4 serves as a receptor for sclerostin
regulating bone metabolism in mice  © highlight the impor-
tance of LRP4 in the regulation of bone mineral density
and the development of osteoporosis. In mice, Lrp4
dysfunction also causes syndactyly. ’

The genetic identi“cation of factors regulating limb
formation provided important insights into the role of
major signaling pathways, such as sonic-hedgehog (SHH)
and “broblast growth factor (FGF), during limb develop-
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ment. 8° Cenani-Lenz syndrome (CLS [MIM 212780]) is an
autosomal-recessive congenital anomaly affecting mainly
distal limb development. CLS is characterized by fusion
and disorganization of metacarpal and phalangeal bones,
radius and ulnar shortening, radioulnar synostosis, and
severe syndactyly of hands and feet. > Kidney hypo-
plasia has been described in one patient with CLS, *? but
is not yet regarded as an associated trait.

Here, we map the CLS1 locus to chromosome 11p11.2-
g13.1 and identify mutations in the  LRP4gene in 12 CLS
families. We show that LRP4 function is required for the
physiological regulation of Wnt signaling, and we identify
mutations that cause loss of LRP4 function, which is
important for normal limb and kidney development.
Therefore, loss of human LRP4 function causes syndactyly,
synostosis, and renal agenesis in Cenani-Lenz syndrome.

Material and Methods

Subjects

All subjects or their legal representatives gave written informed
consent for participation in the study. The study was performed
in accordance to the Declaration of Helsinki protocols and
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approved by the local institutional review boards. We collected
peripheral blood samples from the affected children and parents,
after informed consent was obtained, according to the protocols
approved by the participating institutions. All of the research
procedures followed were in accordance with the ethical standards
of the responsible national and institutional committees on
human subject research. Fourteen families with the clinical diag-
nosis of CLS were included in the study. In 12 of them, mutations
were identi“ed in  LRP4 Clinical features of some of the families
have already been published; see families CL-1, *? CL-2,** CL-3,**
CL-6,2® CL-7.1® DNA from participating family members was
extracted from peripheral blood lymphocytes by standard extrac-
tion procedures.

Linkage Analysis

We performed genome-wide linkage analysis in six families (CL-1
to CL-6; not all family members could be initially included into
the genome scan), using the Affymetrix GeneChip Human
Mapping 10K Array (version 2.0). This version of the 10K Chip
Array comprises a total of 10,204 SNPs with a mean intermarker
distance of 258 kb, equivalent to 0.36 cM. Genotypes were called
by the GeneChip DNA Analysis Software (GDAS version 2.0, Affy-
metrix). We veri“ed sample genders by counting heterozygous
SNPs on the X chromosome. Relationship errors were evaluated
with the help of the program Graphical Relationship Representa-
tion. ¥’ The program PedCheck was applied to detect Mendelian
errors,*® and data for SNPs with such errors were removed from
the data set. Non-Mendelian errors were identi“ed by use of the
program MERLIN, *° and unlikely genotypes for related samples
were deleted. Nonparametric linkage analysis using all genotypes
of a chromosome simultaneously was carried out with MERLIN.
Parametric linkage analysis was performed by a modi“ed version
of the program GENEHUNTER 2.1 ?° through stepwise use of
a sliding window with sets of 150 or 300 SNPs. Haplotypes were
reconstructed with GENEHUNTER 2.1 and presented graphically
with HaploPainter. 2* This program also reveals informative SNP
markers as points of recombination between parental haplotypes.
All data handling was performed with the use of the graphical user
interface ALOHOMORA, 22 developed at the Berlin Gene Mapping
Center to facilitate linkage analysis with chip data.

Mutation Screening

We identi“ed candidate genes in the critical region by using the
ENSEMBL and UCSC human genome databases. We ampli“ed
the 38 exons of the LRP4gene (primers are listed in Table S1, avail-
able online) from DNA of index patients from all 14 families and
sequenced the PCR products via the BigDye Terminator method
on an ABI 3100 sequencer. We resequenced all identi“ed muta-
tions in independent experiments, tested for cosegregation within
the families, and screened at least 200 healthy control individuals
from Turkey, 150 from Pakistan, 50 from Germany, and 50 from
Egypt for each mutation by PCR and/or restriction digestion or
direct sequencing. We analyzed all identi“ed alterations by using
the server PolyPhen. The LRP4 protein structure was analyzed
with the server Pfam in order to determine different protein
domains of LRP4.

cDNA Analysis

RNA was extracted from fresh whole-cell blood through use
of the Paxgene Blood RNA system. After cDNA transcription,
nested PCR was used to amplify LRP4 cDNA (primers are listed

in Table S1). Primers were designed according to the reference
sequence.

Generation of Lrp4 Constructs

Five Lrp4 mutant constructs were generated by site-directed
mutagenesis with the use of wild-type mouse Lrp4 in the
pcDNA3.1/V5-His-TOPO vector (Invitrogen, Karlsruhe, Germany)
as template. The correct sequence of all PCR amplicons and
constructs was con“rmed by direct sequencing from both sides
with the use of the ABI BigDye Terminator v1.1 Cycle Sequencing
Kit and the ABI 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA, USA).

Cell Culture and Transfections

Human embryonic kidney (HEK)293T cells were cultured in Dul-
beccoss Modi“ed Eagle Media (DMEM) containing 10% fetal
bovine serum (FBS), amphothericin B, streptomycin, and peni-
cillin. Cells were transfected with the use of Lipofectamine 2000
(Invitrogen, Karlsruhe, Germany) according to the manufacturerss
instructions.

Luciferase Assay

One day before transfection, approx. 400.000 HEK293T cells were
plated out in 12-well plates and grown up to 50% con”uency in
10% FBS and DMEM. Transfections were performed in triplicate
with the use of the TOP-Flash reporter system and the indicated
expression plasmids with the following concentrations: 500 ng
wild-type (WT) Lrp4 or 500 ng mutants, 250 ng Lrp6, 250 ng
Whntl, 100 ng Top”ash Vector, 5 ng Renilla (p-RL-TK). Cells were
transfected with the use of Lipofectamine 2000 (Invitrogen, Karls-
ruhe, Germany) according to the manufacturerss instructions. Two
days after transfection, cells were lysed and Luciferase activity was
measured with the use of the Dual-Luciferase Reporter Assay Kit
and a Glomex 96-microplate luminometer (Promega, Mannheim,
Germany). Each transfection was also measured in triplicate.

Immunoblot

Immunoblot analysis was performed according to standard proto-
cols. Detection of LRP4 was conducted with a C-terminal Lrp4
mouse monoclonal antibody (1:1000).

Cell-Surface Biotin-Labeling Assay

One day before the experiment, 50% con”uent HEK293T cells
were cotransfected with 1.5 ng LRP4, WT or mutant, and 1.5 nyg
insulin receptor (IR) in T75 cm 2 "asks. Biotinylation was carried
out with the use of the Cell Surface Protein Isolation Kit (Pierce,
Bonn, Germany) according to the manufacturerss instructions.
Protein concentrations were measured with the use of the BCA
Protein Assay Kit (Pierce). Immunoblot analysis was performed
according to standard protocols. Detection of LRP4 and IR was
conducted with a C-terminal LRP4 mouse monoclonal antibody
(1:1000) and an insulin-receptor rabbit monoclonal antibody
(Abcam, Berlin, Germany) (1:1000).

Results

Clinical Findings in CLS Families

We have examined 14 CLS families presenting with a vari-
able expression of clinical symptoms. In twelve of them we
identi“ed the molecular basis of the disease ( Figure 1A,

2 The American Journal of Human Genetics86, 1-11, April 9, 2010



Please cite this article in press as: Li et al., LRP4 Mutations Alter Wnt/

Cenani-Lenz Syndrome, The American Journal of Human Genetics (2010), doi:10.1016/j.ajhg.2010.03.004

b-Catenin Signaling and Cause Limb and Kidney Malformations in

Figure 1.
(A) Typical hand and feet anomalies seen in CLS patients.

Clinical Findings in Families with CLS and Mapping of the CLS1 Locus

(B) Graphical view of additive LOD-score calculations of genome-wide SNP mapping in families CL-1 to CL-6. Ideogram of chromosome

11 showing the localization of linked region.
(C) Haplotypes of CLS families included in the initial linkage analysis.

Table 1). We observed mild facial dysmorphism in the
majority of CLS cases, with prominent forehead, hyperte-
lorism, downslanting palpebral “ssures, and micrognathia.
Typical limb malformations included total to partial
syndactyly of hands and feet, as well as distal bone malfor-
mations affecting the radius and ulna as well as the meta-
carpal and phalangeal bones ( Figure 1A, Table 1). Interest-
ingly, we also found kidney anomalies, including renal
agenesis and hypoplasia, in over 50% of CLS families.

Mapping of the CLS1 Locus and Identi“cation

of LRP4 Mutations

Initially, we genotyped DNA samples from six CLS families
(CL-1to CL-6, Figure 1) by using the Affymetrix GeneChip
Human Mapping 10K Array. Affected individuals were
born to consanguineous parents in all families. A com-
bined parametric LOD score of 7.46 was obtained for
a single region located on chromosome 11p11.2-q13.1

between SNPs rs1346671 and rs490192 (Figure 1B),
de“ning a shared critical interval of about 19.7 Mb. Subse-
guent analysis of microsatellite markers and inclusion of
additional family members con“rmed homozygous haplo-
types for the linked region in all affected individuals
(Figure 1C). We considered LRP4as a highly relevant posi-
tional and functional candidate gene. No additional gene
from the critical region was tested. Sequencing of the 38
coding exons of LRP4(Table S1) revealed different homo-
zygous mutations in affected individuals in each of the
six families. The mutations cosegregated with the disease
in the families and were not found in at least 250 healthy
control individuals. We found one donor splice-site muta-
tion, ¢.547 p1G>A (intron 6, CL-1), and “ve missense
mutations: c¢.479G > A (p.C160Y, exon 5, CL-2), ¢.409G >A
(p.D137N, exon 4, CL-3), c.1417C >T (p.L473F, exon 12,
CL-4), c.1585G> A (p.D529N, exon 13, CL-5), ¢.1345G >A
(p.D449N, exon 12, CL-6) ( Figure 2A). All missense
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Table 1. Clinical Findings in CLS Families Carrying LRP4 Mutations

Family Data CL-1 CL-2 CL-3 CL-4 CL-5 CL-6 CL-7 CL-8 CL-9 CL-10 CL-11 CL-12

Consanguinity b b b b b b b b b b - b

No. of affected 1 1 3 3 1 2 1 6 2 2 1 1

individuals

Mutation c.547 p1G>A C160Y D137N  L473F D529N D449N T461P C1017R D529N D529N €.200-9G >A, D137N
€.4959G>C

Origin Pakistan Turkey Egypt Egypt Turkey Turkey Pakistan Jordan Turkey Turkey Turkey Egypt

Facial dysmorphism

Prominent forehead b - b b - - b b b b b b

Hypertelorism b - b b - - b - b - b b

Downsl. palpebral - - b b - - - b - - - b

“ssures

Micro-, retrognathia b - b b - - - b - - b b

Teeth “ndings

Hypodontia - - - - - - - - b - ? ?

Malar hypoplasia b - b b - - b b - R b b

Enamel hypoplasia - - b b - - - - - - ? ?

Early loss of - - b b - ? - - ? ? ? ?

permanent teeth

Upper limb “ndings

Typical syndactyly b b/ b b b b / b b - b b

Short forearms b - b b b b - - - - b b

Radius-ulnar b - b b b b - - ? ? b b

synostosis

Disorganized / b b b b b b b b b b b

missing

metacarpals

and phalanges

Fused metacarpals b b b b b b - b b b b b

Nail aplasia o] b/ b b b o] b - b b

Lower limb

“ndings

Syndactyly 2/3 2/3 b b 2/3...2/5 b b 1/2/13 R 2/3 2/3 1/2 b

Tibia-“bula - - - - - - - - - - - -

synostosis
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Table 1. Continued

Family Data CL-1 CL-2 CL-3 CL-4 CL-5 CL-6 CL-7 CL-8 CL-9 CL-10 CL-11 CL-12
Disorganized / - - b b b/ - b b o] - -Ip o]
missing metatarsals
and phalanges
Nail aplasia /partial - - b b b/ b b b -Ip - b b
Kidney anomalies
Agenesis - - - - - - unilateral - bilateral bilateral bilateral -
Hypoplasia bilateral - - - - unilateral - unilateral - - - -
Ectopic - - - - - b - b - - - -
localization
Additional
“ndings
Developmental - - b - - - - - - mild gross ? ?
delay motor delay
Other bilateral hypoplastic scoliosis, duplicated pulmonary hypothyroidism  G1: died at G2: medical medical pectus

broad scrotum hemivertebrae, distal stenosis, “rst day abortion abortion excavatum

hallux mixed-type phalanges congenital hip of life due (20. GW), (20. GW)

valgus hearing loss of the “rst dislocation to bilateral bilateral

anomaly and second renal renal

toe, congenital agenesis agenesis
cataract
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A CL-1 CL-2 CL-3,-12 CL-4
c.547 +1 G>A Cc160Y D137N L473F
wit/wt
wt/mt
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Figure 2. Mutations Identibed in  LRP4

(A) Electropherograms of identi“ed homozygous
available).

(B) Electropherograms of identi“ed compound-heterozygous splice-site mutations in

protein truncation.
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C1017R
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T461P

LRP4 mutations compared with heterozygous carrier and WT sequences (n.a., not

LRP4 causing aberrant splicing and premature

(C) Schematic view of LRP4 receptor domains and localization of identi“ed CLS mutations.

mutations are located in the extracellular domains of LRP4
within highly conserved regions, as shown by LRP4 pro-
tein alignments of various species ( Figure S1). p.C160Y and
p.D137N mutations lie within the ligand-binding (class A)
repeat-containing domain of the receptor, p.D449N and
p.L473F are located within calcium-binding epidermal
growth factor (EGF) repeats, and D529 is located within
the YWTD domain ( Figure 2C).

We continued the molecular analysis of LRP4in eight
additional CLS families ( Figures 3A and 3C). In fami-
lies CL-9 and CL-10, we found the same homozygous
p.D529N mutation as identi“ed before in the CL-5 family.

All three families originated from Turkey, and haplotype
analysis con‘rmed that p.D529N is a common founder
mutation in Turkish CLS patients ( Figure 3C). It is also
interesting to note that the p.D137N mutation is repeat-
edly found in CLS families from Egypt, as we could identify

a second family, CL-12, carrying this mutation. p.D137N

in both families was located on identical haplotypes
(Figure 3D), suggesting that p.D137N is a founder muta-
tion. Two additional missense mutations were found:
€.1382A> C (p.T461P, exon 11, CL-7) in a Jordanian patient
and ¢.3049T>C (p.C1017R, exon 22, CL-8) in a large CLS
family from Pakistan with six affected family members
(Figure 2B, Figure 3A). These mutations also cosegregated
with the disease, were not found in matched controls,
and were located in highly conserved regions ( Figure S1).

Furthermore, no LRP4 mutation was found in two other
consanguineous CLS families, and haplotype analysis did
not show homozygosity of the LRP4 region in affected
individuals from both families, supporting the idea of
further locus heterogeneity ( Figure 3B).

We found initial evidence for an impairment of LRP4
function as the underlying pathomechanism of CLS by
identifying compound-heterozygous splice-site mutations
in a typically affected fetus with CLS. Both mutations,
€.200-9G>A and ¢.4959G>C (Figure 2C), caused aber-
rantly spliced LRP4 transcripts (r.199_200insGATTCAG
and r.4952_4987del, respectively), and both mutations
lead to a truncated protein ( Figures 4A and 4B).

LRP4 Mutations Cause Loss of Protein Function

To investigate whether the identi“ed missense mutations
confer loss of function or whether they are functionally
hypomorphic with biochemically detectable residual pro-
tein activity, we analyzed the effect of “ve missense
mutations (p.D137N, p.C160Y, p.L473F, p.D449N, and
p.D529N) on the transduction and activation of canonical
Wnit signaling by using a Dual Luciferase Reporter Assay in
transiently transfected HEK293T cells. Consistent with
earlier “ndings, ° we found that WNT1 was able to signi*-
cantly activate LRP6-mediated b-catenin signaling and
that additional coexpression of LRP4 potently antagonized
this activation ( Figure 5A). In contrast, coexpression of
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Figure 3. Additional CLS Families and Genetic Heterogeneity
(A) Pedigrees of additional CLS families.

(B) The LRP4locus was excluded in families CL-13 and CL-14 by haplotype analysis.

(C and D) Identi“cation of an
Egypt (D). Identical haplotypes are shown in red.

each of the “ve missense mutations abolished the observed
antagonistic LRP4 effect on LRP6-mediated activation of
Whnt/ b-catenin signaling. Moreover, mutant LRP4 recep-
tors failed to be ef‘ciently transported to the plasma mem-
brane, as shown by cell-surface biotinylation ( Figure 5B).

Discussion

We report the mapping of the CLS1 locus to chromosome
11p11.2-g13.1 and present convincing evidence that
mutations in the LRP4gene cause CLS. Clinical “ndings
in our CLS patients showed that in addition to the well-
described distal limb malformations (ranging from total

to partial syndactyly and bone malformations of both
hands and feet), patients presented with facial features
such as prominent forehead, hypertelorism, downslanting
palpebral “ssures, and micrognathia. Previously, renal
hypoplasia has been reported in only one case ° and was

LRP4founder mutation, p.D529N, in three Turkish CLS families (C) and of p.D137N in two families from

therefore not regarded as an associated trait of CLS. Our
“nding that over 50% of CLS families present with renal
agenesis and/or hypoplasia adds kidney anomalies to the
clinical spectrum of CLS. In this context, it is interesting
to note that a subpenetrant phenotype of kidney agenesis
was observed in Lrp4 homozygous null mice. In the
Lrp4 ' homozygous kidneys the ureteric budding is often
delayed, resulting in insuf‘cient stimulation of the mesen-
chyme. This results in destruction of prenephric mesen-
chymal structures, and no kidneys are formed (J. Herz,
personal communication). These “ndings clearly show
that Lrp4 has an important function for kidney develop-
ment in mice and humans.

Recently, murine LRP4 was shown to serve as a corecep-
tor for agrin in the formation of the neuromuscular junc-
tion. 2® Mutations in genes encoding other members of
this complex have been associated with akinetic and myas-
thenic syndromes in humans (MIM 288150 and MIM
254300).24%% Given that we did not observe a clinically
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A B

CL-11: c.200 -9G>A
€.199_200insGATTCAG; p.I67RfsX77

CL-11: ¢.4959G>C
c. 4952_4987del; p.V1651DfsX1691

Exon 2 Exon 3 Exon33 |¢—— Exon34 ——» Exon 35
wt
P_cDNA
Exon 2 | | Exon 3 Exon 33 Exon 35
P_cDNA_topo

Figure 4. Splicing Effects of Mutations in Family CL-11

(A) Analysis of the heterozygous ¢.200-9G > A mutation. cDNA sequences of the exon 2-exon 3 boundary of wild-type (wt) and patient
cDNA are shown (without [P_cDNA] and after subcloning via the TOPO-Vector system [P_cDNA_topo]).
(B) Analysis of the heterozygous ¢.4959G > C mutation. Electropherograms show the cDNA sequences of
exon 33 to exon 35 of wild-type (wt), and skipping of exon 34 in the patient cDNA.

LRP4transcripts encoded by

detectable neuromuscular phenotype in our CLS patients,
the role of LRP4 in the development and function of the
neuromuscular junction in humans (as opposed to mice)
will require further investigation. In the case that the
LRP4 mutations found in CLS patients are not complete
loss-of-function mutations and do have minor residual
functionality in vivo, there could be a different but over-
lapping phenotype caused by, for example, homozygous
nonsense mutations or deletions in LRP4 and this could
include neuromuscular symptoms.

The LRP4mutations identi“ed in our study are frequently
missense mutations, which are located in the large extracel-
lular domain of LRP4 within the ligand-binding (class A)
repeat-containing domain, calcium-binding EGF repeats,
and the YWTD domain of the receptor ( Figure 2C). These
changes might cause structural alterations of the extracel-
lular LRP4 domain that interfere with normal folding and
thus prevent the ef“cient export of the protein through
the secretory pathway, but this hypothesis has to be proven
in future experimental studies. Our functional analysis of
“ve of the missense mutations clearly demonstrated a func-
tional impairment of LRP4 mutant proteins. LRP4 is impor-
tant for control and modi“cation of Wnt signaling by its
antagonistic effect on LRP6-mediated activation of WNT
signaling ( Figure 5C). This antagonistic function is com-
pletely lost in four out of “ve LRP4 mutants, as shown in
our in a Dual Luciferase Reporter Assay. The p.D137N
mutant seems to show some residual antagonistic function
in the Reporter Assay experiment, and the biotinylation

experiments clearly demonstrated that p.D137N mutant
protein is not getting to the cell surface. Whether a yet
unknown function of LRP4, which is not dependent on

its membrane integration, could be responsible for this
residual function remains to be elucidated.

We also found that WNT1 was able to signi“cantly acti-
vate LRP6-mediated b-catenin signaling, which is consis-
tent with earlier “ndings. ’ We demonstrated that the
main reason for the loss-of-function effect is the failure
of mutant LRP4 receptors to be ef‘ciently transported
to the plasma membrane. In addition, the heterozygous
splice-site mutations identi“ed in the CL-11 fetus, ¢.200-
9G>A and ¢.4959G > C, caused aberrantly spliced LRP4
transcripts and premature protein truncations. Conclu-
sively, we suggest complete or near-complete loss of LRP4
function as the underlying pathogenetic mechanism of
CLS. As a result, developmental limb and kidney malfor-
mations in patients occur through a mechanism that likely
also involves excessive LRP6-mediated Wnt/ b-catenin acti-
vation ( Figure 5C).

It has been previously shown that Lrp4 dysfunction also
causes polysyndactyly in mice 7 and syndactyly with vari-
able penetrance in bovines, termed mulefoot disease.
Lrp4 was shown to be expressed in the apical ectodermal
ridge (AER) in the developing limb bud, 7 a structure impor-
tant for coordination of patterning and growth of the
distal limb. 8 Various signaling molecules are secreted from
the AER, such as sonic hedgehog (Shh), bone morphogenic
proteins (Bmps), “broblast growth factors (Fgfs), and Wnts,

26
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Figure 5. Functional Analysis of LRP4 Missense Mutations

(A) Results from the Dual Luciferase Reporter Assay after coexpression of LRP6, WNT1, and wild-type and mutant LRP4 in different
combinations. Graph depicting the relative Luciferase activities (mean and standard deviations of six experiments, in triplicate each
time). Comparable steady-state expression levels of wild-type and mutant LRP4 proteins are shown by immunoblotting of total lysates

after measurement of luciferase activity.

(B) Compared to wild-type LRP4 and wild-type insulin receptor (IR), mutant LRP4 proteins are not detectable by cell-surface biotinyla-

tion. Results from three independent experiments are shown.

(C) Schematic representation of LRP4 function in LRP6-mediated activation of Wnt/

and the complex interactions of these signaling pathways
are essential for normal limb development. 27*® Extensive
analysis of the limb phenotype in Lrp4 ' knockout
mice showed that loss of Lrp4 causes structural AER alter-
ations as well as ectopic expression of different key signal-
ing molecules (e.g., Fgf8, Bmp4, and Shh.” Whether Lrp6
expression was upregulated during limb development in
the AER of Lrp4 / mice was not analyzed. Given the facts
that (1) Lrp4 was described as an integrator of Wnt and
Bmp signaling, ° (2) Lrp4 has an antagonistic function
on Lrp6-mediated Wnt/ b-catenin activation, and (3) Lrp6
is critical for Wnt signaling during limb development in
mice,*C it is a reasonable working hypothesis that loss of
LRP4 during limb development in CLS patients could
lead to an overactivation of LRP6, which then causes
altered Wnt signaling. Future approaches are needed to
show that knocking down LRP4 expression upregulates
Whnt/ b-catenin in vivo.

In two CLS families, we did not “nd LRP4 mutations,
and haplotype analysis did now show homozygosity in
affected individuals born to consanguineous parents.
In the CL-13 family with only a single affected individual,
homozygosity is only an assumption due to parental con-

b-catenin signaling.

sanguinity, but lack of homozygosity does not completely
exclude LRP4as causative gene. In the CL-14 family, haplo-
type analysis of microsatellite markers as well as results
from 250K arrray analysis excluded common haplotypes
in both affected individuals, suggesting further locus het-
erogeneity in CLS. Future identi“‘cation of a causative
gene(s) in these families will highlight additional key pro-
teins for distal limb development.

We conclude that LRP4 function is required for the phys-
iological regulation of Wnt signaling, which is important
for normal limb and kidney development. Homozygous
loss of human LRP4 function causes syndactyly, synos-
tosis, and renal agenesis in Cenani-Lenz syndrome.

Supplemental Data

Supplemental Data include one “gure and one table and can be
found with this article online at  http://www.ajhg.org
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5.3 Wieczorek D,_Pawlik B Li Y, Akarsu NA, Caliebe A, May KJ, Schweiger B,Vargas
FR, Balci S, Gillessen-Kaesbach G, Wollnik B. A spé#ic mutation in the distant sonic
hedgehog cis-regulator (ZRS) causes Werner mesontebyndrome while complete ZRS
duplications underlie Haas type polysyndactyly andpreaxial polydactyly with or
without triphalangeal thumb. Hum Mutat. (2010); 31(1):81-9.

Abstract of the publication:

Werner mesomelic syndrome (WMS) is an autosmal danti disorder characterized by
hypo- or aplasia of the tibiae, preaxial polydagctyf the hands and feet and/or five fingered
hands and triphalangeal thumbs. Triphalangeal thisralcommon hand malformation, which
can occur isolated as autosomal dominant inhenitedopposable triphalangeal thumb or as a
clinical sign of well-characterized syndromic cdrahs; e.g.,, Holt-Oram syndrome.
Recently, mutations in the zone of polarizing attivegulatory sequence (ZRS), a long-
range limb-specific enhancer of tlsenic hedgehog (SHHjene, have been identified in
patients with preaxial polydactyly type Il (PPD2Z)jphalangeal thumb polysyndactyly
(TPTPS), and syndactyly type IV (SD4, Haas typeypgtdactyly). Thus, we regarded the
ZRS enhancer, which lies within the intron 5 of tiMBR1gene, to be an excellent candidate
gene for WMS.

Initially, we sequenced the ZRS within the indexigrats of one Turkish and another Brasil
family with WMS. Furthermore we tested the enharicex sporadic female patient diagnosed
with Haas type polysyndactly and another familyhwitPTPS by using a quantitative PCR
technique for the detection of Copy Number VariagigCPVs) of the ZRS.

We identified heterozygous single base pair alt@natat position 404 of the ZRS in the
Turkish index (404G>A) and in six affected indivals of the second Brasil family with

WMS (404G>C). The mutations are affecting a higtiyserved nucleotide position within

the ZRS region and were absent in all tested hedémily members as well as in 100
Turkish control individuals. Moreover, based on #pplied Ct method, we detected ZRS
duplications in the index patient with Haas typelyppndactyly and in eight affected

individuals of the family with TPTPS. In contrastnaffected family members from this

family did not show any quantitative changes anel dluplication was not detected in 35

Turkish controls.
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Own contributions:

The patients” DNAs for this study was kindly prad@dDr. Dagmar Wieczorek (Institut far
Humangenetik, Universitatsklinikum, Essen). The ptate molecular data presented in this
paper were done by myself.

| started with primer design and PCR amplificatadrthe 772 bp long ZRS-DNA-fragment in
all affected family members. | could elucidate thelecular basis of WMS by identifying the
404G>A and the 404G>C mutation in distinct patigiigure 4, p.4). | was able to confirm
co-segregation of the mutations in the familiesdingct sequencing of all family members
and by a PCR/enzyme digestion method using Taata(dhot shown). In addition, |
performed control studies of 100 healthy Turkisimtodl individuals. In conclusion, | could
demonstrate that the 404G position of the ZRS ghlizi conserved among species using
sequence alignment (Figure 4, p.4).

Next, | evaluated and interpreted the Array-CGHad&igure 5, p.5) using genome databases.
According to the CGH data | designed ZRS primerd probes for quantitative Real-Time
PCR and performed TagMan analysis with patientserAubsequent analysis of the gPCR
data, | could detect duplications in one sporaditigmt with Haas-type syndactyly and in
eight affected family members of a family diagnoséth TPTPS. Furthermore these copy
number changes were not present in 35 controliitdals (Figure not shown).

Moreover, | designed ZRS containing constructs F8H analysis by cloning ZRS-PCR
fragments intoaf OPOvector and performed breakpoint PCR for the spornaatient with type
Haas syndactyly and for one patient of the famigdosed with TPTPS.

Finally, | prepared all experimental figures (Figut, 5) for the publication and critically read
the manuscript before its submission to Human Nunat

Unpublished data:

Very recently | have been able to identify a naXBIS mutation (405T>A) in a female WMS
patient from Birmingham, UK. Promotor analysis ¢tietZRS transcription binding site
predicted that the mutation might cause a lossimdibg of thePLZF transcription factor.
Because it is suggested that mutations in the ZRSeca changed transcription factor-binding
affinity and that this could be the disease-causimgchanism for triphalangeal thumb, |
started to confirm this hypothesis for WMS by gaieg a mutant 405T>A construct on the
wt mouse ZRS in thpBGZ40/p123Wector. A Band-Shift Assay with the mutant ZRS-DNA
fragment and the purified PLZF transcription factorthe near future might show the

importance of the ZRS in the pathophysiology of WMS

30



Human Mutation

A Specific Mutation in the Distant Sonic HedgehogHH HGV§}
CisRegulator (ZRS) Causes Werner Mesomelic Syndrome V=<7 ion sociery
(WMS) While Complete ZRS Duplications Underlie Haas
Type Polysyndactyly and Preaxial Polydactyly (PPD) With

or Without Triphalangeal Thumb

Dagmar Wieczorek, Barbara Pawlik;® Yun L Nurten A. Akarsd,Almuth Calieb& Klaus J.W. May,
Bernd Schweigef, Fernando R. Vargds-°Sevim Balct! Gabriele Gillessen-Kaesbatfi?and Bernd Wolln&*

Ynstitut fiir Humangenetik, Universiklinikum Essen, Essen, Germahystitute for Human Genetics, University of Cologne, Cologne, Germany;
SCenter for Molecular Medicine Cologne (CMMC), University of Cologne, Cologne, GéBnklogne Excellence Cluster on Cellular Stress
Responses in Aging-Associated Diseases (CECAD), University of Cologne, Cologne, Gepemyent of Medical Genetics, Hacettepe
University Medical Faculty, Ankara, Turk@iylstitut fur Humangenetik, Christian-Albrechts-UnivérgitaKiel, Kiel, GermanKGenomatix

Software GmbH, Mtinchen, Germa?Rédiatrische Radiologie, Institut fur Diagnostische und Interventionelle Radiologie und Neuroradiologie,
Universitasklinikum Essen, Essen, Germa“i@enetics and Molecular Biology Department, Universidade Federal do Estado do Rio de Janeiro,
Rio de Janeiro, BrazitGenetics Division, Instituto Nacional dér€ar, Rio de Janeiro, Brazii'Clinical Genetics Unit, Hacettepe University
Medical Faculty, Ankara, Turke’y?jnstitut fur Humangenetik, Univergitau Lubeck, Lubeck, Germany

Communicated by lain McIntosh

Received 13 July 2009; accepted revised manuscript 29 September 2009.
Published online in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/humu.21142

Introduction
ABSTRACTWerner mesomelic syndrome (WMS) is an
autosomal dominant disorder with unknown molecular
etiology characterized by hypo- or aplasia of the tibiae in
addition to the preaxial polydactyly (PPD) of the hands
and feet and/or five-fingered hand with absence of
thumbs. We show that point mutations of a specific
nucleotide within the sonic hedgehog $HH) regulatory
region (ZRS) cause WMS. In a previously unpublished
WMS family, we identified the causative @ A transition
at position 404 of the ZRS, and in six affected family
members of a second WMS family we found a 4041GC
mutation of the ZRS. The 404Gl A ZRS mutation is
known as the “Cuban mutation” of PPD type Il (PPD2).
Interestingly, the index patient of that family had tibial
hypoplasia as well. These data provide the first evidence
that WMS is caused by a specific ZRS mutation, which
leads to strong ectopicSHH expression. In contrast, we
show that complete duplications of the ZRS region lead
to type Haas polysyndactyly or triphalangeal thumb-
polysyndactyly syndrome, but do not affect lower limb
development. We suggest the term “ZRS-associated
syndromes” and a clinical subclassification for the
continuum of limb malformations caused by different
molecular alterations of the ZRS.
Hum Mutat 30:1-9, 2009. & 2009 Wiley-Liss, Inc.

Triphalangeal thumb is a common hand malformation, which
can occur isolated as autosomal dominant inherited, nonoppo-
sable triphalangeal thumb (MIM190600) or as a clinical sign of
well-characterized syndromic conditions; e.g., Holt-Oram syn-
drome [Basson et al., 1997], lacrimo-auriculo-dento-digital
syndrome [Rohmann et al., 2006], or Nager acrofacial dysostosis
[McDonald and Gorski, 1993]. Recently, mutations in the zone of
polarizing activity regulatory sequence (ZRS; MIM05522), a
long-range limb-specific enhancer of the sonic hedgel®dH)
gene HHG1, SMMCI, TPT, TPTPS MCOPCB5 MIM] 600725),
have been identified in patients with preaxial polydactyly type I
(PPD2) [Lettice et al., 2002, 2003; Li et al., 2009], triphalangeal
thumb polysyndactyly (TPTPS; MIM174500) [Sun et al., 2008;
Klopocki et al., 2008], and syndactyly type IV (SD4, Haas type
polysyndactyly; MINI 186200) [Sun et al., 2008; Wu et al., 2009;
Furniss et al.,, in press]. The ZRS is located on human
chromosome 7q36.3 within intron 5 of theMBR1gene (ACHP,
FLJ11665; MIN 605522) [Lettice et al., 2003] and it has been
shown that it regulates the timely and spatial expression of the
SHH gene, which is located approximately 1 Mb downstream.

PPD2 is characterized by a triphalangeal thumb with or without
preaxial polydactyly (PPD), sometimes leading to the appearance
of a five-fingered hand. Characteristic clinical findings in TPTPS
are triphalangeal thumb, syndactyly of hands, and pre- and
postaxial polysyndactyly of the feet. Some patients show a more

KEY WORDSNMS; Haas polysyndactyly; triphalangeal  severe phenotype with complete syndactyly of all fingers giving a

thumb polysyndactyly syndrome; ZRS “cup-like” shape to the hands. This severe end of TPTPS, complete

syndactyly with polydactyly, is the typical anomaly seen in
patients with SD4. Werner mesomelic syndrome (WMS) (tibial

Correspondence to: Dagmar Wieczorek, Instittfumangenetik, Univergisilinikum — hypoplasia-polysyndactyly-triphalangeal thumb, THPSTPT; MIM
Essen, Hufelandstr. 55, Essd5122, Germany. E-mail: dagmarwieczorek@uni-due.d88770) was first described by Werner [1912] and the hallmark of
Bernd Wollnik, Institute of Human Genetics, University of Cologne, Kerpener Str. 34, 9@ syndrome is the affection of tibia development leading to
Cologne, Germany. E-mail: bwollnik@uni-koeln.de aplasia or hypoplasia of tibiae often accompanied with remarkable
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short stature. In addition, patients with Werner syndrome preserf>TGATCCATAACCATTTCTAAGH (R1). PCR fragments were
with polydactyly of hands and feet and digitalization of thepurified and directly sequenced from both sides using the ABI
thumbs. The molecular basis for WMS is unknown. BigDye Terminator v3.1 Cycle Sequencing Kit and the ABI 3730 DNA

We report on the molecular etiology of WMS in two families Analyzer (Applied Biosystems, Darmstadt, Germany). Additional
Our results show that a specific point mutation in the ZRS iternal primers were used for sequencing, and primer sequences are
responsible for the abnormal development of tibiae seen available upon request. Cosegregation of the mutations in thifiéam
patients with WMS. In addition, we describe two differentwas confirmed by direct sequencing of all available family members
duplications of the ZRS region in a patient with Haas typand by a PCR/enzyme digestion method using Taall. In addition, the
polysyndactyly [Gillessen-Kaesbach and Majewski, 1991] and imatations were not detected in 100 Turkish control individuals.
family with overlapping clinical signs of TPTPS and syndactyly
type IV [Balci et al., 1999].

Array—Comparative Genomic Hybridization Analysis

Oligonucleotide array—comparative genomic hybridization

Materials and Methods (array-CGH) was performed on a Human Genome CGH Microarray
244A platform (Agilent Technologies, Santa Clara, CA). One
microgram (1mg) of the test DNA and trg of reference DNA from
a pool of 10 healthy donors with either male or female karyotype

The 772bp of the predicted ZRS region (15627732%ere hybridized using the manufacturer's protocol with slight
156276557 Mb; University of California, Santa Cruz [UCSGhodifications. Slides were scanned with a GerieP#000B
Human Genome Browser; http://genome.ucsc.edu; hgl8 assembiicroarray reader (Molecular Devices Corporation, Union City,
0.104811-105583 in reference sequence ACO007097.4) @Mf at a resolution of Bm/pixel. Signal intensities from the
sequenced in the index patients of the families presented in ogenerated images were measured and evaluated with the Feature
study after informed consent was obtained from the patient&xtraction v9.1 and CGH Analytics v3.5 software packages,
Genomic DNA from patients was used to amplify the ZR$espectively (Agilent Technologies). Except for BR1locus,
region by a touchdown PCR protocol on a DNA Engine Dyadtatistically significant imbalances spanning a region of 10
Thermal Cycler (Bio-Rad, Munich, Germany). The followingsequential probes with a transformed jogtio beyond 0.5 and
primers were used:2%CTGGCCAGTGTTTAAATGGTYIF1) and mapping outside known copy number variations (CNVs) were

Mutation Analysis

Figure 1. Family 1 with Werner mesomelic syndroraePedigree of Family B-J: Index patient of Family 1 (Patient I1I/&)Right hand of
father of the index patient (Patient 11/2).
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considered aberrant. The position of the array targets was mappgeherations were described. All affected patients presented with

to the UCSC genome browser release March 2006. triphalangeal thumbs and PPD of the feet, two had tibial defects,

and one duplicated fibulae. We add previously unpublished

radiographs and clinical photographs of members of this family

depicting severe hypoplasia of tibia and bowing of fibula in Patient
We established a quantitative real-time polymerase chadild3 (Fig. 2A), right-sided triphalangeal thumb in Patient I11/9

reaction (qPCR) method for the detection of structural alteration§Fig. 2B), and radiographs of triphalangeal thumbs in Patient

of the ZRS region. Primers and probes located in the ZRS regitH11 (Fig. 2C). DNA was available from Family Members 11/3,

and in the albumin gene (ALB) used as internal were design8#9, 1llI/11, 11/16, and 1V/7-9.

using the Primer Express Software (Applied Biosystems) and

were purchased from Applied Biosystems (ZRS forward primer: .

5. TGAGTGATTAAGGAAGTGCTGCTTAGS reverse primer; ~amily 3

5XGGCTTCCCTTTTGTCTGTGATTT® and probe: 8FAM-  The proposita, a sporadic female patient with Haas type

TGCGCATATTTGGC CTGGTTCTGG-BH@3ALB: forward polysyndactyly, was published by Gillessen-Kaesbach and

primer  5>CTTGTGGGCTGTAATCATCGTC TAGE3 reverse pjajewski [1991]. We examined her again as an adult woman.

primer: FAGCTGCTGGTTCTCTTTCACTGAC?3and probe

5%VIC-CACACAAATCTCTC-MGB-3. Each reaction was carried

out in 20m volume containing 104 of 2  universal master mix

buffer, 700 nM of the ZRS and ALB primers, and 400 nM of both ZRS

and ALB probes. Ten nanograms (10 ng) of genomic DNA was used

as templates. For detection of quantitative changes of DNA amounts,

we used 5, 10, and 15 and 20ng of DNA samples in separated

replicates. Thermal cycling was performed for 2 min d&50.0 min

at 98IC, and then 40 cycles for 15s atl@5and for 1 min at 6aC.

The threshold cycle parameter (Ct) was defined as the point at which

the amplification plot—representing the fluorescence generated by

cleavage of the probe as a funatiof the cycle number—passed a

fixed threshold above baseline. Each replicate was normalized to ALB

in order to obtain aDCt (VIC dye Ct-FAM dye Ct). To imitate the

DCt created by one copy, two copies, and three copies of the ZRS

gene, two control samples with different DNA amounts were used.

All samples were then normalizedttre calibrator to determine the

DDCt (DCt of each sample BCt of two copies).

Quantitative Real-Time PCR

Results
Clinical Reports

Family 1

The Turkish index patient was examined for diagnostic
evaluation at the age of 43 years. He presented with short stature
(height: 135 cm, —6.7 SD), shortening of forearms and PPD of
both hands. The additional fingers were surgically removed and
the residual state is five-fingered hands with a triphalangeal first
ray on the left hand. The femora are mildly shortened and his
lower legs are severely shortened. He had PPD of both feet (Fig.
1A-J). The clinical diagnosis WMS [Werner, 1912] was estab-
lished. The index patient’s father only presented with right-sided
PPD of the hand (Fig. 1K). The index patient's wife was pregnant
with twins after intracytoplasmic sperm injection (ICSI). Ultra-
sound examination in one of the fetuses revealed severely
shortened legs with aplasia of fibulae and tibiae as well as
syndactyly of the right hand. An elective feticide was done, the
other child, a female, was born healthy. All other family members
did not show any anomalies. DNA was available from Family
Members I1l/2 and 11/1-4.

Figure 2. Family 2 with Werner mesomelic syndrome published by
Family 2 Vargas et al. [1995A: Radiographs of the legs of Patient I1/3 showing
severe shortening of tibiae and bowing of fibulBeHands of Patient
The clinical data of this family with WMS were published by!!/9 with triphalangeal thumbs bilaterallg: Hand radiographs of

Vargas et al. [1995]. Ten affected family members in threé"‘tiemlll/11 showing triphalangeal thumbs bilaterally.
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The photographs are depicting the primary state with complet®. DNA was available from the following Family Members: 11/2,
cutaneous syndactyly of all fingers and polydactyly (Fig. 3A), thi&/1, 111/3, I1I/6, IV/1, IV/2, IV/6, and IV/8.

hands after 18 surgical corrections (Fig. 3B), and the feet withThe research was reviewed and approved by the ethics
right-sided IlI-1V and left-sided IV-V skin syndactyly (Fig. 3C)committee of the medical faculty, University Duisburg-Essen,
There were no other congenital anomalies, and mental develdpermany.

ment was normal. DNA was available from the proposita and her

healthy parents. A Specific Mutation in the ZRS Causes WMS

. We used the reference sequence from the UCSC Human
Family 4 Genome Browser hgl8 assembly to amplify the prediZe&

This familv with triohalanaeal thumb-polvsvndactvly s ndroméegion (according to Lettice and Hill [2005]) that is located in
mily ph: 9 Polysy Yy synal intron 5 of the LMBR1gene on chromosome 7q36.3. This region

was published by Balci et al. [1999]. The characteristic findings.in-, . - .
is highly conserved and single nucleotide changes as well as

this family were triphalangeal thumbs, webbing between the 3r . ) : ;
‘iuctural alterations were previously described to cause various

4th, and 5th fingers associgted with bony synostosis in the diS§|stal limb malformations. Sequencing of the 772 bp of ZRS in the
gh:(g::?els ;2;2? Ssgrr:g Of]:r;ﬁgrfsém?lndmgl;ibee:;\degos(t:?:lllal P%?gsxanex patient of Family 1 revealed a heterozygous single-basepair
Y Yy ) y €SP Y aﬂeration at position g.105213GA in accordance with reference

29 in this work, had clinical signs very similar to syndactyly typseequence AC007097.4 within the ZRS (named here 4104G

This mutation affecting a highly conserved nucleotide position
within the ZRS region (Fig. 4), was also present in the affected

) Figure 4. Molecular basis of Werner mesomelic syndrome.
Figure 3. Family 3. Patient with polysyndactyly type IV Haaghromatograms of index patients of Family 1 and 2 showing the
previously published by Gillessen-Kaesbach and Majewski [1891].404@& A and 404& C mutations in comparison to wild-type (wt)
Complete syndactyly of left hand and partially surgically correctesequence. The location of the mutation in the ZRS within intron 5 of
right hand.B: Hands after 18 surgical correction8: Feet with right- the LMBR1gene is indicated. Sequence alignment shows the high
sided IlI-V syndactyly and left-sided 1V/V syndactyly. conservation of the altered 404G position.
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father (Family 1, Patient 1I-2), and was absent in all tested healthyplication, including the ZRS, can be described as arr7q36.3
family members (lI-1-4) and in 100 Turkish control individuals.(156,061,302x2,156,088,827-156,354,638x3,156,354,579x2) (Fig.5).
The 404@& A mutation was previously described in a family fromExcept for known CNVs no further abnormalities were detected.
Cuba [Lettice et al., 2003] diagnosed with PPD phenotype, b@n the basis of these data, we tried to map the exact breakpoints
evaluating the published clinical data of this family showed thatf the duplications by the extensive use of long-range PCR
the index patient had also tibial hypoplasia consistent with thexperiments and various primer pair combinations. Due to the
diagnosis of WMS. Strikingly, we found the same nucleotideomplex and repetitive nature of this genomic region, we were not
position mutated in six affected family members (11/3, 111/9,able to determine the exact orientation of both duplications.

/11, N/16, and IV/7-9) of Family 2 with WMS. The highly-
conserved guanine at position 404 of the ZRS was substituted
cytosine in the Brazilian family (404GC). No ZRS point
mutation was found in Families 3 and 4.

B’fscussion

ZRS and Its Role in the Development of Limb Buds

Duplications of ZRS Underlie Syndactyly Type IV The SHH protein is expressed and secreted in the zone of
and TPTPS polarizing activity (ZPA) in the early limb bud and its expression is

regulated by the ZPA regulatory region (ZRS) a long-ranige

We used a qPCR technique for the detection of CNVs of thegulator of theSHH gene, which is located 1 Mb away from the
ZRS to test a previously described patient with syndactyly type BHH gene and contains 800 bp conserved from mammals to fish
(Family 3) and the Turkish index patient of Family 4 sufferingFig. 4) [Lettice et al., 2003]. SHH is a major determinant of cell fate
from TPTPS. Based on the appliB€t method we detected ZRS and identity during early limb development, thereby controlling digit
duplications in both index patients and subsequently in eigHbrmation [Hill, 2007]. SHH is a secreted morphogenic protein
(2, /L, /3, nye, Ivi1, 1IvViI2, 1IV/6, and 1V/8) affected family expressed in a specific region in the posterior margin of the limb bud
members of Family 4. In contrast, unaffected individuals from thiwithin the ZPA, it has been shown in different model organisms that
family did not show any quantitative changes (data not showrgisruption, ectopic expression, or changes in the timely expression of
and the duplication was not detected in 35 Turkish controls. Shh can cause different types of distal limb anomalies [Maas and

In the array-CGH analysis, the index patient of Family Fallon, 2005; Hill, 2007]. In human, PPD2 [Lettice et al., 2003;
showed an approximately 73-kb duplication involving parts of th&urniss et al., 2008; Gurnett et al., 2007] is caused by point mutations
LMBR1 gene in 7g36.3. The aberration can be described afthe ZRS. Transgenic assays revealed [Masuya et al., 2007] that
arr7936.3(156,265,512x2,156,265,453-156,354,638x3,156,354s67% of these point mutationsodind in patients redirect Shh
x2) (Fig. 5). In the index patient of Family 4 (Patient 1V-2) a moreexpression leading to an ectopic expression; e.g., at the anterior site of
centromeric breakpoint was observed. The 276-kb spannitige limb bud. Very recently it was shown that TPTPS and Haas type

Figure 5. Array comparative genomic hybridization indicating a microduplication of 7q36.3 in Fai)iBng8 Family 48).
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Table 1. Comparison of Clinical Signs in Patients With Different ZRS Point Mutations

Reference Lettice et al. Furniss et al. Lettice et al. Lettice et al. Semerci et al.  Present study Present study;
[2003] [2008] [2003] [2003] [2009] Vargas et al. [1995]
Mutation ref. 105Gt G; 29574 C; 305M T, 32374 C; 396Gt T, 404Gt A; 404Gt C;
AC007097.4 0.104914€¢ G 9.105104F C  g.105114A T 9.105132F C  ¢.105205€¢ T g.105213@ A g.105213@ C
Syndrome clinical PPD PPD PPD PPD PPD Werner mesomelic Werner mesomelic
description syndrome syndrome
(THPTTS/PPD) (THPTTS)
Hands affected 1 1 1 1 1 1 1
Triphalangeal thumb 1 1 1 1 1 1 1
Preaxial polydactyly 1 1 1 1 1 1 1
Postaxial polydactyly
Partial syndactyly
Complete syndactyly
Mirror hands 1
Arms affected
Radial dysplasia
Feet affected 1 1
Preaxial polydactyly 1 1
Postaxial polydactyly
Partial syndactyly
Complete syndactyly
Mirror feet 1
Legs affected 1 1
Tibial a-/hypoplasia 1 1
Fibula hypoplasia 1 1
Fibula duplication 1

Lettice et al. [2003];
Zguricas et al. [1999]; [2007]
Morales-Peralta [1994]

Gurnett et al. Gurnett et al. [2007];
Dobbs et al. [2000]

404Gt A; 621Gt G; 739/ G;
g.105213@ A g.105430¢ G g.105548A G
Werner mesomelic PPD PPD
syndrome
(PPD)
1 1 1
1 1 1
1 1 1
1
1
1
1 1
1
1
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Table 2. Comparison of Clinical Signs in Patients With Different ZRS Duplications

Size of duplication 73kb 97 kb 131kb 158kb 235kb 246 kb 276 kb 291 kb 398 kb 588 kb Unknown
References Present study; Wu et al. [2009]; Sun et al. Sun et al. Sun et al. Sun et al. [2008]; Present study; Sun et al. Sun et al. [2008]; Klopocki et al. ~ Furniss et al.
Gillessen-Kaesbach Sato et al. [2007] [2008]; [2008]; [2008]; Family 4 Balci et al. [2008]; Family 6; [2008] [2009]
and Majewski [1991] Family 1 Family 3 Family 5 [1999] Family 2 Wang et al. [2007]
Clinical description SD4 sn4 TPTPS TPTPS/SD4  TPTPS/SD4 TPTPS/SD4 SD4/TPTPS TPTPS/SD4 TPTPS/SD4 TPTPS 1 SD4
Hands affected 1 1 1 1 1 1 1 1 1 1 1
Triphalangeal thumb 1 1 1 1 1 1 1 1
Preaxial polydactyly 1 1 1 1 1 1 1 1 1
Postaxial polydactyly 1
Partial syndactyly
Complete syndactyly 1 1 1 1 1 1 1
Mirror hands
Arms affected 1
Radial dysplasia
Fixed flexion at wrist 1
Feet affected 1
Preaxial polydactyly
Postaxial polydactyly
Partial syndactyly 1
Complete syndactyly
Mirror feet
Legs affected
Tibial a’hypoplasia 1
Fibula hypoplasia
Fibula duplication
Talipes 1

=
=

1

1
1

1

n.r. 1
n.r.

PR P PP

n.r.
n.r. 1

P RrPRhRePR
[

n.r., not recorded.



Table 3. Classification of ZRS-Associated Syndromes

Mutational mechanism Clinical outcome Known malformation name OMIM#
Type la Point mutations in various Triphalangeal thumb polydactyly, Preaxial polydactyly, type II: PPD Il 174500
positions of ZRS hand involvement only
Type Ib Point mutations at position 404 Triphalangeal thumb polydactyly- Werner mesomelic syndrome 188770
of ZRS hypoplastic tibia
Type Il Duplications containing Complex polysyndactylies containing Triphalangeal thumb polysyndactyly Requires a new
ZRS region triphalangeal thumb (TPTPS) number
Haas type (syndactyly type 1V) 186200

polysyndactyly are caused by duplications of the ZRS, though the point mutations are yet described in Haas type polysyndactyly

consequences on SHH expression are not yet known [Wu et al., 2009TPTPS.

Sun et al., 2008; Klopocki et al., 2008; Furniss et al., in press]. We now he clinical spectrum of ZRS disorders is very similar, although

add WMS to these conditions caused by mutations within the ZR8linically distinguishable: patients with PPD2 do not present with
involvement of feet or lower extremities, whereas patients with

Specific Point Mutations Affecting Position 404 of the ZR4/MS characteristically show tibial a-/hypoplasia and additional
oot anomalies. In addition, patients with Haas type polysyndac-

Cause WMS tyly or patients with TPTPS and a causative ZRS duplication
Our data provide genetic evidence that altering nucleotide positidéientified mostly have involvement of feet and in some cases show
404 of the ZRS underlies WMS. We found the 404&and 404@ C  lower limb anomalies.
mutations in two families, respectively, and interestingly, though the The clinical spectrum and type of ZRS mutation being distinct,
404G} A mutation was described as causative for PPD in this Cub&¥e suggest separating the OMIM numbers of PPD2 and TPTPS,
family, the Cuban index case did show tibial hypoplasia in additiowhich currently are summarized under a single OMIM number.
consistent with the diagnosis of W84 Table 1 summarizes the clinicaln addition, not only is the molecular testing strategy different,
and mutational data of patients described with PPD2 and WMS. PoiRtit so is the impact on genetic counseling of patients on the
mutations are scattered throughout the ZRS region, indicating tréxpected clinical spectrum and prognosis.
importance of the whole ZRS region in SHH regulation [Lettice et al., The so-far-described duplications of the ZRS are of different sizes
2008]. No overt genotype—phenotype correlation is observed in PREthout recurrent breakpoints. There is no obvious genotype—
with specific respect to the location of point mutations, but mutationghenotype correlation concerning the size of the duplications.
lead to highly variable Shh expression patterns during early linfidl duplication patients do have similar clinical phenotypes, either
development, dependent on the psi and the sequence context of SD4 or TPTPS. In some large families (e.g., Balci et al. [1999]) both
the mutation within the ZRS [Lettice et al., 2008; Hill, 2007]. It ifohenotypes are present; thus, these two conditions are allelic
striking that the mutation showing the strongest ectopic ShExpressions of the identical molecular cause. It will be interesting in
expression in the reporter gene assay of the study of Lettice ettl@ future to compare the expression profilesSHiH in patients
[2008] was the 404G A (“Cuban”) mutation. These functional data With point mutations versus duplications.
support our finding that specific alteration of position 404 leads to a Based on our detailed review of described ZRS mutations and
more severe clinical phenotype with the affection of tibial develophenotypes we suggest classifying ZRS-associated syndromes into
ment, namely WMS. It is not clear why the 484® and 404@ C two subtypes (Table 3): type I for point mutations and type Il for
Werner mutations have a stronger functional effect on Shh expressiitplications. Type I itself has two subdivisions, a and b. Table 3 is
compared to other ZRS point mutations. Preliminary computationa®rbitrarily extensible as soon as new phenotypes evolve; e.g., the
analysis of transcription factor binding sites within the affected regidenotypic consequences of ZRS deletions. In mice, the phenotype
indicated that both 404& A and 404@ C might lead to an increased associated with a complete deletion of the ZRS region is
binding probability of additional transcription factors (data notacheiropodia, a limb truncation phenotype, which was published
shown) [Cartharius et al., 2005Verner et al., 2003]. Therefore, aby Sagai et al. [2005]. To the best of our knowledge, a ZRS deletion
specific change in transcription factbinding is an attractive working and the resulting phenotype has not yet been described in human.
hypothesis for future studies raing to identify the underlying  In summary, we identified the molecular basis of WMS. This
molecular mechanism of altered Shh expression by Werner mutatioggtosomal dominant condition is caused by specific point
In addition, it is still an open debate as to which factors argutations in the ZRS at position 404. In contrast to the hitherto
responsible for the reduced penetrance of WMS, as milder affecfisting literature, we could show that tibial a-/hypoplasia is not
family members, e.g., the father of Patient 1, only presented wigkclusively present in patients with duplication of the ZRS, but is
PPD2. One might discuss modifying factors or variations in thalso present in patients with WMS. In contrast, Haas type
transcription factors. polysyndactyly (MIM 186200) and TPTPS (MIM174500) are
allelic and caused by duplications of the ZRS. We demonstrate that
Fifferent mutational mechanisms affecting ZRS predispose to
different phenotypic outcomes. Consequently, we suggest the
generic term “ZRS-associated syndromes” for different limb

No systematic evaluation of ZRS phenotypes and mutatiof@@lformations caused by alterations of the ZRS.
exists. Results of evaluation of clinical data of all families with ZRS
mutations published so fam(c 21) are shown in Tables 1 and 2.
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5.4 Pawlik B, Yigit G, Wollnik B. Reduced LRP6-mediated WNT10Bsignalling in the
pathogenesis of SHFM6. (submitted)

Abstract of the publication:

Split-hand/foot malformation (SHFM) is a human cengal limb malformation characterized
by an abnormal development of the central digisyayith a deep median cleft and syndactyly
of fingers and toes. SHFM can develop as an igblatendition or as a part of other
syndromes and is phenotypically very variable. FiamSHFM is generally inherited in an
autosomal dominant manner with reduced penetrantalbo autosomal recessive forms as
well as X-linked inheritance have been reportedFEBHis very heterogenious and six
different loci (SHFM1-SHFM6) have been describedfao Recent investigations report on
the first autosomal recessive p.R332W mutation he WNT10b gene causing SHFM6.
However, the underlying molecular basis of the momaleading to SHFM6 is still unknown.

In this study we functionally characterize the BR®B/ mutation inWnt10b leading to
SHFM6. Therefore we first performed expression ysial by Western Blot and second
conducted a Dual-Luciferase Assay with co-expreseid_rp6, Wntl, Wnt10b wild-type (wt)
and Wnt10b mutant p.R332W in transiently transiéd¢i&K293T cells. We could show that
mutant p.R332W Wntl0b is expressed but fails tavar canonical Wnt signalling.
Furthermore we accomplished co-immunoprecipitatissay of wt and mutant p.R332W with
Lrp6 and demonstrate that both wt and mutant Wngdi@bein interact with Lrp6 receptor.
Interaction was confirmed by Western Blot analydiSulfo-SBED Biotin Label Transfer of
human LRP6 protein and purified wt and p.R332W mugaotein. Hence, we conclude that
the p.R332WWntl0bmutation causes a loss of function of Lrp6 mediddnt signalling and
that this is the pathophysiological mechanism legdo SHFM6.

We next examined the ability of the putative SHFkEEhdidate genégf8 to alter Lrp6
mediated Wnt signalling by using a Dual-Lucifera&ssay. Luciferase Assay after co-
expression of Lrp6, Wntl0b (wt) and Flag-tagged8Fgdvealed that Fgf8 reduces Wnt10b
mediated Wnt signalling activation. We were alsdeaio reveal that the Wnt signalling
reduction is reversible by increasing the amounwbiWnt10b. To exclude any unspecific
signal reduction in our system we furthermore tksither small secreted proteins such as
FGF21 and Bmp4. Dual-Luciferase-Reporter assay afieexpression of Lrp6, wt Wnt10Db,
GFP-tagged FGF21 and c-myc-tagged Bmp4 pointedhaitFGF21 also reduces Wntl10b
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mediated Wnt signalling activation while Bmp4 does. To define the molecular basis of the
signal reduction from the Luciferase Assay, we maxtducted a co-immnunoprecipitation
assay. Flag-tagged Fgf8 was transiently co-expdesgigh either Wntl0b or Lrp6 in
HEK293T cells and immunoprecipitated with spectHiatibodies. Western Blot analysis of
co-immnoprecipitation Assay clearly showed thatgRiagged Fgf8 interacts with Wnt10b
while it does not interact with Lrp6 receptor. Thiee Fgf8 mediated canonical WNT
signalling reduction results from the binding off&¢p Wnt10b.

In conclusion, we show that the described SHFM6att p.R332W inWNT10Bis a loss-
of-function mutation. We further provide evidentatt Wnt10b can bind Lrp6 and activate
Lrp6-mediated Wnt/B-catenin signalling and that tmeitant protein lost this ability.
Moreover, we propose that Fgf8 has an additionalig&nown function as Wnt-antagonist by
binding to Wnt10b. Therefore, we suggest a direasstalk between Fgf and Wnt signalling
important during limb development and in the patragsis of SHFM

Own contribution:

All functional analyses described in the paper weeeformed by myself. The aim of this
study was to functionally characterize the p.R332Ntation in theNT10bgene leading to
SHFMG6. Therefore, | started with the generatiorithef mutant p.R332WVnt10bexpression
plasmid by using site directed mutagenesis PCR tomausepcDNA3.1 Wntl1O0lgonstruct. |
confirmed the insertion of the mutation by sequegc¢he fragment from both sides using the
ABI BigDye Terminator v1.1 Cycle Sequencing Kit ati ABI 3730 DNA Analyzer (data
not shown). Next, | constructed the expressionmpldgor murineFgf8 by amplification of
Fgf8 from a full length mammalian gene collection andaning strategy into pPCMV-SC-CF
vector according to manufacturer’s instructions.

Initially, | transfected HEK293T cells using Lipafamine 2000 with wt and mutaw{nt10b
expression construct and showed by Western Bldysisghat mutant p.R332W Wnt10b was
expressed (Figure 1B). Then | implemented the Mualferase Assay with wt and mutant
Wntl10b in order to investigate the mutant’s abildyactivate Lrp6 mediated canonical Wnt
signalling. | was able to demonstrate that co-esgom of Lrp6 and Wnt10b resulted in an
activation of Wnt/3-catenin signalling, while inrtcast the p.R332W mutant lost the ability
of activating Wnt signalling (Figure 1A).

Next, | conducted co-immunoprecipitation assayshwit and p.R332WWntl0bwith the
Lrp6 receptor (Figure 1C, 1D) and confirmed botteiaction by Western Blot analysis of
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Sulfo-SBED Biotin Label Transfer of human LRP6 piat with purified wt and mutant

Wnt10b protein (Figure 1E).

Taken together, | could exhibit that the p.R332Wtanu is efficiently transcribed and
translated, and, moreover, mutant Wnt10b protem stdl bind to the Lrp6 receptor when
transiently co-expressed in HEK293T cells but failsactivate canonical Wnt signalling and

is therefore a loss-of-function mutation in thehmatenesis of SHFM6.

Furthermore, | used the Luciferase Assay to teseffect of murind-gf8 and humarkrGF21

on the transduction and activation or inhibition canonical Wnt signalling. The results
showed that the putative SHFM3 candidate dgegi® as well ad=GF21but notBmp4reduce
theWntl0bmediated activation of canonical Wnt signallingg(Fe 2, 3, 4A).

Finally, |1 performed a co-immnunoprecipitation assath murine Flag-tagge&gf8 and wt
Wntl10bor Lrp6 and specific antibodies. | was able to demonstigit¥/estern Blot analysis
that Flag-tagged Fgf8 interacts with Wnt10b whildaes not interact with the Lrp6 receptor
(Figure 4B, 4C). Thus, | was able to show firstdevice that different Fgfs might share a
specific inhibitory effect on canonical Wnt/3-catesignalling.

| completed this study by preparing all figuresg(ies 1-5) for the publication and by finally

writing the first version of the manuscript.
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Abstract

Split-hand/split-foot malformation (SHFM) is a cargtal limb malformation characterized
by an abnormal development of the central digisyagep median cleft and syndactyly of the
affected hands and feet. A recent report desctibedirst autosomal recessive inheritance of
SHFM (SHFM®6) caused by the homozygous p.R332W nautain the WNT10B gene.
However, the underlying molecular mechanism of tistation is unknown. Here, we
functionally characterized the described p.R33BWtation inWnt10b We show that the
mutant protein is stable and still has the abtlitypind to the low-density lipoprotein receptor-
related protein 6 (Lrp6). In contrast to wild-tyJ#nt10b, the p.R332W mutant is not able to
activate Lrp6-mediated Wnt signalling providing adesmce for a reduced Wnt/3-catenin
signalling in the pathogenesis of SHFM. Moreoves,observed that Fgf8, likely involved in
the pathogenesis of SHFM3, can bind Wnt10b andsl¢éach dosage-dependent suppression
of Lrp6-mediated Wnt signalling. Our data give nowsights into the pathogenesis of

SHFM6 and suggest a direct cross-talk between \WWehiFgf signalling pathways.



Introduction

Split-hand/split-foot malformation (SHFM, MIM 18360313350, 600095, 605289, 606708,
and 225300), also named ectrodactyly, is a compbexgenital limb malformation involving
the central rays of the autopod and characteriges/bdactyly, median clefts of hands and/or
feet, aplasia and/or hypoplasia of the phalangesacarpals and metatarsals (1). SHFM can
occur as an isolated trait or as part of a moreptexnsyndrome (2). Familial forms of SHFM
are mainly inherited in an autosomal dominant marf8g though autosomal recessive (4)
and X-linked inheritance (5) have been describédF-I8 is genetically heterogeneous with
six loci described to date: SHFM1 located at 7q21a8d structural alterations ndakX5/6,
SHFM2 at Xg26 and no gene yet known, SHFM3 at 10g2d duplications nedfGF8,
SHFM4 at 3928 and mutations P63 SHFM5 at 2931 and structural alterations ri&dK?2
and theHOXD cluster (6-11). Recently, the first autosomal ssoee locus was mapped in a
large consanguineous family from Turkey to chrommoso 12913 (SHFM6) and,
subsequently, a homozygous missense mutatid/NT10B p.R332W, was identified in 12
affected and one unaffected family member (YYNT10Bconsists of four coding exons and
encodes a 389 amino acid protein, which is expdetis®ughout the mouse limb ectoderm
during embryogenesis from day E.9.5 to E.15.5 (k2yas suggested that Wnt10b acts as an
agonist in canonical Wnt signalling during varialesselopmental processes (13).

The p.R332W alteration affects a highly conservwgihine in WNT10B and was not found in
200 healthy control individuals suggesting a causatature of this missense mutation. No
functional study was done and therefore, the foneti consequences of the p.R332W
WNT10B mutation as well as the pathophysiologica&chanism underlying SHFM in the
family are unknown.

In our study, we functionally characterized the Wit p.R332W mutation. We show that
wild-type Wnt1lOb can bind low-density lipoproteieceptor-related protein 6 (Lrp6) and

activate canonical Wnt/[3-catenin signalling. In tcast, the p.R332W mutant is not able to



activate Lrp6-mediated Wnt signalling providing @smce for a reduced Wnt signalling in the
pathogenesis of SHFM. Moreover, we demonstrated Htd8, likely involved in the
pathogenesis of SHFM3, can bind Wnt10b and theadtiey Lrp6-mediated activation of Wnt

signalling.



Material & Methods
Materials
Primers for site directed mutagenesis and sequgneinconstructs were purchased from

Metabion (Martinsried, Germany).

Plasmid Construction

Mutant p.R332W WntlOkxpression plasmid was generated using site doletiutagenesis
PCR on wt mous&/nt10bin the pcDNA3.1vector as template (kindly provided by Ormond
MacDougald). Insertion of mutagenesis was confirmogdequencing using the ABI BigDye
Terminator v1.1 Cycle Sequencing Kit and the ABI3@7DNA Analyzer (Applied
Biosystems, Foster City; CA, USAExpression plasmid for murine Fgf8 was generated by
amplification of Fgf8 from a full length mammaliagene collection (Invitrogen, Karlsruhe,
Germany) and cloning intpCMV-SC-CFvector (Agilent Technologies, La Jolla, CA, USA).
Human FGF21 in pCMV6-AC-GFP expression plasmid was purchased from OriGene
(Darmstadt, Germany). Muringp6 in thepcDNA3.lexpression vector was kindly provided
by Matthew L. Warman and murine myc-tagdgaip4in thepcS2+expression vector was a

kind gift from N. Itasaki.

Cell Culture and Transfections
HEK293T cells were cultured in Dulbecco’s Modifigdgle Media (DMEM) containing 10%
fetal bovine serum (FBS, Gibco) and antibioticsllCeere transfected using Lipofectamine

2000 (Invitrogen, Karlsruhe, Germany) accordingnanufacturer’s instructions.

Dual Luciferase Reporter Assay
Luciferase Reporter assay was performed as dedcpt®iously (13). In brief, HEK293T

cells were plated out in 12-well plates, grown w@p50% confluency and transfected in



triplicates using the TOP-Flash reporter system thedindicated expression plasmids with
the following concentrations: 100 ng Topflash vect®ng Renilla f-RL-TK), 750 ng Lrp6,
750 or 375 ngNnt10h 750 or 375 ndg-gf8, 750 or 375 nd~GF21 and 750 or 375 nBmp4
Two days after transfection, cells were lysed araférase activity was measured using the
Dual-Luciferase® Reporter Assay Kit by a Glomex™m@roplate luminometer (Promega,

Mannheim, Germany). Each transfection was measuargublicate.

Immunoprecipitation & Western Blot Analysis

Forty-eight hours after transfection, HEK293T cell®re washed with cold PBS and
solubilized using ice-cold lysis buffer containismM HEPES, 150mM NacCl, 1% Triton X-
100, 10% Glycerol, 10ug/ml Aprotinin, 5ug/ml Leupiep 1ImM NaVO, and 1mM PMSF.
Lysates were briefly centrifuged and total proteamcentration of extracts was determined by
BCA Protein Assay Kit (Pierce Protein Research Bectg]l Thermo Fischer Scientific,
Rockford, IL, USA). Equal amounts of total proteuere incubated over night with protein
A/G Plus-agarose (Santa Cruz Biotechnologies, Himedg, Germany) and the indicated
antibodies [anti-Wnt1l0b (Abcam, Cambrige, UK), dop6 (Abcam), anti-FLAG M2
(Stratagene, CA, US)]. After extensive washing, itmenunoprecipitates were taken up in
loading buffer, separated by 4-12% SDS-PAGE (logén, Germany) and blotted on
nitrocellulose membrane (GE Healthcare, Freiburgrn@ny). Immunoblots were blocked in
5% low-fat milk powder in Tris-buffered saline camting 0,2% Tween 20 and then probed
with specific antibodies (1:1000 dilutions). Peage conjugated secondary antibodies were
purchased from Santa Cruz and blots were develaped) an enhanced chemiluminescence
system, ECL Plus (Amersham, UK), followed by expesan autoradiographic film (GE

Healthcare).



Sulfo-SBED Biotin Label Transfer

ProFound Sulfo-SBED Biotin Label Transfer Kit foredtern Blot application was purchased
from Pierce (Rockford, IL, USA). Label transfer atrdss-linking were conducted according
to manufacturer’s instructions using @ of human LRP6 protein (R&D Systems, Wiesbaden,
Germany). Western blot analysis was accomplishemgustreptavidin-HRP (Pierce).
Following detection, the membrane was stripped2fdmin using Restore TM Western Blot
Stripping Buffer (Thermo Scientific, Bonn, Germanyccording to manufacturer’s
instructions, washed three times with TBST andraded with anti-Lrp6 antibody (1:1000)

and anti-wnt10b (1:1000) antibodies.



Results

The p.R332W mutation inWntl0bcauses loss of protein function

Functional characterization of the describ®T10Bmutation p.R332W is important (i) to
provide additional evidence for the causative reataf this mutation in the molecular
pathogenesis of SHFM6 and (ii) to gain insightsoirthe pathophysiology of SHFM6.
Therefore, we generated the p.R332W mutant bydsigeted mutagenesis PCR on wild-type
(wt) Wnt10b To analyze whether the homozygous missense rontatinfers loss or gain of
function we tested its transduction and activatbrcanonical WNT signalling using a Dual
Luciferase Reporter Assay in transiently transi@¢i&K293T cells. Initially, we were able to
demonstrate that — as previously described — Wigdifieantly activates Lrp6-mediated
Wnt/3-catenin signalling (Fig. 1A). Also, co-expes of Lrp6 and Wnt10b resulted in a
comparable activation of Wnt/3-catenin signallimgdpile in contrast over expression of the
p.R332W mutant did not lead to activation of Lrpédiated Wnt signalling. We showed that
the p.R332W mutant is efficiently transcribed arahslated, and, moreover, mutant Wnt10b
protein can still bind to the Lrp6 receptor wheansiently co-expressed in HEK293T cells
using a co-immunoprecipitation approach (Fig. 18, 1D). Furthermore, the interaction of
wt and mutant Wnt10b with Lrp6 was confirmed by Wées Blot analysis of a Sulfo-SBED
Biotin Label Transfer assay (Fig. 1E). These figdiclearly demonstrated that the p.R332W
mutant is stable and although binding to the Lrp6eptor, this interaction is no longer

sufficient to activate Lrp6-mediated Wnt/[3-catesignalling.

Fgf8 expression inhibits Wnt10b induced activatiorof Wnt/[3-catenin signalling

Fgf8 belongs to the fibroblast growth factor famalyd is a known key regulator of vertebrate
limb development and essential for the inductionliofb bud outgrowth and patterning.

Interestingly, common duplications of the SHFMa3ical region occur physically nearby the

chromosomal location dFGF8 on 10924 and, thereforeGF8 (among otherss regarded as



one of the candidate genes responsible for SHFM®wgh no mutation in the coding region
of FGF8 has yet been identified in SHFM patients. We exauahithe potential role of Fgf8 in
altering canonical WNT signalling by co-expresswbriLrp6, Flag-tagged Fgf8 and Wnt10b in
transiently transfected HEK293T cells. Co-exprassad Fgf8 and Lrp6 alone did not have
any effect on signalling while co-expression of &rWWnt10b and Ffg8 led to a significant
reduction of relative luciferase activity as reaidou Wnt/3-catenin signalling (Fig. 2).

In order to determine the mechanism by which Fga® anhibit Wnt10b induced Lrp6-
mediated Wnt/3-catenin signalling, we transfectdeiKRO3T cells with different ratios of
Fgf8/Wnt10b(1:1, 1:10 and 1:50) and observed that an inangaamount of Wnt10b rescued
this inhibition suggesting either a competition Fgf8/Wnt10b binding to Lrp6 binding or
direct Fgf8/Wnt10b interaction (Fig. 3). To exclua®y unspecific mechanism for this finding
caused by the use of our cellular system and tleeeapression of proteins, we tested the
effects of two additional small secreted proteFSF21 and Bmp4. Dual Luciferase Reporter
assay after co-expression of Lrp6, wt Wnt10b, G&dtyed FGF21 and c-myc-tagged Bmp4
indeed indicated that also FGF21 reduces Lrp6-nedi&/nt10b signalling, while Bmp4
does not (Fig.4A). Thus, these data suggest thi&treint Fgfs might share a specific

inhibitory effect on canonical Wnt/[3-catenin sigmegj.

Fgf8 can bind Wnt10b: a putative cross-talk betweeoth signalling pathways

An important hallmark of spatial and temporal aation of canonical Wnt/3-catenin
signalling during development is the ability of iaus secreted antagonists to down-regulate
and suppress its activation. The results of ourfetese-Reporter Assays demonstrated that
co-expression of Fgf8 together with Wnt10b and Lresults in a significant suppression of
Wntl0b-induced canonical Wnt signalling. To defitiee molecular mechanism of Fgf8-
mediated suppression, we conducted different cornomaprecipitation experiments. Flag-

tagged Fgf8 was transiently co-expressed in HEK2&4dIE with either Wnt10b or Lrp6 and



immunoprecipitated with specific antibodies. WestBtot analysis of co-immnoprecipitation
assays clearly demonstrated that Fgf8 interacth WintlOb (Fig. 4B), while no direct
interaction was observed between Fgf8 and the lkga@ptor (Fig. 4C). Thus, the Fgf8-
mediated suppression of Wntl0b-activated canoniéat signalling likely results from a
direct binding of Fgf8 to Wntl0b. As shown for athgecreted Wnt antagonists, bound
Wnt10b looses its ability to bind Lrp6 and, theretny activate the Wnt/[3-catenin signalling

pathway.



Discussion

Pathophysiological mechanism of SHFM6

Recently, a homozygous missense mutation in¥h 10bgene was found to cause SHFM6
in a large consanguineous Turkish family (11), thet molecular mechanism and functional
effects of the identified mutations remained unknow

Previous studies on SHFM-related proteins suggebegdalteration of the apical ectodermal
ridge (AER) plays an important role in the develegminof SHFM (1). The formation and
maintenance of the AER throughout limb developmerd complex process, which depends
on the orchestrated spatial and temporal expresdimarious transcription factors, secreted
morphogens, and signalling proteins. The role ohesamf them has been defined in detalil,
such as signalling molecules belonging to the Rgit, and Bmp families and their receptors
(14-16). The Wnt signalling pathway is an evoluéion highly conserved pathway that
regulates fundamental aspects of cell fate detextioim and cell migration in vertebrate limb
development (reviewed by (17)). The canonical WHfenin pathway is activated by
binding of specific Wnt ligands to their receptoes, g. Lrp6 or frizzled (Fz) receptors.
Binding of a Wnt to Lrp6 results in the stabiligati of cytosolic 3-catenin, which then
translocates to the nucleus where it associates mémbers of the Tcf/Lef family of
transcription factors regulating the expressionanfet genes. In this study, we functionally
characterized the describ®dNT10Bmissense mutation p.R332W and determined its impac
on Wnt/[3-catenin signalling.

Initially, we showed for the first time that Wntl1@an bind Lrp6 and activate Wnt/3-catenin
signalling. Wnt10b itself is known to play a majote in the regulation of osteoblastogenesis
and bone mass (18) as well as in the differentiadiepithelial cells in the hair follicle (19).
Furthermore, it inhibits the development of whiteldrown adipose tissues (20). The finding
that Wnt1l0Ob binds Lrp6 together with the fact thmattation in WNT10B cause limb

malformation in SHFM6 suggests that Wnt10b/Lrp6ivation plays an essential role in



normal limb development, which is further suppongdhe finding that Wnt10b is expressed
throughout the mouse limb ectoderm during embryegesnfrom E.9.5 to E.15.5 (12).
Wntl0b p.R332W mutant protein failed to activatee thrp6-mediated Wnt signalling
pathway in ouiin vitro system. It is interesting to note that distal limblformations are also
observed in a Lrp6 knockout mouse model (21). Siheecrystal structure of Wnt10b protein
is not available, we were unable perform proteirdetiing of the mutant protein in order to
predict possible steric hindrances caused by th&tion. Although overexpressed mutant
protein was still able to bind to Lrp6, we sugg#sit this binding is either not efficient
enough or takes place in an inappropriate way @xpig the failure of Lrp6-mediated 13-

catenin activation.

Putative cross-talk between Fgf and Wnt signallingpathways

One key regulatory mechanism of Wnt signalling dgrdevelopment is the expression of
various secreted Wnt antagonists, such as DickkDptK), Wise, Wnt-inhibitor protein
(WIF) or Sost (22-26). One of the known mechanismderlying this antagonistic function is
the binding of these proteins directly to a spedfint, which then looses its ability to bind to
its receptor. We now observed that Fgf8 is angblative Wnt antagonist (Fig. 5). Fgf8 does
not directly bind to Lrp6, but to Wnt10b and thiading result in a dosage-dependent lack of
Lrp6-mediated Wnt/3-catenin activation. During litolad formation and limb development, a
tight regulation between Wnt and Fgf signallinguadamental, e. g. to initiate and specify
limb outgrowth and identity (27). However, an ungend cross-talk between both pathways
was thought to exist only in an indirect manner @ggample by inducing and regulating the
expression of specific target genes).

We now provide the first link for a possible direcbss-talk between Fgf and Wnt pathways,
although we admit that the evidence for this iseldagnin vitro data and has to be confirmed

in the future inin vivo systems. In human$;GF8 is located in close proximity to the



frequently duplicate@HFM3region. Due to its known expression during limia lbormation
and limb development (28, 29), several authorsrteg§&F8 — beside othersas an excellent
candidate gene for SHFM3. Dimitrov et al. suggedteat duplications within the 10924
region may alter a putative regulatory elementhefRGF8 gene (30) similarly to alterations
of SHH expression by mutations or duplications of the ZB§on regulating the expression
of SHH (31). Therefore, a physical interaction betweeth [#HFM-related proteins Fgf8 and
Wntl0b, as shown in our study, further supportdoaecbalance and regulation of Fgf and
Wnt signalling pathways during development of thedran limb ray. Whether a specificity of
Fgf/Wnt binding exists (which means that only speckgfs can bind to specific Wnts),
remains to be elucidated in future experiments)ghove were able to show that also FGF21
can bind to Wnt10b.

Furthermore, we excluded that Fgf/Wnt binding geaeralin vitro artefact simply caused by
overexpression of these small proteins by demamsgrahat another small signalling
molecule, Bmp4, does not cause any alteration of/fMratenin signalling in ouin vitro

system.

In conclusion, we show that the described SHFM6atrt p.R332W inWNT10Bis a loss-

of-function mutation. We further provide evidentatt Wnt10b has the ability to bind Lrp6
and activate Lrp6-mediated Wnt/3-catenin signallargl that the mutant protein lost this
ability. Moreover, we propose that Fgf8 has an taakl yet unkown function as a Wnt
antagonist by binding to Wnt10b, a link for a diremss-talk between Fgf and Wnt signalling

important during limb development.
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Figure Legends

Figure 1: Pathophysiological mechanism of p.R332W atation in Wnt10b.(A) Results of
Dual Luciferase assay after co-expression of Lify&fl, wt Wnt10b and Wnt10b p.R332W
variant. Expression and stability of mutant Wntl0btein was analyzed by western blotting
(B). The p.R332W variant is expressed but faila¢tivate canonical Wnt signalling. Each
experiment was performed 3 times with each tratisieaneasured in triplicate. (C) Anti-
Wnt10b precipitates of HEK293T cells expressingd_gbone or together with wt Wnt10b or
the Wntl0b p.R332W variant were analyzed by anpekimmunoblotting. (D) Lysates of
HEK?293T variant described in (C) were subjectedatai-Lrp6 immunoprecipitation and
proteins so obtained were analyzed by anti-Wntldmunoblotting. (E) Western Blot
analysis of Sulfo-SBED Biotin Label Transfer expsents. Whole cell lysates of cells
expressing wild-type Wnt10b or p.R332W variant we@ibated with labeled human LRP6
protein and separated by reducing SDS-PAGE. Fafigwiransfer to nitrocellulose
membranes, proteins were analyzed using streptaiARP. After membrane stripping
detection of Wntl0Ob was verified by re-probing thembrane with antibodies against

Wnt10b.

Figure 2: Fgf8 suppresse®Vnt10b-mediated Wnt signalling. Result from Dual Luciferase
assays after co-expression of Lrp6, Wnt10b (wt) #kagttagged Fgf8. Comparable steady-
state expression levels of Lrp6, Wnt10b and Fgf8eweerified by western blot analysis of

total cell lysates. Each transfection (n=3) wassuead in triplicate.

Figure 3: Dose-dependent suppression of Wnt10b-mexded Wnt/[3-catenin activation by
Fgf8. Results from Dual Luciferase assay after co-expyass Lrp6, wild-type Wnt10b, and
flag-tagged Fgf8 with different ratios of Wnt10bf8glasmid concentrations (+ = 1:1, ++ =

10:1, +++ = 50:1). Fgf8-dependent suppression nboial Wnt signalling could be reversed



by increasing amounts of Wntl10b. Expression lewdlsvere confirmed by western blot
analysis of total cellular lysates and each expemimwas performed 3 times with each

transfection measured in triplicate.

Figure 4: FGF21 suppresses Wnt1l0b-mediated Wnt/3-tanin activation while Bmp4
does not.(A) Dual Luciferase assay after co-expression gi6l..rwt Wnt10b, GFP-tagged
FGF21 and c-myc-tagged Bmp4. FGF21 has a simifecteas Fgf8 on Wnt10b-mediated
Wwnt signalling, whereas Bmp4 does not show anybitibn. Each transfection (n=3) was
measured in triplicate. (B) HEK293T cells expregsiWntl0b and Flag-tagged Fgf8 were
lyzed and subjected to immunoprecipitations withitendies to Fgf8 or Wntl0b. Purified
proteins were analyzed by immunoblotting with andliies to Flag peptide tag (left panel) or
Wnt10b (right panel). (C) Anti-Lrp6 and anti-Fgf8epipitates prepared from HEK293T cell
expressing Lrp6 and Flag-tagged Fgf8 were analygeanmunoblotting with antibodies to

Lrp6 (left panel) or Flag peptide tag (right panel)

Figure 5: Model of Fgf8 inhibiting Wnt signalling. Both, Wntl and Wnt10b are known
Wnt signalling agonists, which can bind to Lrp6eptor. Lrp4 is a known Wnt antagonist
acting in a so far unknown way. We propose thaB8Hgds an additional function and is a
novel Wnt signalling antagonist via binding of Walkiland thereby repressing Wnt/[3-catenin

activation.
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5.5 Li Y, Laue K, Temtamy S, Aglan M, Kotan L.D, Yigit G, Husniye C, Pawlik B
Nurnberg G, Wakeling EL, Quarrell OW, Baessmann I, Lanktree MB, Yilmaz M,
Hegele RA, Amr K, May KW, Nirnberg P, Topaloglu AK, Hammerschmidt M, Wollnik
B. Temtamy preaxial brachydactyly syndrome is causkby loss-of-function mutations in
Chondroitin synthase 1, a potential target of BMP ignalling (In Press, Am J Hum Genet
(2010)).

Abstract of the publication:

The Temtamy preaxial brachydactyly syndrome (TPB$)n autosomal recessively inherited
congenital syndrome mainly characterized by bidiesymmetric preaxial brachydactyly,
facial dysmorphism, dental anomalies, sensoringualing loss, delayed motor and mental
development as well as growth retardation. Bracbtydies can occur either as an isolated
trait or as part of a syndrome and recent investiga have identified mutations in
components of the Bone Morphogenetic Protein (BBiBhalling pathway in different types

of brachydactylies, which is crucial for normal brdevelopment, to be disease causing.

In this study we examined in total five TPBS famsliwith a variable expression of clinical
symptoms. In order to map tAHé’BSlocus we first performed the Affymetrix GeneChip®
Human Mapping 10K SNP Array (CCG, University of Gghe) with two TPBS families
from Egypt. Two possibly linked loci on chromosome33 and 15926 were identified with a
combined parametric LOD score of 2.37 and 2.51peetsvely. Extensive analysis of
microsatellite markers of these regions finally megh theTPBSlocus to chromosome 15q26-
gterm between SNPs rs1480952 and rs352744 definsitared homozygous critical interval
of approximately 3.8 Mb in affected individuals. rther mapping data of one additional
TPBS family, TPB3, from Turkey, confirmed tAd°BSlocus. The critical region on 15925
contained 20 annotated genes of which we teARAMTS17 CHSY1 PCSK6 andSELSas
highly relevant candidate genes. Sequencing oftlihee coding exons of the chondroitin
synthase 1 gen€HSY1)revealed different homozygous mutations in afféatelividuals in
each of the three linked families as well as in &dalitional families diagnosed with TPBS.
We were able to detect three mutations in exon ClaEY1 a 30-bp deletion, c.55-84del
(p.G19 _L28del, TPB1 family), a 1-bp deletion, c.&@Hal (p.G54sX29, TPB2 family), and
the ¢.205C>T nonsense mutation (p.Q69X) in all éhaéfected individuals of the TPB3
family. An acceptor splice site mutation, ¢.321-&was identified in TPB4 family, while
the only missense mutation, c.1616C>G (p.P539R 5TfaBhily) was located in exon 3 of the
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gene. All mutations co-segregated with the diséasiee families and were not found in over

150 healthy control individuals.

Next we functionally characterized the mutant CH¥atein which is a key player in the
biosynthesis of chondroitin sulfate (CS) by usinffedent approaches and showed that
complete or nearby complete loss of CHSY1 functtauses brachydactyly, progressive
skeletal anomalies, craniofacial dysmorphism, agafing loss in humans.

In order to address the developmental functionrSleEY1 and CS, and their possible relation
to BMP signalling, we turned to the zebrafish modsistem. Whole mount in situ
hybridization revealed widespread expressioghsylin the head and prominent expression
in the floor plate of wild-type zebrafish embryos 24 hours post fertilisation (hpf).
Expression was also detected in the heart, distgbns of the pectoral fin buds, chondrocytes
of the developing head skeleton, and epithelialrpsions of the inner ears.

Additional knock-down of Chsyl activity as well gain-of-function studies displayed a
significant reduction of body length, compromisegtforal fin formation, and severe midline
deficiencies in the cartilage of the neurocraniumthe inner ears, formation of epithelial
protrusions and semicircular canals was severdgctaid. To determine the effect of BMP
signalling on the expression ohsylwe accomplished further co-expression analysis. We
could show that at 56 hpgbmp2bexpression is strongest in the developing cristabe inner
ear, wherehsylexpression is very weak. In contrast, the epidh@iiotrusions exhibit strong
expression othsyland the BMP inhibitodan but weakbmp2bexpression. Consistently,
transgenic overexpression lamp2bduring the second day of development or MO-mediate
knock-down ofdan led to impaired semicircular canal formation sanito that caused by
knock-down ofchsyl Furthermore, both treatments compromisédylexpression in the
epithelial protrusions.

Taken together, our data indicates that BMP sigialhas a negative effect ochsyl
expression, and that Dan is required to inhibit BEiBnalling and to de-represshsyl
expression in epithelial protrusions, thereby alf@yvsemicircular canal morphogenesis. We
therefore conclude that both loss and gain of CH8Mttion lead to similar defects during
various morphogenetic processes in the zebraf@hesof which might be equivalent to the
distal limb malformations, craniofacial dysmorphjsshorter stature, and hearing loss caused
by the homozygous loss of human CHSY1 function emifamy preaxial brachydactyly

syndrome.
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Own contributions:

Initially, the two TPB1 and TPB2 families from Edgywvere subjected to a genome-wide scan
using the Affymetrix GeneChip® Human Mapping 10Krdy (CCG, University of Cologne,
group of Prof. Dr. P. Nlrnberg).

First of all | evaluated and interpreted the Affyme GeneChip data which showed linkage
of the families to two possible different loci ohromosomes 1p33 and 15926 (Data not
shown). In order to map thEPBSlocus | designed primers for microsatellite mar&ealysis
for these loci and performed fine mapping analysysusing PCR technique. Finally, 1
interpreted the microsatellite marker analysis asthblished the corresponding haplotypes

for the families (Figure 1a).
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Temtamy Preaxial Brachydactyly Syndrome Is Caused
by Loss-of-Function Mutations in Chondroitin Synthase 1,
a Potential Target of BMP Signaling

Yun Li, 1.215 Kathrin Laue, 315 Samia Temtamy,4 Mona Aglan, 4 L. Damla Kotan, 5> Gokhan Yigit, 1.2
Husniye Canan, 6 Barbara Pawlik,1.2 Gudrun Nu'rnberg,1.7.8 Emma L. Wakeling, © Oliver W. Quarrell, 10
Ingelore Baessmann,” Matthew B. Lanktree, 11 Mustafa Yilmaz, 12 Robert A. Hegele,'1 Khalda Amr, 4
Klaus W. May, 13 Peter Nirnberg,1.7.8 A. Kemal Topaloglu, 4 Matthias Hammerschmidt, 1.3.8*

and Bernd Wollnik 1.2.8*

Altered Bone Morphogenetic Protein (BMP) signaling leads to multiple developmental defects, including brachydactyly and deafness.
Here we identify chondroitin synthase 1 (CHSY1) as a potential mediator of BMP effects. We show that loss of human CHSY 1 function
causes autosomal-recessive Temtamy preaxial brachydactyly syndrome (TPBS), mainly characterized by limb malformations, short
stature, and hearing loss. After mapping the TPBSlocus to chromosome 15g26-qgterm, we identi ed causative mutations in ve consan-
guineous TPBS families. In zebra sh, antisense-mediated chsylknockdown causes defects in multiple developmental processes, some of

which are likely to also be causative in the etiology of TPBS. In the inner ears of zebra sh larvae,
bmp2b. Furthermore, unrestricted Bmp2b signaling or loss of Dan activity leads to

inhibitor dan and in a complementary fashion to

chsylis expressed similarly to the BMP

reduced chsylexpression and, during epithelial morphogenesis, defects similar to those that occur upon Chsy1 inactivation, indicating

that Bmp signaling affects inner-ear development by repressing

chsyl In addition, we obtained strikingly similar zebra sh phenotypes

after chsyloverexpression, which might explain why, in humans, brachydactyly can be caused by mutations leading to either loss or to

gain of BMP signaling.
Introduction

Brachydactylies are characterized by nger and toe short-
ening caused by short or absent metacarpus or metatarsus
and/or phalanges. They can occur either as an isolated trait
or as part of a syndrome in combination with other devel-
opmental malformations. Recent analyses have identi ed
mutations in components of the Bone Morphogenetic
Protein (BMP) signaling pathway or its modulators as the
cause of different types of brachydactyly. According to
current concepts, loss of BMP signaling, as for example
caused by loss-of-function mutations in the BMP ligand
GDF5 (MIM 601146) or the GDF5 high-af nity receptor
BMPR1B (MIM 603248), leads to reduced bone formation
and brachydactyly type A2 (BDA2 [MIM 112600]) or type
C (BDAC [MIM 113100]), * whereas gain of BMP signaling,
as manifested by loss-of-function mutations in the BMP
inhibitor Noggin (MIM 602991), can result in compro-
mised joint formation between the different bony hand
and foot elements and in the development of symphalan-
gism (SYM1 [MIM 185800]) and/or multiple synostosis
syndrome (SYNS1 [MIM 186500]). 2 However, the effects
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of BMP signaling seem to be more complex and subject
to intensive ne tuning. For instance, in addition to being
caused by loss of GDF5 activity, BDA2 can also be caused by
gain of BMP2 signaling, and brachydactyly type B2 (BDB2
[MIM 611377]) can be caused by missense mutations
in Noggin (Mundlos ! and references therein). Similarly,
both GDF5 and Noggin mutations are linked to deafness
in SYNS1.2 In light of this, the exact roles of BMP signaling
and the nature of mediators accounting for the differential
effects remain largely obscure.

The Temtamy preaxial brachydactyly syndrome (TPBS
[MIM 605282]) is an autosomal-recessive congenital syn-
drome mainly characterized by bilateral, symmetric pre-
axial brachydactyly and hyperphalangism of digits, facial
dysmorphism, dental anomalies, sensorineural hearing
loss, delayed motor and mental development, and growth
retardation. *

Here we mapped the TPBSlocus to chromosome 15q26-
gterm and identi ed causative mutations in CHSY1(MIM
608183) in ve TPBS families. The zebra sh has recently
emerged as a suitable animal model for human develop-
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loss and gain of chsyl function leads to defects similar to
those in human TPBS patients. Such defects include
reduced body length, compromised formation of the
pectoral n, severe midline de ciencies in the cartilage of
the neurocranium, and compromised formation of epithe-
lial protrusions and semicircular canals in the inner ear.
Moreover, we demonstrate that Bmp signaling has a nega-
tive effect on chsylexpression and that Dan is required for
inhibition of Bmp signaling and derepression of  chsyl
expression in epithelial protrusions, and it thereby allow-
ing allows semicircular canal morphogenesis.

Material and Methods

Subjects

All subjects or their legal representatives gave written informed
consent to the study. The study was performed in accordance to
the Declaration of Helsinki protocols and approved by the local
institutional review boards. Five families with the clinical diag-
nosis of Temtamy preaxial brachydactyly (TPBS) were included
in the study. Clinical features of some of the families have been
already published: TPB1,* TPB4f and TPB5.” Patients underwent
general otological examinations and pure-tone audiometry with
air and bone conduction at 250 Hz, 500 Hz, 1000 Hz, 2000 Hz,
4000 Hz, and 8000 Hz. Vestibular evaluation in affected individ-
uals did not reveal any symptoms of vestibular dysfunction.
Moderate to profound sensorineural hearing impairment was
diagnosed in families TPB1 (individual [1-2), TPB2 (individual
11-2), TPB3 (individuals 11-3 and 1I-5), TPB4 (individual II-2), and
TPBS5 (individuals II-5 and 11-6). DNA from participating family
members was extracted from peripheral blood lymphocytes by
standard extraction procedures.

Linkage Analysis

Genome-wide linkage analysis in available members of the TB1
and TB2 families was performed with the Affymetrix GeneChip
Human Mapping 10K SNP Array Xbal42 (version 2.0). Genotypes
were called by the GeneChip DNA Analysis Software (GDAS v3.0,
Affymetrix). We veri ed sample genders by counting heterozy-
gous SNPs on the X chromosome. Relationship errors were
evaluated with the help of the program Graphical Relationship
Representation.® The program PedCheck detected Mendelian
errors,’ and data for SNPs with such errors were removed from
the data set. Non-Mendelian errors were identied with the
program MERLIN, ° and unlikely genotypes for related samples
were deleted. Linkage analysis was performed under the assump-
tion of autosomal-recessive inheritance, full penetrance, consan-
guinity, and a disease gene frequency of 0.0001. Multipoint
LOD scores were calculated with the program ALLEGRO. ** Haplo-
types were reconstructed with ALLEGRO and presented graphi-
cally with HaploPainter. ' All data handling was performed
with the graphical user interface ALOHOMORA. *2 For the TPB3
family, an independent genome-wide 250K Nspl Affymetrix
SNP Array (Affymetrix, CA, USA) analysis was done on all mem-
bers of the nuclear family at the Genome Sciences Laboratory
of the Ankara University Biotechnology Institute. SNP Array
data were analyzed by Genespring GT (Agilent, Santa Clara, CA,
USA). For subsequent ne mapping, known and newly designed
microsatellite markers for the critical region were genotyped
(Table S2.

Mutation Screening

We searched databases to identify candidate genes in the critical
region on chromosome 15g26-qterm (GeneDistiller, Ensemble
Genome Server, and UCSC Genome Bioinformatics). Four candi-
date genes, ADAMTS17 (MIM 607511), CHSY1, SELS (MIM
607918), and PCSK6(MIM 167405), were chosen for mutation
screening on the basis of their expression pattern and presumed
functional properties (OMIM and Unigene). Primers were
designed according to the reference sequences. The coding exons
and adjacent splice sites of these candidate genes were sequenced
in the index patients of TPB1 and TPB2 families. We ampli ed
the three exons of CHSY1l (CHSY1 NC_000015.9; CHSY1,
NP_055733.2; Table S2 from DNA of all affected members of the
ve families and sequenced the PCR products by BigDye Termi-
nator method on an ABI 3100 sequencer. We resequenced all
identi ed mutations in independent experiments and tested for
cosegregation within the families. We tested 150 healthy control
individuals from Turkey, 30 from Morocco, and 30 from Egypt
for the mutations in exon 1 (c.55-84del30, c.14delG, and
€.205C>T) by direct sequencing. One hundred twenty controls
from Pakistan and 40 from Turkey were tested for the mutation
of ¢.321 3C>G by PCR and restriction digestion, and 150 con-
trols from Pakistan were tested for the mutation of p.P539R.
CHSY protein sequence was analyzed with the server Pfam for
protein domains. All primer sequences of designed polymorphic
markers on 15qter and primer sequences for genomic and cDNA
ampli cation of CHSY1lcan be found in Table S2

CHSY1 cDNA Analysis

RNA was extracted from fresh blood with the Paxgene Blood RNA
system (QIAGEN). Reverse-transcriptase polymerase chain reac-
tion (RT-PCR) was performed with RevertAid First Strand cDNA
synthesis Kit (Fermentas). The primers for ampli cation were
designed according to the reference sequence and located in
exon 1 and exon 3 ( CHSY1mRNA, NM_014918.4; Table S2.

Histology

Whole-mount in situ hybridizations, immunostainings, and dou-

ble in situ hybridizations were carried out as described. *'® For
chsyl probe synthesis, a 1030 bp fragment of zebrash chsyl
cDNA (GenBank accession number BC064670; *°) was ampli ed
via RT-PCR, cloned into pCRII (Invitrogene), linearized with Hin-
dlll, and transcribed with T7 RNA polymerase. Sense control probe
was generated with Notl and SP6 RNA polymerase. The bmp2b,
msxc, and sox9a probes were generated as described?’*° Fluores-
cein-phalloidin staining of hair cells in sensory patches of inner
ears was carried out as described?’

Morpholino Injection

Two sequence-independent antisense morpholino oligonucleo-
tides (MOs) targeting the translational start codon ( chsyl-ATG
MO) or 5 ° untranslated region ( chsyl-UTR MO) were purchased
from GeneTools. Sequences were as follows: chsy-ATG MO, 5%AA
GATCTGCGACTCCTTCCTGCCAT-3° (identical to MO in Zhang
et al.’® and Peal et al.?%); and chsyl-UTR MO, 5%CTAGTCGCTT
TAATTTGTCAGAGTT-3% MOs were injected into 1- to 4-cell-stage
embryos, as described;”* per embryo,1.5 nl was injected at con-
centrations ranging from 66-333 M (ATG MO) and from 333-
500 mM (UTR MO). To avoid unspeci c toxicity, we coinjected
the UTR MO with p53-MO. 22 To control knockdown ef cacy, we
cloned the 5 °UTR and the rst 46 nucleotides of the coding region
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Figure 1. Clinical and Molecular Findings in Families with TPBS

(A) A haplotype analysis of the 15g26-gterm critical region indicates homozygosity in affected individuals of the TPB1, TPB2, and TPB3

families.

(B) Typical hand anomalies and skeletal ndings seen in our patients with TPBS.
(C) Genomic overview of the 1526 critical region and genomic localization of the genes tested.

(D) Electropherograms of identi ed homozygous

(E) Schematic view of CHSY1 protein domains, coding exons, and localization of identi ed

into pCS2 b vector®® and fused it to GFP. The plasmid was linear-
ized with Notl, and chsyl-gfphybrid mMRNA was generated with
the SP6 MessageMachine Kit (Ambion, Austin, TX). Injection of
this mMRNA into zebra sh embryos yielded strong GFP uorescence
at late gastrula stages (Figure S3. However, uorescence was com-
pletely suppressed upon subsequent coinjection of the mRNA
with chsylATG MO or chsylUTR MO (Figure S3). dan MO injec-
tions were done as described.?

Overexpression Studies

For chsyloverexpression, the coding region of human CHSY1lwas
cloned into the Clal and Xhol sites of pCS2 p.2% The plasmid was
linearized with Notl, and capped sense RNA was synthesized
in vitro via the SP6 MessageMachine Kit (Ambion, Austin, TX).
mRNA (1.5 nl) was injected into 1- to 4-cell-stage embryos at
a concentration of 100 ng/ m. For temporally controlled bmp2b
overexpression, the offspring of Tg(hsp70l:bmp2b)frl3 transgenic
sh were subjected to a 30 min heat shock (transfer from 28 C
to 39 C) at 48 hpf, as described. ?®

CHSY1mutations compared to wild-type sequences.

CHSY1mutations.

Results

Clinical Findings in CLS Families

We have examined ve TPBS families presenting with
a variable expression of clinical symptoms ( Figure 1A, B,
and Table 1). We observed mild facial dysmorphism,
including round face and craniosynostosis, mild hyperte-
lorism, and micrognathia, in the majority of TPBS cases
(Table 1). Distal limb anomalies affected both hands
and feet and were characterized by short and abducted
thumbs, short and deviated halluces, and syndactyly.
Typical preaxial brachydactyly of digits 1-3 was seen in
all affected individuals and, in addition, hyper- and sym-
phalangism, radio-ulnar synostosis, and carpal or tarsal
fusions were observed in X-rays of some cases. Further
skeletal anomalies showed a progressive course in TPBS
patients and included growth retardation, kyphoscoliosis,
and pectus excavatum. Interestingly, we found moderate
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Table 1.  Clinical Findings in TPBS Families Carrying CHSY1Mutations
Family Data TB-1 TB-2 TB-3 TB-4 TB-5
Consanguinity b b b b b
Number of affected individuals 1 2 3 1 3
Mutation (nucleotide change) c.55-84del c.14delG c.205C >T c.321 3C>G c.1616C>G
Mutation (protein change) G19_L28del G5AfsX30 Q69X P539R
Origin Egypt Egypt Turkey Sri Lanka Pakistan
Facial Dysmorphism
Plagiocephaly o] o] b/
Hypertelorism o] o] o]
Micro- or retrognathia o] o]
Dental Anomalies
Microdontia b b b b b
Talon cusps b b b b
Hearing loss
Sensorineural b b b b b
Conductive
Malformed ears b b b ?
Hand or foot anomalies
Short ngers or toes I, 11, 1l o] o] o] o] b
Syndactyly b b b b b
Abducted thumbs b b b b b
Lateral/medial deviations of ngers/toes o] o] o] o] b
Clinodactyly b b b b b
Radiological ndings
Preaxial brachydactyly b b b b b
Short metacarpals/metatarsals b b b b b
Hyperphalangism b b b b b
Symphalangism b b b b b
Phalangeal duplications b b b b b
Radioulnar synostosis b
Skeletal anomalies
Kyphoscoliosis o] o] b/
Pectus excavatum o]
Generalized osteoporosis o] o] o] n.a n.a.
Additional ndings
Developmental delay b b b ?
Mental retardation b b b ?
MRI ndings n.a. partial cerebellar n.a. n.a.
agenesis degeneration,
of the mild brain
cerepellar stem atrophy
vermis

Optic atrophy
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to profound sensorineural hearing loss in almost 80% of
the cases.

Mapping of the TPBS Locus and Identibcation

of CHSY1 Mutations

Initially, we genotyped DNA samples from available family
members of the originally described TPB1 family (4) and
one additional family, TPB2, which both originated from
Egypt, by using the Affymetrix GeneChip Human Map-
ping 10K SNP Array (version 2.0). Affected individuals
were born to consanguineous parents in both families.
Two possibly linked loci on chromosomes 1p33 and
15026 were observed and had a combined parametric
LOD score of 2.37 and 2.51, respectively ( Figure S1). Exten-
sive analysis of microsatellite markers of these regions
mapped the TPBS locus to chromosome 15qg26-qterm
between SNPs rs1480952 and rs352744 (Figure 1A; see
also Figure S2, dening a shared homozygous critical
interval of approximately 3.8 Mb and excluding the 1p33
region (Figure 1C; see also Figure S2). Mapping data of
one additional TPBS family, TPB3 from Turkey, con rmed
TPBSlocus without reducing the critical region ( Figure 1A).

Among the 20 annotated genes within this region, we
sequenced four of them as highly relevant positional
candidate genes (ADAMTS17, CHSY1, PCSK6 and SELS
Table S1). Sequencing of the three coding exons of the
chondroitin synthase 1, CHSY1 gene revealed different
homozygous mutations in affected individuals in each of
the three linked families as well as two additional families
with TPBS, which were subsequently tested. CHSY lis tran-
scribed to a 4549 bp transcript (NM_014918.4), which
encodes a protein of 803 amino acids. All mutations cose-
gregated with the disease in the families and were not
when more than 150 healthy control individuals were
tested. We found three mutations in exon 1 of CHSYZL
a 30 bp deletion, c¢.55-84del (p.G19_L28 del, TPB1 family);
a 1 bp deletion, c.14delG (p.G5A fsX30, TPB2 family); and
the ¢.205C>T nonsense mutation (p.Q69X) in all three
affected individuals of the TPB3 family ( Figures 1D and
1E). An acceptor splice-site mutation, ¢.321-3C >G, was
identi ed in the TPB4 family, whereas the only missense
mutation, ¢.1616C > G (p.P539R, TPB5 family), was located
in exon 3 of the gene ( Figures 1D and 1E).

The acceptor splice-site mutation ¢.321 3C>G is pre-
dicted to cause skipping of CHSY1exon 2 and lead to the
loss of 496 bp on the transcript level and a thus frame shift
and premature protein truncation. We con rmed skipping
of exon 2 on cDNA of the affected individual (  Figures S2A
and S2B). The only missense mutation identi ed, p.P539R,
affects a highly conserved proline ( Figure 2C).

Expression of chsyl in Zebrabsh

No Chsy1knockout mice have been reported yet. However,
consistent with the phenotypic traits of TPBS, our in situ
hybridization analysis revealed Chsy1 expression in chon-
drocytes and the developing inner ear of €12.5 and e14.5
mouse embryos (data not shown). To address the develop-

mental functions of CHSY1 and CS, and their possible rela-
tionship to BMP signaling, we turned to the zebra sh
system. Whole-mount in situ hybridization revealed wide-
spread expression of chsylin the head (data not shown)
and prominent expression in the oor plate (  Figure 3A)
and the n epithelium ( Figures 3B and 3D) of wild-type ze-
bra sh embryos at 24 hr postfertilization (hpf). During the
second day of development, prominent expression was
also detected in the heart (data not shown), chondrocytes
of the developing head skeleton ( Figure 3E), pharyngeal
endoderm of the branchial arches ( Figure 3FG), distal
regions of the pectoral n buds ( Figure 3H), and epithelial
protrusions of the inner ears ( Figure 3l), These protrusions
later fuse to form the semicircular canal ducts; the central
components of the vestibular system contribute to angular
motion sensing and body balancing. 2° After this fusion has
occurred, chsyltranscript levels appear to drop ( Figure 3J).

Phenotypes of Zebrabsh after Loss and Gain of
Activity and the Correlation of chsyl to bmp2b
and dan

To knock down Chsyl activity, we injected zebra sh
embryos with antisense morpholino oligonucleotides
(MOs; for ef cacy control; see Figure S3. In addition, for
gain-of-function studies, we injected in vitro synthesized
human CHSY1 mRNA. Surprisingly, both treatments led
to similar defects, including a signi cant reduction of
body length ( Figures 4A—4C), compromised pectoral n
formation ( Figures 4D—4F), severe midline de ciencies in
the cartilage of the neurocranium ( Figures 4G and 4H),
notochord undulation ( Figures 4K and 4L), and later, noto-
chord degeneration ( Figures 41 and 4J), which could be
correlated with the aforementioned chsyl expression in
the overlying oorplate cells (see above; Figure 3A) and
with the shorter body length ( Figure 4B). Furthermore,
chsyl morphants displayed reduced eye distances, as well
as slight cyclopia in severe cases (Figures 4AM—40), which
is linked with the neurocranial de ciencies ( Figures 4G
and 4H). In addition, the eyes developed colobomas ( Fig-
ures 4P-4R).

In the inner ears, formation of epithelial protrusions and
semicircular canals was severely compromised ( Figures 5A—
5D). However, according to msxc in situ hybridization
and FITC-phalloidin staining of hair cells, the cristae and
maculae, semicircular canal- and otolith-associated sen-
sory patches of the ear, respectively, did not show major
alterations in chsyl morphants ( Figures 5K-5N). This
suggests that, rather than being important for hair cell
development itself, Chsyl might be instrumental for
proper morphogenesis of the vestibular organ.

Positive and negative effects on semicircular canal
development have also been reported for BMP signaling.
Although according to genetic analysis, late loss of
Bmp2b function leads to defective semicircular canal mor-
phogenesis,?” another report describes similar effects
under Bmp2b/4 gain-of-function conditions. 2% bmp2b and
chsyl are expressed in a largely complementary manner.

chsyl
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Figure 2. Additional Molecular Findings in TPBS
(A) Ampli cation of

CHSY1cDNAs of the TPB4 patient carrying the c.321

3C> G splice-site mutation and of a healthy control. The

forward primer was located in exon 1, and the reverse primer was located in exon 3. Complete loss of the normal amplicon size in

the patient's cDNA was due to the skipping of exon 2. Abbreviations are as follows: M, marker; WT, wild-type control; Pat, patient;

and C, water control without DNA.

(B) Electropherograms of CHSY1transcripts from the wild-type control and patient TPB4 show the skipping of exon 2 in the patient.

(C) An amino acid sequence alignment of CHSY1 proteins of different species shows the highly conserved proline at position 539.

(D) A PCR and enzyme-digestion method was used as a second independent method of showing the cosegregation of the ¢.1616C >G
(p-P539R) missense mutation in the TPB5 family. The mutation abolishes one of the two Bsl | restriction sites in the amplicon. Parents
were heterozygotes, and all of three patients (113, 115 and 116) were homozygotes for the mutation, whereas none of the three healthy
siblings had the homozygous mutation. Abbreviations are as follows: M, Marker; C, healthy control individual; and UF, undigested

PCR fragment.

At 56 hpf, bmp2b expression is strongest in the developing
cristae of the inner ear ( Figure 5J), where chsy1 expression
is very weak (Figure 5G). In contrast, the epithelial protru-
sions display strong expression of chsyl (Figure 5G) and
the Bmp inhibitor dan®* but weak bmp2b expression (Fig-
ure 5J). Consistently, transgenic overexpression of bmp2b
during the second day of development or MO-mediated
knockdown of dan led to impaired semicircular-canal for-
mation similar to that caused by knockdown of chsyl
(Figures 5E and 5F). Furthermore, both treatments compro-
mised chsyl expression in the epithelial protrusions
(Figures 5H and 5I). Together, this suggests that Bmp
signaling has a negative effect on chsyl expression and
that Dan is required for inhibition of Bmp signaling and
derepression of chsylexpression in epithelial protrusions;
Dan thereby allows semicircular canal morphogenesis.
It is tempting to speculate that Bmp inhibition and

Chsyl play a similar role during morphogenesis of the
cochlea, the central auditory structure in mammals, and
that they possibly underlie the hearing loss in human
TPBS patients.

Discussion

In the present study we showed that congenital bilateral,
symmetric preaxial brachydactyly and hyperphalangism
of digits, facial dysmorphism, dental anomalies, sensori-
neural hearing loss, and growth retardation in the Temt-
amy preaxial brachydactyly syndrome (TPBS) is caused
by recessive mutations in CHSY1 The encoded protein,
chondroitin synthase 1, is a key protein in the biosynthesis
of chondroitin sulfate (CS). It belongs to the glycosamino-
glycans (GAGs) and is composed of alternating glucuronic
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Figure 3. Expression of chsylduring Zebrabsh Development

Ages of embryos and larvae (in hpf) are indicated in the lower right corners, and the in situ hybridization probes (A—F and H-J) or anti-

body (G) are indicated in the lower left corners. (A—C, F-J) Lateral views. Anterior is to the left. (D) A transverse section through the tail.
Dorsal is to the top. (E) A ventral view of the head region.

(A—F and H-J) Whole-mount in situ hybridization with a chsyl antisense probe to detect chsyImRNA (A, B, D, E, F, H, |, and J), sox9a
antisense probe'® to colabel chondrocytes (E, in red), and a chsylsense control probe (C). (G) Whole-mount anti-Zn5 immunostaining,
marking the pharyngeal endoderm (compare with Piotrowski and Nu " sslein-Volhard 4°). chsy1lis expressed in the oor plate (fp), located
between the spinal cord and the notochord (nc) (A), in the basal keratinocyte layer of the n epithelium (B and D), in somatic cells close

to the myosepta (B), in chondrocytes of the neurocranium and pharyngeal arches of the visceral skeleton (E), in the pharyngeal endo-

derm (pe) of the branchial arches (F), and in epithelial protrusions of forming semicircular canals in the inner ear (I). When these epithe-

lial protrusions have fused in the center of the otic vesicle,

chsyltranscript levels drop (J).

Abbreviations are as follows: ep, epithelial protrusions; et, ethmoid plate (neurocranium); fep, n epithelium; fp, oor plate; hy, hyoid
(second pharyngeal arch); md, mandibular ( rst pharyngeal arch); nc, notochord; pe, pharyngeal endoderm; pfb, pectoral n bud; s,

somite; and tc, trabeluca cranii (neurocranium).

acid (GIcUA) and N-acetyl galactosamine (GalNAc) resi-
dues?® CS can be synthesized in multistep processes
as covalently bound side chains of proteins known as
proteoglycans. *° CHSY1 has both the glucuronyltransfer-
ase Il and N-acetylgalactosaminyl-transferase Il activities
required for the synthesis of the repeating disaccharide
unit of CS. Both deletions and the p.Q69X nonsense
mutation, all located in exon 1 of CHSY1, can be expected
to cause structural alterations and disruption of the CHSY1
protein structure. We also conrmed that the acceptor
splice-site  mutation ¢.321 3C>G causes skipping of
CHSY1 exon 2 and leads to the loss of 496 bp on the
transcript level and a frame shift and premature protein
truncation. Therefore, it is likely that the c.321 3C>G
mutation also leads to a nonfunctional CHSY1 protein.
We only identied one missense mutation, p.P539R,
which affects a highly conserved proline within the func-
tionally important chondroitin N-acetylgalactosaminyl-
transferase (CHGN) domain of CHSY1 ( Figure 1E). The

substitution of proline by arginine might interfere with
the normal folding of this domain and thus prevent ef -
cient protein function. Taken together, these ndings
demonstrate that complete or nearby complete loss of
CHSY1 function underlies autosomal-recessive TPBS.
Our zebra sh study demonstrated that both loss and
gain of Chsyl function lead to similar defects during
various morphogenetic processes in the zebra sh; some
of these processes might be equivalent to the distal limb
malformations, craniofacial dysmorphism, shorter stature,
and hearing loss caused by the homozygous loss of human
CHSY1 function in TPBS. The similarity of the zebra sh
inner-ear phenotype after loss and gain of Chsyl or Bmp
activity, together with the loss of  chsyltranscription after
gain of Bmp signaling, further suggests that a similar dereg-
ulation of CHSY1 might at least partly underlie the
different defects caused by aberrant BMP signaling in
mammals. Such defects include craniofacial and inner-
ear dysmorphologies 32=3% and the different types of
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Figure 4. Phenotypes of Zebrabsh Larvae after Loss and Gain of chsyl1 Function

Ages of zebra sh larvae (in hpf) are indicated in the lower right corners, and treatments are indicated in the upper right corners. Abbre-
viations are as follows: MO, embryo injected with antisense morpholino, loss of function; RNA, embryo injected with synthetic mRNA,
gain of function; and wt, unjected wild-type control).

(A-C) Lateral views of live animals, displaying reduced body length and altered head morphology after chsylloss and gain of function.
(D-F) Dorsal views of the anterior trunk of live larvae, displaying pectoral ns with variably reduced outgrowth. Upper n in (F) is of
normal size and shape. Compared to the other phenotypic traits, impaired n development was only moderately penetrant (approxi-
mately 30%), and it often occurred in a unilateral manner (as in F). (G and H) Alcian blue staining of cartilage of the neurocranium.
For a better appreciation of the neurocranial de ciencies, the visceral skeleton was manually removed.

(I and J) Lateral view of the trunk of live animals, revealing degeneration of notochord cells in the morphant. In several zebra sh
mutants, notochord degeneration is linked to and most likely causative of reduced body length, “1 as also seen in the chsyl morphants
described here.

(Kand L) View of the trunk of live embryo. The notochord undulation of the morphant indicates that the shortened body length cannot

be solely caused by notochord degeneration. Similar notochord undulation has been observed in several zebra sh mutants, e.g., those
carrying loss-of-function mutations in  wnt5a,3® pointing to a possible additional role of Chsyl in modulating noncanonical Wnt
signaling.

(M-0) Dorsal view of the heads of live larvae. Medial expansion of the eyes and loss of midline forebrain tissue leads to partial cyclopia.
Note that in the morphants shown here, the pectoral ns are not or only moderately affected.

(P-R) Lateral view of the eyes, revealing lack of dorsal retinal tissue and failed closure of the choroid ssure (coloboma). This phenotypic
trait is linked to the above-described medial-forebrain de ciencies and shifts of the eyes to more medial positions, and it might be
a secondary consequence of the overall alterations in head and head-skeleton morphology.

Abbreviations are as follows: cf, choroid ssure of eye; et, ethmoid plate (neurocranium); pf, pectoral n bud; and tc, trabeluca cranii
(neurocranium).

human brachydactylies, caused by either gain or loss of analysis of human CHSY1revealed the presence of several
BMP signaling. * Future studies will have to reveal the Smad transcription-factor binding sites (data not shown),
molecular mechanisms of chsyl repression by Bmp sig- suggesting that the effect of BMP signaling on CHSY1
naling and of Chsyl and CS function. Computational expression might be direct. CS, in turn, could have
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Figure 5. Interaction between

chsyl, bmp2b, and dan during Inner-Ear Morphogenesis.

Ages of larvae (in hpf) are indicated in lower right corners, and treatments are indicated in upper right corners. Abbreviations are as
follows: MO, embryo injected with antisense morpholino; RNA, embryo injected with synthetic mRNA; tg(bmp), transgenic after heat-

shock induction of ubiquitous

bmp2b expression;?® and wt, unjected or nontransgenic wild-type control).

(A—F) Lateral views of the inner ear of live animals. In the wild-type control (A), the walls of the semicircular canals are outlined by dots.

(G-H) Inner ears after whole-mount in situ hybridization for

(G-L) Lateral views of the inner ears after whole-mount in situ hybridization for
mRNA levels in epithelial protrusions (ep) are strongly reduced after overexpression of

chsyl (t-v) or bmp2b (w) mRNA. For details, see text.

chsyl1 (G-l), bmp2b (J), or msxc (K and L). (G-I) chsyl
bmp2b (H) and after inactivation of the BMP

inhibitor DAN (I). The much weaker expression in the cristae primordia (cr) remains unaltered (compare G and H). (J) In contrast to

chsyl(see G),bmp2bis strongly expressed in the cristae of the wild-type inner ear. (K and L)

msxcexpression in cristae of the chsylmor-

phantis unaltered (L). Because msx genes are known transcriptional targets of BMP signaling, these data also suggest that, in contrast to
the BMPs upstream of chsyl, Chsyl does not act upstream of BMP signaling.

(M and N) Merged stacks of confocal images of inner ears after uorescein (FITC)-phalloidin staining. Cristae (indicated by white arrows)

of wild-type and morphant larvae contain hair cells of indistinguishable numbers and morphology.

Abbreviations are as follows: cr, crista (sensory patch of inner ear); ep, epithelial protrusions; o, otolith; and pc, posterior semicircular

canal.

a structural role during morphogenetic processes, consis-
tent with its expression in the tips of the epithelial pro-
jections of the forming semicircular canals and with the
described role of other GAGs such as hyaluronic acid
during zebra sh inner-ear morphogenesis. 3* In addition,
as a component of proteoglycans-like aggrecan or versican,
CS might feed back to BMP or other growth-factor sig-
naling, consistent with the described activities of proteo-
glycans as growth-factor binding proteins and/or corecep-
tors.3® For instance, an undulated notochord phenotype as

in zebrash chsyl morphants is also displayed by wnt5a
mutants, 3¢ pointing to a possible involvement of CHSY1
in noncanonical WNT signaling. Furthermore, as described

in detail in the accompanying work by Tianetal., 3" CHSY1
could modulate signaling through the Notch receptor.
CHSY1 has a Fringe domain, which is possibly involved
in glycosylation of Notch receptors and thus modifying
their ligand speci city and signaling ef ciency. 38 Consis-
tent with a role of Chsyl in reducing Notch signal-
ing, we found that conditional expression of the constitu-
tively active intracellular domain of Notch in zebra sh
causes compromised semicircular-canal formation, as

does loss of Chsyl activity (K.L. and M.H., unpublished
data). Together, the negative role of Bmp signaling
on chsyl expression and the negative role of Chsyl on
Notch signaling are in line with the synergistic effect of
Notch function downstream of Bmp signaling as reported
in many different developmental and physiological
scenarios>®

In conclusion, we show that loss of human CHSY1 func-
tion causes autosomal-recessive Temtamy preaxial brachy-
dactyly syndrome and that antisense-mediated chsyl
knockdown in zebra sh causes similar defects in multiple
developmental processes. In the inner ears of zebra sh
larvae, unrestricted Bmp2b signaling or loss of Dan activity
leads to reduced chsyl expression and, during epithelial
morphogenesis, defects similar to those that occur upon
Chsy1 inactivation, indicating that Bmp signaling affects
inner-ear development by suppressing Chsyl.

Supplemental Data

Supplemental Data include three gures and two tables and are
available with this article online at  http://www.cell.com/AJHG/
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6.1 Elgioglu NH, Pawlik B, Colak B, Beck M, Wollnik B. A novel loss-of-functon
mutation in the GNS gene causes Sanfilippo syndromigpe D. Genet Couns (2009);
20(2):133-9.

Abstract of the publication:

Mucopolysaccharidosis type 1lID (MPS3D) is the lkeemmmon form of the four subtypes of
Sanfilippo Syndrome which is a rare autosomal r&geslysosomal disorder mainly
characterized by progressive neurodegeneration caused by a deficiency of the N-
acetylglucosamine-6- sulphatase (GICNAc-6S sul@eat&NS), a hydrolase, which is one of
the enzymes involved in heparan sulphate catabdisming to lysosomal storage. So far
only twenty patients have been described in tleeditire and only seven causative mutations
in theGNSgene encoding GIcNAc-6S sulphatase have been ezpturidate.

In this study we report on 10 year old boy of Takkiorign with mental retardation of
unknown aetiology. Phenotypically he had relativacrocephaly with a long, coarse facies,
thick lips and eyebrows mild synophrys, low nasatide, high palate and an open mouth
with salivary overproduction. Diagnostic analysesnf serum, leucocyte and cultured
fibroblast regarding the different Muccopolysacathargroups were performed and displayed
that the GICNAC-6S sulphatase activity in culturgkdn fibroblast cells was nearly zero.
Therefore the diagnosis of MPS3D was established.

In order to confirm diagnosis we sequenced all 3dnéntrons boundaries of tteNSgene
and identified the novel homozygous single baseipaéertion, ¢.1226insG, which leads to a
frame-shift and a premature truncation of the GM&gin (p.R409Rfs21X). In addition, we
analyzed 100 controls individuals for the mutation PCR /restriction digestion and the
mutation was not detected. In conclusion we proWnther evidence that loss-of-function of
the GNS gene is the underlying pathophysiological mechanisf the rare Sanfilippo
phenotype.
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Own contributions:

In order to sequence the GNS gene, | first desigaad ordered primers for PCR

amplification for all 14 coding exons. Then | edistied PCR conditions and sequenced all
exon and introns boundaries of the GNS gene.

| identified a novel homozygous base pair insertmf®226insG in exon 11, which leads to a
frame-shift and a premature truncation of the GM&gin (Figure 2a, p.137). This mutation

was re-sequenced in the patient and also in botnfsa

In addition, | established an enzyme restrictiorinng with Hpy 1881 to detect the mutation

and performed restriction with 100 healthy conindlividuals (Figure 2b, p.137).

Finally, I completed the study by preparing the atioh and enzyme restriction pictures
(Figure 2, p.137) for the submission to Genetic i@aliing.
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ANOVEL LOSS-OF-FUNCTION MUTATION IN THE = GNS
GENE CAUSES SANFILIPPO SYNDROME TYPE D

BY N.H. ELCIOGLU, B. PAWLIK? B. COLAK!, M. BECK® AND B. WOLLNIK

Summary: $ QRYHO ORVV RI IXQFWLRQ PXWDWLRQ LQ WKH *16 |[JHQH FD>
OXFRSRO\WVDFFKDULGRVLV W\SH ,,," 0,0 LV WKH OHBDWY:PRBBRQ IR
VIQGURPH W LV DQ DXWRVRPDO UHFHVVLYH\ QRIVRKRP D ® FHW ROU®KXE RAVCDXP
sulphatase (GIcNAc-6S sulphatase, GNS), a hydrolase, which is one of the enzymes involved in heparan sulfate
catabolism leading to lysosomal storage. The clinical features of this disorder are progressive neurodegeneration with
relatively mild somatic symptoms. Twenty patients have been described in the literature and only seven causative
mutations in theGNS gene encoding GIcNAc-6S sulphatase have been reported to date. We present the clinical

DQG PROHFXODU UHVXOWYV RI D QHZO\ GLDJQBMRA® L7XHM WKHS® H@ W RZALI
single base pair insertion, c.1226GinsG, which leads to a frame-shift and a premature truncation of the GNS protein
(p.R409Rfs21X). Conclusion: This novel mutation provides further evidence that loss-of-function is the underlying
pathophysiological mechanism of this rare phenotype.

Key-words 036 W\SH '+ 6DQ¢OLSSR '+ 1 DFHW\OJOXERVDPLQH VXOIDWDVH +4

'INTRODUCTION

The mucopolysaccharidoses (MPS) are a family of lysosomal storage

GLVHDVHV FDXVHG E\ GH¢{FLHQFLHV RI VHYHUDO HQ]J\PHV I
catabolism of glycosaminoglycans (GAG). The defects result in accu-

mulation of excessive intralysosomal GAG in various tissues, causing

distended lysosomes to accumulate in the cell and interfere with cell

function. Multiple types with subgroups caused by different enzyme

defect have been characterized (10).

7KH IRXU GH¢{FLHQW HQJ\PHV LQ 6DQ¢OLSSR GLVHDVH 03
inhibit the catabolism of heparan sulphate and resulting an indistin-

guishable clinical picture, are heparan N-sulphatase (type-A), alpha-

N-acetylglucosaminidase (type-B), acetyl-CoA-glucosaminide acetyl-

transferase (type-C) and N-acetylglucosamine-6-sulphatase (typediepartment of Pediatric

Type Ais the most common form and type D is the less common (ﬁjgsitt';f}ggm%rwmny

All four enzymes are involved with the stepwise degradation of hegaggie of Human

ran sulphate. Heparan sulphate (HS) is primarily found in the centaktics & Center for

nervous system whereas the storage of HS is also abundant in copfiga tiedine (M)

tive tissue and liver. There is little clinical difference among the fattiogne, Germany.

W\SHV Rl 6DQ¢;OLSSR VIQGURPH VLQFH ®Q® dRs¥iaW\SHV DFI
GAG, heparan sulphate. In contrast to the other mucopolysacchargfffiee Doorcers, nverst

VHV W\SLFDO SK\VLFDO IHDWXUHV DU HcéhW DSSDUHQW D
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reach almost normal body height. The only clinical sign seen early

might be thick and coarse hair and synophrys of the eye brows. The
¢UVW VIPSWRPV PD\ EH REVHUYHG HBUOLHU F
PHQW UHJDUGOHVV RI WKH W\SH RI HQ]J\PH G}t
JLFDO ¢QGLQJV PD\ EH DEVHQW XQWLO WKH Fk
some affected children with an age of 2 to 4 years may already attract
attention by restless behavior, sleeping problems, speech disorders and
slowing of learning abilities. Later, body temperature irregularity, sei-

zures and spasticity may develop. Major issues in the care of patients

with MPS-IID include behavioral problems, sleep problems, recurrent
infections, dysphagia, and pain from orthopedic complications. To date

there is no enzyme treatment for MPS-I1l and life expectancy is varia-

ble, but less than one decade (1, 3-5, 9, 10).

‘H SUHVHQW KHUH WKH FOLQLFDO ELRFKHPLFC
MPS 111D patient with a novel homozygous mutation. This will be the
WZHQW\ (UVW SDWLHQW DQG WKH HLJKWK PXW
disorder so far.

| CASE REPORT

Patient MSC is a 10 years old boy with mental retardation of unknown

origin and has been referred for genetic counseling and diagnostic as-

sistance. He was the second child from unrelated parents originating

from a small region of Turkey. He was born after uncomplicated preg-

nancy and delivery at term with a birth weight 3050 gr. He had an

operation to correct an inguinal hernia at 2 years of age. Early motor

development was normal. He was able to sit up without support at

6 months, walk independently at 12 months and started to talk at 12

months with nearly normal speech development. Toilet training was

VXFFHVVIXO LQ WLPH +H ZDV DEOH WKKMHDG L

age of six years and followed the mainstream school program, although

ZLWK VRPH OHDUQLQJ GLI¢FXOWLHV DQG VKRU
\HDUV KLV ¢QH PRWRU DQG ODQJXDJH VNLOC

‘clumsiness’ was reported and he tended to walk on tiptoe. A progres-

sive dementing encephalopathy followed and, as mental decline, motor

GHWHULRUDWLRQ DQG GHDIQHVV GHYHORSHG

rently, he has moderate mental retardation, sleep disturbances, temper

WDQWUXPV DQG K\SHUDFWLYLW\ ZLWK DWWHQ

treated with Risperidol.

Physical examination at the age of 10 yrs revealed weight 37 kg (25-

50" percentile), length 137 cm (25*50ercentile), head circumference

51.5 cm (50 percentile).

7052000 14:58:11
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Phenotypically he had relative macrocephaly with a long, coarse fa-

cies, thick lips and eyebrows mild synophrys, low nasal bridge, high

palate, open mouth with salivary overproduction (Fig.1a). Hypertri-

chosis was present on the back. Lordosis was absent from the lumbar

UHJLRQ DQG WKH SDWLHQW H[KLELWHG LQFUHDVHG WHQGF
FRQWUDFWXUHV RI WKH DQNOH DQG KDPPHUVKDSHG WRHV
rus deformity on feet. Visceral examination was normal without orga-

nomegaly or any heart murmur. No corneal opacities were present. He

ZDV K\SHUDFWLYH ZLWK VKRUW DWWHQWLRQ VSDQ DQG GL
understood simple verbal instructions but his speech was not clearly
XQGHUVWDQGDEOH DQG KLV ¢QH PRWRU DFWLYLW\ ZDV VHY
Skeletal survey revealed mild dysostosis multiplex. There was a thic-

kened diploe, ground glass opacity, sclerosis on basis cranii, wide ribs,

ovoid vertebraes on the thoracal region, irregular end plates on the

lumbal vertebrae region with enlargement and mild irregular shapes on

the spinal processes (Figs.1b-c). Cranial MRI was normal. Hearing test

FRQ{UPHG VHQVRULQHXUDO GHDIQHVY ZLWK WKH ULJKW HI
fected than the left ear. Biochemical and metabolic screening, tandem

MS, serum ammonia and lactate level, were normal except a strong

positive urine MPS screening test.

) L J X Uhenotype of the patient. (a) Face: coarse facial structures and hirsutism; (b) Craniography: thick calvaria,
ground glass opacity; (c) Thoracolumbar graphy: wide ribs and ovoid vertebral bodies.

Enzymatic results on urine analyses revealed negative oligosaccharides

and free neuraminic acid by thin layer chromatography, but positive

Berry test, elevated GAG (glycosaminoglycans) excretion as 21.41mg/

mmol Cre (N<5.6). GAG electrophoresis showed elevated heparan

sulphate and chondroitin sulphate what indicated MPS-3 group. Enzy-

PDWLF DQDO\VHV IURP VHUXP OHXFRF\WH DQG FXOWXUHG ¢
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the different MPS group were performed The GIcNAc-6S sulphatase
DFWLYLW\ LQ FXOWXUHG VNLQ ¢(EUREKHDVW FH(
diagnosis MPS 3D, in contrast to different enzymes related to other
types of MPS which were normal (Table I).
The family received genetic counseling and after informed consent
molecular studies were performed. Primers to amplify the promoter
and all 14 exons and intron/exon boundaries ofGNSgene (MIM

LQ WKH LQGH[ FDVH ZHUH GHVLJQHG SU
ODEOH XSRQ UHTXHVW $IWHU 3&5 DPSOL¢FDV
was performed from both strands. In the patient, the homozygous sin-
JOH EDVH SDLU LQVHUWLRQ F *LQV* LQ H[RC
7KLV PXWDWLRQ ZDV UHVHTXHQFHG LQ WKH SI
and found the parents heterozygous for the ¢.1226GinsG mutation. In
addition, 100 controls were analyzed for the mutation by PCR /restric-
tion digestion and the mutation was not detected. The ¢.1226GinsG
mutation is predicted to cause a frame-shift and a premature truncation
of the protein (p.R409Rfs21X). Therefore, the mutant protein lacks the
C-terminal part and is likely to cause loss of protein function.

7D E (Resuylts of Lysosomal enzymes related to mps group

Sample ENZYME Results Normal ranges | Related Disorder

Serum Iduronate-Sulfatase 572.9 nM/ml/4h 300- 800 MPS- 2

Serum 0 *OXFXURQLGD\0K968 mU/ml| 0.281-1.99 MPS- 7

Serum 1 $F . *OXFRVDPLQH | mUml 0.320-2.64 MPS- 3B

Leucocyte | Sulfamidase 2.299 nmol/mg/17h  3-9 MPS- 3A

Leucocyte N-Ac-Transferase 12.89 nmol/mg/17h  8-32 MPS- 3C

Fibroblast | GIcNAc-6S sulphatase 0.2 nmol/mg/17h| 31-135 MPS- 3D

Fibroblast | . ,GXURQLGDVH| 4.89 mU/mg 1.36-4.40 MPS- 1
'DISCUSSION
6DQ¢OLSSR VIQGURPH W\SH ' LV DQ DXWRVR
VWRUDJH GLVHDVH WKDW LV FDXVH®EHN D GH¢ |
W\OJOXFRVDPLQH VXOSKDWDVH *16 ZKLFK L
of heparan sulphate. The clinical features include an initial period of
hyperactivity and aggressive behavior, followed by progressive neu-
rodegeneration, with relatively mild somatic symptoms and skeletal
involvement. Biochemical features of type D include accumulation
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JLIXUWXWDWLRQV LGHQWL{HG LQ WKH *16 JHQH $ 6HTXHQFHQRKKRPDWR.
KRPRJ\JRXV VWDWH LQ WKH SDWLHQW DQG KHWHURJ\JRXV VWDWH LQ WKH
of the enzyme restriction method established for mutation detection. As seen, the mutation abolishes a Hpy1881 site
leading to an uncut amplicon in the patient, while both parents show the pattern for a heterozygous carrier (bands

indicated by arrows).

of HS and N-acetylglucosamine-6-sulphate in the brain and viscera.
'LDJQRVLV RI WKLV UDUH FRQGLWLRQ UHTXLUHV D VSHFL¢I
O\WVRVRPDO *16 DFWLYLW\ LQ FXOWXDN® (EUREODVWV 036
FRPPRQ RI WKH IRXU VXEW\SHV Rl 6DQ¢OLSSR VIQGURPH .
patients have been described in the literature (1-7, 9, 11, 12).
The causativilSNS gene (MIM 607664) is located on chromosome

T H[WHQGLQJ NE DQG LQFOXGLQJ- H[RQV ZKLFK HQFI
tein of 552 amino acids. To date, only seven mutations have been des-
FULEHG LQ VHYHQ 6DQ¢OLSSR " IDPLOLHV F GHO$ 5
€.1168C>T, ¢.1138_1139insGTCCT, ¢.876-2A>G, and large intragenic
deletion of exon 2 and exon 3. All individual mutations are predicted to
cause a premature truncation of the protein (1, 2, 5, 9).
7KH SUHVHQW FDVH LV WKH (UVW UHSRUWHG 7XUNLVK SD
found to be homozygous for a single base pair insertion, ¢.1226GinsG
leading to a frame-shift and also premature truncation of the protein
(p.R409Rfs21X). This novel mutation is the eighth mutation described
intheGNS JHQH DQG WKH SUHVHQW ¢(QGLQJ SURYLGHV IXUWKHLI
loss-of-function is the underlying molecular mechanism.
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6DQ¢OLSSR VIQGURPH W\SH ' LV NQRZQ DV WK]|
VIQGURPH ZLWK D SRSXODWLRQ IUHTXHQF\ RI
tingly, 60% of the patients have been of Italian origin suggesting a
common founder mutation; however, since 8 different mutations were

found in 8 different families including the present one, this does not

appear to be true.

Although few families have been analyzed at the molecular level to

date, MPS-IIID syndrome seems as heterogeneous at the genetic level

DV RWKHU 6DQ¢OLSSR VXEW\SHV ZLWKRXW D(
notype correlation. Thus in clinically and genetically heterogeneous
VWRUDJH GLVRUGHUV OLNH WKH 036 JURXSYV
diagnosis through both enzyme analysis and molecular studies in order

to allow appropriate genetic counseling, family planning and prenatal
diagnosis.
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6.2 Hilgert N, Alasti F, Dieltiens N, Pawlik B, Wollnik B, Uyguner O, Delmaghani S,
Welil D, Petit C, Danis E, Yang T, Pandelia E, Petsen MB, Goossens D, Favero JD,
Sanati MH, Smith RJ, Van Camp G. Mutation analysisof TMC1 identifies four new
mutations and suggests an additional deafness gesteloci DFNA36 and DFNB7/11. Clin
Genet. (2008); 74(3):223-32.

Abstract of the paper:

Hearing loss (HL) is the most common sensory dssond humans and affects one in 1000
newborns. About 30% of hereditary hearing loss (HH4 associated with co-inherited
clinical abnormalities and therefore classifiedsgadromic HL. In the remaining 70% of
cases, newborns have nonsyndromic HHL, which isadterized by hearing problems and
mostly due to cochlear defects. Non-syndromic HHL further classified by mode of
inheritance. It is almost exclusively monogenic amukrited as an autosomal recessive trait
(autosomal recessive non-syndromic hearing los$N&RL) in about 70% of cases. HHL is a
very heterogeneous trait and many gene localizataond causing genes have already been
identified for non-syndromic hearing loss. Oneltdde genes is Transmembrane channel-like
gene Y(TMC1)which has been identified as the disease-caugng tpr autosomal dominant
and autosomal recessive non-syndromic hearingdbsee DFNA36 and DFNB7/11 loci,
respectively.

In this study, we investigated one family with doamt and 10 families with recessive non-
syndromic sensorineural hearing loss (ARNSHL) g@dditional 51 familial Turkish patients
with autosomal recessive hearing loss. We amplitedl sequenced all 24 intron/exon
boundaries of th&# MC1 gene located on chromosome 9. In seven familigs ARNSHL, we
identified the two known TMC1 c¢.100C>T and c.1169Crutations as well as the four
novel ¢.2350C>T, c.77611G>A, c.767delT and c.1168Gwrutations. No proven disease
causing mutation could be found in TMCL1 or in 1Bbestgenes in the remaining families and

isolated cases.

Own contributions:
First of all, | designed primers for tiédMIC1 gene by using genome databases and established
the test conditions for PCR amplification and sewpireg. Then | screened 70 Turkish patients

with autosomal recessive hearing loss (ARNSHL)abR4 coding exons ofMCL
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| identified the novel homozygous deletion c.767del exon 13 in a patient as well as

another novel c.1166G>A missense mutation in eX»mlnother deafness patient (Table 2,
p. 4).

Furthermore, | evaluated the sequencing resultsidiyg database analysis and performed

control studies of 100 control individuals eithgrdn enzyme restriction method or by direct

sequencing (data not shown).
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Hearing loss is the most frequent sensorineural disorder affecting 1 in
1000 newborns. In more than half of these babies, the hearing loss is

inherited. Hereditary hearing loss is a very heterogeneous trait with about

100 gene localizations and 44 gene identifications for non-syndromic
hearing loss. Transmembrane channel-like gene TNIC1) has been
identified as the disease-causing gene for autosomal dominant and
autosomal recessive non-syndromic hearing loss at the DFNA36 and
DFNB7/11 loci, respectively. To date, 2 dominant and 18 recessive
TMC1 mutations have been reported as the cause of hearing loss in 3
families. In this report, we describe linkage to DFNA36 and DFNB7/11
in 1 family with dominant and 10 families with recessive non-syndromig
sensorineural hearing loss. In addition, mutation analysis oTMC1 was
performed in 51 familial Turkish patients with autosomal recessive
hearing loss. TMC1 mutations were identified in seven of the families
segregating recessive hearing loss. The pathogenic variants we found
included two known mutations, ¢.100C T and c.1165C T, and four
new mutations, ¢.2350C T, ¢.776L 1G. A, c.767delT and c.1166G A.
The absence offMC1 mutations in the remaining six linked families
implies the presence of mutations outside the coding region of this gen
or alternatively at least one additional deafness-causing gene in this
region. The analysis of copy number variations infMC1 as well as DNA
sequencing of 15 additional candidate genes did not reveal any provern
pathogenic changes, leaving both hypotheses open.
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Hearing loss is the most common sensory disorder
affecting 1 in 1000 newborns. In more than half of
these babies, the cause is hereditary (hereditary
hearing loss, HHL) (1). About 30% of HHL is
associated with co-inherited clinical abnormalities
and therefore classified as syndromic HL. In the
remaining 70% of cases, newborns have non-
syndromic HHL, which is solely characterized
by hearing problems and mostly due to cochlear
defects. Non-syndromic HHL is further classified
by mode of inheritance. It is almost exclusively
monogenic and inherited as an autosomal reces-
sive trait (autosomal recessive non-syndromic
hearing loss, ARNSHL) in about 70% of cases.
Post-lingual hearing loss, in contrast, is often mul-
tifactorial, the most prevalent example being age-
related hearing loss or presbycusis, which affects
about half of octogenarians. Families segregating
monogenic post-lingual autosomal dominant
non-syndromic hearing loss (ADNSHL) are well
described but rare compared with presbycusis.

The genetic heterogeneity of HHL is reflected by
the mapping of 43 dominant, 52 recessive and 4
X-linked non-syndromic loci and the identifica-
tion of 44 genes (Hereditary hearing Loss Home-
page, http://webh01.ua.ac.be/hhh/). One example
is transmembrane channel-like gene 1TMC1)
(GenBank ID NT_023935 position 4301249...
4615799), mutations of which are a cause of both
ADNSHL and ARNSHL at the DFNA36 and
DFNB7/11 loci, respectively. The gene has been
implicated as the cause of deafness in 34 families: 2
dominant families from North America and 32
recessive families from Pakistan, India, Turkey,
Sudan and Tunisia (2...8) (Table 1). In the mouse
ortholog Tmc1, mutations have been identified in
both the recessive mutandeafnesgdn) and the
dominant mutant Beethoven(Bth) (2, 9).

The genomic structure ofTMC1 consists of 24
exons that encode a full-length mRNA of
3201 bp. Its sequence is highly similar tdMC2
and to the corresponding mouse orthologfmcl
and Tmc2 These genes, together with six other
orthologs, belong to the newTMC gene family,

given some clues about the possible function of
Tmcl (12). In mice, the protein is expressed before
the onset of hearing in the pericuticular necklace
and the endoplasmic reticulum of mature hair
cells as well as during early postnatal develop-
ment. Therefore, Tmcl might play a role in nor-
mal maturation of the hair cells. It has been
suggested that the protein may be responsible
for the upregulation or downregulation of ion
channels or molecules of the exocytotic machinery
during development. Alternatively, it could be
involved in intracellular trafficking. The expres-
sion pattern of TMCL1 is very specific: apart from
its expression in inner and outer hair cells of the
cochlea and in neurosensory epithelia of the ves-
tibular end organs, very low levels of transcript are
also found in human placenta and testis but in no
other tissues (2).

In this study, we report mutation analysis in 1
DFNA36 family, 10 DFNB7/11 families and 51
Turkish index patients of families with ARNSHL
(Table 2). In seven families with ARNSHL, we
identified two known and four novel mutations in
TMCL1. In the remaining five DFNB7/11 families
and in the DFNA36 family, no proven disease-
causing mutation could be found inTMC1 or in
15 other genes in the overlap of all candidate re-
gions defined by the significantly linked families.

Materials and methods
Family data

In this study, different approaches were used to
collect families and perform mutation analysis.
Eleven families of different origin segregating
ADNSHL or ARNSHL were collected and ana-
lysed (Table 2) (Fig. S1, supplementary material
online). Family 101 has been reported before (13).
In addition, genetic analysis was performed in 51
Turkish index patients from families with
ARNSHL containing 2 or more affected patients.
All these patients were seen personally and com-
pleted a questionnaire to exclude syndromic hear-

which has been created as none of the genes showsing loss. All participants signed an informed

nucleotide sequence similarity to other known
genes or domains. Two members of the gene fam-
ily, TMC6 and TMC8, are identical to the long
isoforms of EVER1 and EVER2, respectively.
Mutations in both genes have been found to be
associated with epidermodysplasia verruciformis
(MIM 226400). The exact function of the trans-
membrane proteins encoded by this gene family
remains to be determined. Based upon their struc-
ture, they may act as ion channels, ion pumps or
transporters (10, 11). Studies of the recessive
mutant dn and the dominant mutant Bth have

2

consent form. For family PE, audiometry was per-
formed by measuring air conduction thresholds at
frequencies ranging from 125 to 8000 Hz. In fam-
ily GRE, auditory evoked potentials were mea-
sured in two affected individuals.

Linkage analysis

DNA was isolated from blood samples of partici-
pating subjects using a standard salting-out pro-
tocol. In a first part of the study, the information



Table 1. Overview of all TMC1 mutations identified to date

Sequence variant Type of
sequence Inheritance

Family name Origin cDNA level Protein level  Exon variant pattern Reference
LMG128 North America c1714 G. A p.D572N 19 Missense mutation  ad @)
LMG248 North America c.1714 G. C p.D572H 19 Missense mutation  ad @)
PKSR9, PKSN9, PKSN24, PKDF7, PKDF75, Pakistan and Tunisia ¢.100 C. T p.R34X 7 Nonsense mutation ar (2, 5, 6)
PKDF69, PKDF178, PKDF243, PKDF319,
PKDF401, and three Tunisian cases
PKDF22 Pakistan c.IVS3_IvS5del27kb 5 Deletion ar 2)
IN-DKB6 India €.295_296delA 8 Deletion ar )
PKSR25 and 4090 Pakistan c.IVS10-8T A Intron 10: 28  Splice site mutation ar 2, 4)
PKSR1a Pakistan c.lVS131 1G. A Intron 13: 11  Splice site mutation ar 2)
TR56 Turkey c.776 A. G p.Y259C 13 Missense mutation  ar (8)
TR47 Turkey c.821C. T p.P274L 13 Missense mutation  ar (8)
TR50 Turkey €.1083_1087delCAGAT p.R362PfsX6 15 Deletion ar (8)
TR63 Turkey c.1334 G. A p.R445H 16 Missense mutation  ar (8)
PKSR20a Pakistan c.1534C. T p.R512X 17 Nonsense mutation ar (2)
IN-M17 India c.1960 A. G p.M654V 20 Missense mutation  ar 2)
4049 Pakistan c.830 A. G p.Y277C 13 Missense mutation  ar 4)
DFNB7/11 Sudanese Sudan and Tunisia cl165C. T p.R389X 15 Nonsense mutation  ar (3, 6)
family and Tunisian family
DFNB7/11 Sudanese family Sudan c.IVS191 5G. A Intron 19: 15 Splice site mutation ar ?3)
PKDF431 Pakistan c.1541C. T p.P514L 17 Missense mutation  ar (5)
PKDF329 and PKDF511 Pakistan €.1543T C p.C515R 17 Missense mutation  ar 5)
PKDF274 Pakistan cIVS511G. T Intron 5: 11 Splice site mutation ar 5)
Tunisian family Tunisia c.1764G. A p.W588X 19 Nonsense mutation ar (6)

ad, autosomal dominant; ar, autosomal recessive.
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sequence variant

Type of

Exon

Protein level

Sequence variant TMC1
Genomic/cDNA level

Maximal LOD

SLINK
score
44

score

Inheritance
pattern

Origin

Table 2. Overview of the families linked to DFNA36 and DFNB7/11 and the Turkish index patients with TMC1 mutations described in this report ®

Family

IN

Variant in non-coding exon

Nonsense mutation
Splice site mutation
Nonsense mutation
Nonsense mutation
Nonsense mutation
Deletion

Missense mutation

20

7
15
13
15

p.R604X
p.R34X
p.R34X
p.R389X
p.F255FfsX14
p.R389Q

c.2350C. T
g.94615A. C
c.7761 1G. A
c.100C. T
c.100C. T
c.1165C. T
c.767delT
c.1166G. A

ad
ar
ar
ar
ar
ar
ar
ar
ar
ar
ar
ar

Guatemala/Mexico

Greece
Lebanon/Jordan
Turkey

Lebanon/Jordan
Turkey

2For all families, the SLINK score and maximal LOD scores obtained are listed. For families in which sequence variants in TMC1 were identified by DNA sequencing, the variant,
its position and the protein change are listed. All variants were homozygous in patients. For families 935, Nas, Fay, GRE, and M36 and index patients of families DF139 and

DF135, the nucleotide changes found were judged to be pathogenic.
PThe family has previously been reported (13).

ad, autosomal dominant; ar, autosomal recessive.

DF139
DF135

content for linkage of 11 hearing loss families was
estimated based on SLINK simulations using the
program EASYLINKAGE (version 4.01) (14).
Fixed linkage parameters were used for all LOD
score calculations with an allele frequency of 0.001
and a phenocopy rate of 0%. For the dominant
family, the penetrance was 0% for the wild-type/
wild-type (wt/wt) genotype and 100% for the
wild-type/mutant (wt/mt) and mutant/mutant
(mt/mt) genotypes. For the recessive families, pen-
etrance was 0% for wt/wt and wt/mt and 100%
for mt/mt.

Different strategies were used for linkage analy-
sis. If the SLINK score had a value of 3.3 or
higher, the family was considered informative
enough for genome-wide linkage analysis (15).
For families in which the LOD score was below
3.3, linkage analysis was performed for known
deafness loci and LOD score calculations were
combined with haplotype analysis to confirm or
exclude linkage. For families 935, Nas and Fay,
DFNB1 was excluded by direct sequencing. Next,
a genome-wide scan was performed for these fam-
ilies as well as for families PE, TM and 101. Link-
age analysis on family 101 has been reported
before (13). In families GRE, G9 and M28, nine
of the more common recessive loci were checked
for linkage (DFNB1, DFNB2, DFNB3, DFNB4,
DFNB7/11, DFNB9, DFNB12, DFNB21 and
DFNB23). In families M13 and M36, only DFNB1
and DFNB7/11 were screened to find additional
TMC1 families. Linkage analysis was performed
by calculating two-point and multipoint LOD
scores using th&ASYLINKAGE program. All gen-
otyping was performed by polymerase chain reac-
tion (PCR) amplification of fluorescently labelled
microsatellite markers and fragment analysis on
an ABI 3130 automated DNA sequencer (Applied
Biosystems, Foster City, CA) using standard
procedures.

DNA sequence analysis

To screen candidate genes, non-coding and coding
exons including the intron...exon boundaries were
PCR amplified. Subsequent DNA sequencing of
both strands was carried out on an ABI 3130 auto-
mated DNA sequencer (Applied Biosystems)
using the Big-Dye Terminator Cycle Sequencing
Kit, Version 3.1 (Applied Biosystems). DNA
sequencing ofTMC1 was performed in 2 patients
of 11 hearing loss families and in 51 Turkish index
patients of ARNSHL families. In affected subjects
from larger families in which no TMC1 mutation
was identified, additional candidate genes were
sequenced. Most of these genes localize to the



minimal shared candidate region defined by the
three significantly linked families negative for
TMC1 mutations and include TIP2, MIRN204,
TMEM2 , LOC729027 C90ORF77, CO9ORF85
LOC653553 CO90RF57, LOC39235Q0 GDA,
ZFAND5, ALDH1A1, ANXAL1, LOC138971and
LOC138972(Fig. 2). In addition, DNA sequenc-
ing of TRPM3 was performed in families TM and
101. In all Turkish index patients, the coding exon
of GJB2 was sequenced.

We used the ConSeq Server to check the conser-
vation of amino acids affected by the identified
TMC1 mutations (16). A BLAST analysis of the
human TMCL1 protein sequence showed 61 se-
guences with an e-value below 0.001 of which all
hits with a sequence identity below 20% were
excluded. With the remaining 27 sequences, a mul-
tiple sequence alignment was made, which was
subsequently used as an input at the ConSeq
Server. The same strategy was used for calculating
the conservation scores for TJP2. ConSeq scores
that are obtained using this procedure vary from 1
(variable) to 9 (conserved).

The I-MUTANT 2.0 program was used to predict
the effect of the TJP2 variant on the protein sta-
bility (17). A DDG value is calculated from the
unfolding Gibbs free energy value of the mutated
protein minus the unfolding Gibbs free energy
value of the wild-type protein (kcal/mol). The cal-
culation was performed at pH 7.0 and at temper-
atures of 25C (in vitro conditions) and 37C
(in vivo conditions). DDG values below zero indi-
cate a reduced stability of the mutant protein. A
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reliability index (RI) is computed if a negative
DDG value is present, indicating how reliable the
prediction is.

Multiplex amplicon quantification

TMC1 was screened for copy number variations
(CNVs) using the multiplex amplicon quantifica-
tion (MAQ) technique (18, 19). This technique
consists of a multiplex PCR amplification of sev-
eral fluorescently labelled test and reference am-
plicons, followed by fragment analysis. Twelve
test amplicons located inTMC1 and eight refer-
ence amplicons located at randomly selected
genomic positions outside known CNVs were
simultaneously PCR amplified in samples from
two affected subjects and one control from each
of six families (PE, G9, M13, M28, TM and 101).
The primer sequences of the test and reference
amplicons are given in Table 3. Unlabelled and
FAM-labelled primers were ordered from Euro-
gentec (Seraing, Belgium). The multiplex PCR re-
actions were performed on 40 ng genomic DNA
in a 15 mreaction containing 13 Titanium Taq
PCR buffer (Clontech, Palo Alto, CA) with a final
concentration of 2.5 mM for each dNTP (Invitro-
gen, Carlsbad, CA) and a total of 0.075m of
Titanium  Taq DNA Polymerase (Clontech).
PCR cycle conditions were 2 min at 98C, fol-
lowed by 23 cycles of 45 s at 9%, 45 s at 60C
and 2 min at 68 C. After a final extension step of
10 min at 72 C, samples were cooled to &. Sub-
sequently, fragment analysis was performed on an

Table 3. Primer sequences of the test and reference amplicons used for MAQ analysis of TMC1

Forward primer

Amplicon name sequence (3#-5#)

Reversed primer
sequence (3#-5#)

TCAAACACACAGTAGTGCCTTCTA

TMC1-AmpO1 CTTCAATCAAGTCCCAGTTTCCT
TMC1-Amp02 GATTCAGTTTCAATAAATGCTTCCT
TMC1-Amp03 TATCTCTTCTTGGATTTCCTTTGCT
TMC1-Amp04 GGGTAGTTTCCCTTTGTTTCCT
TMC1-Amp05 TTGAGGGTAACTTATGTGTCAACAAC
TMC1-Amp06 TGCCACATTCTCATTCTTCCT
TMC1-Amp07 TCACTGGCCCACTCTTCC
TMC1-Amp08 TAAATCAAAGGGCATTTCACG
TMC1-Amp09 CGTCCACTTGATCAGATTCCT
TMC1-Amp10 TTGGTCAGTCTCCTCTGATTCTCTA
TMC1-Ampl1l GCCAATAACTGTGTGTTCACG
TMC1-Amp12 GTGAAAGGGTGAAAGTTCAATTC

TMC1-ContrO1
TMC1-Contr02
TMC1-Contr04
TMC1-Contr05
TMC1-ContrO6
TMC1-Contr08
TMC1-Contr09
TMC1-Contrll

TTCAATATGTATACCCAACCTTCG
CAGTATCTAAGACCAGGGTGATTCT
CTTTGTATCCGAGCTCCATTCT
TGAAATTCTCCAAACACCTGTC
CATACCCTTAATGGCTCTTCTTTCT
TCAGGGTAAACAAGGGCAAC
CAAGCTCCTCCTCTCCTTCC
ACCGGATTCACACACTACCAC

CTGTATCAGCCCAGCTTCCT
CTCATACCATTCTCACATTCATTCC
CAACAATAGGGTTTGATGTCTCCT
TAAACCCAGTGCTCAAAGTACACTAA
CTGTCTTGAAAGCCTTCTGATCTA
CAGTCAGGTCAACCACATTCC
CAAACCCTGAAATCCAACAAC
GATCTTGCTGTGCAAATTCCT
ATTCAATGTCCAGTCTCCATGTC
GAACCAAATCCTTTGCATCAAC
TTCAACCACCTCATCTTCTGC
TAAACTTCAAGGCTACGCTTCTC
AAAGATTTCTTCTTCCCAGGCTA
TCATCCTGTCTGCTTTCACAAC
TTTCCAAAGCCAGATTATTCCTAA
TTCTGGGTTCTCAGCTCTGC
TGACTGCCACCATCTTTCG
TGCACACCCATGCATAATAAC
AACCACAGCGAGGGATTCT

MAQ, multiplex amplicon quantification.
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Applied Biosystems 3730 DNA analyzer with the
GeneScan 500 LIZ Size Standard (Applied
Biosystems). The experiment was performed in
duplicate. Peak areas of the test amplicons were
normalized to those of the reference amplicons.
Chromatogram files were analysed with thenAQS
software (http://www.vibgeneticservicefacility.be/
soft/maqgs.php). The dosage quotient (DQ) of every
amplicon is calculated as described by Suls et al.
(19). DQ values below 0.75 were considered indic-
ative of a deletion and values above 1.25 indicative
of a duplication.

Results
Clinical data

The Guatemalan family PE segregates ADNSHL
characterized by hearing impairment that starts in
the mid frequencies during the first decade of life
and progresses to involve all frequencies. The rate
of progression is faster in the higher frequencies,
leading to a downward-sloping audiogram after
several decades (Fig. 1). Five subjects in the Greek
family GRE were diagnosed as affected. For the
two youngest patients (3 and 7 years old), auditory
evoked potentials were available, which showed no
response at equipment limits, consistent with pro-
found pre-lingual ARNSHL. Affected subjects in
the other families as well as the Turkish index pa-
tients were reported to have congenital severe-to-
profound sensorineural hearing impairment. By
completing questionnaires, syndromic hearing loss
could be excluded in all cases.

Fig. 1. Air conduction thresholds of the better ear of four
patients of family PE at different ages. There is clear
progression of the hearing loss for individuals 111:2 and V:4.
For all patients, mainly the mid and high frequencies are
affected.
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Linkage analysis

Genome-wide linkage analysis in family PE re-
vealed linkage to DFNA36 with a maximal
LOD score of 4.44. About 80% of the total
genome was excluded with LOD scores below
2 2. Apart from the region on chromosome 9q,
no other linked regions were found. In the reces-
sive family GRE, linkage to locus DFNB7/11 was
identified by linkage analysis of known loci, show-
ing a LOD score of 3.96. We tried to identify addi-
tional families that link to this genomic region in
different ways. A series of Iranian families segre-
gating ARNSHL had been collected before and
although their SLINK scores were not above the
genome-wide significance level, we chose to per-
form linkage analysis for a set of known loci. This
screening revealed suggestive linkage at DFNB7/11
in four families, G9, M28, M13 and M36, all
having LOD scores between 1.66 and 2.91. Three
more families, 935, Nas and Fay, were identified
with probable linkage having LOD scores
between 1.79 and 2.46. All other genomic regions
were excluded. For one additional family, TM,
significant DFNB7/11 linkage was found with
a LOD score of 3.5, while no linkage to other
genomic regions was identified. Family 101 was
previously reported to show significant linkage
to DFNB7/11 and was also included in our anal-
ysis (13). For all families, candidate regions were
defined by polymorphic marker analysis and link-
age was checked by both haplotype reconstruction
(Fig. S1, supplementary material online) and
LOD score calculation (Table 2). The linked re-
gions of the families includedTMC1.

Candidate gene analysis

DNA sequencing of TMC1

Mutation screening of TMC1 was completed by
direct DNA sequencing in 2 patients of each fam-
ily with suggestive and significant linkage and in
51 Turkish index patients with ARNSHL. All
sequence variants segregating with the hearing
loss phenotype are listed in Table 2. In families
935 and Nas, the known mutation ¢.100C T
was identified in homozygous condition in all
affected subjects. This change predicts the non-
sense mutation p.R34X. Similarly, in family
Fay, affected subjects were homozygous for the
known mutation ¢.1165C T, which causes the
nonsense mutation p.R389X. In the Greek family
GRE, a new nonsense mutation was identified in
exon 20, which segregates with the hearing loss.
The identified nucleotide change ¢.2350CT
causes a nonsense mutation p.R604X, leading to



Fig. 2. Candidate regions of three fam-
ilies significantly linked to DFNA36 or
DFNB7/11, without TMC1 mutation
identified. All analysed markers and
their corresponding positions from the
Decode genetic map are indicated. At
the left, all candidate genes located in
the common linked region are listed
containing eight genes and six gene
predictions. The common region is
1.49 cM large and includes theTMC1
gene.

a premature termination codon (PTC). In the Ira-
nian family M36, a new splice site mutation was
identified in all affected subjects. The mutation
C.776L 1G. A is located at the splice donor site
of exon 7 and changes the®splice site from GT
to AT. This change was not identified in 100 Ira-
nian control samples. In an index patient of family
DF139, a 1-bp deletion c.767delT was identified in
exon 13 ofTMCL1. The deletion changes the highly
conserved leucine at position 255 (ConSeq score 9)
and leads to a frameshift p.F255FsX14. In

a patient of family DF135, a new missense muta-
tion c¢.1166G. A was identified, causing the
amino acid change p.R389Q. The mutation was
not found in 100 ethnically matched control sam-
ples, and the amino acid at position 389 has a Con-
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Seq score of 8. In family G9, a nucleotide change
g.94615A C was identified in exon 3 (non cod-

ing) of TMC1 and was found to segregate with the
hearing loss. The variant was not found in 100
Iranian and 100 Belgian control samples.

MAQ of TMC1

In the six families in which no pathogenicTMC1
changes were found, MAQ analysis was completed
using 12 amplicons coveringTMC1. Family G9
was also analysed as we could not prove that the
variant we found was pathogenic. No differences in
peak area were observed between normalized chro-
matograms of affected subjects and controls. This
result indicates that no deletion or duplication is
present at the regions of these amplicons.
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DNA sequencing of other candidate genes

Other candidate genes were also selected for DNA
sequencing under the hypothesis that mutations in
another gene in this region also cause HHL. To
narrow the interval, we assumed that the same gene
was mutated in the three families that were signif-
icantly linked to the TMC1 locus (PE, TM and
101), thereby defining a shared interval of
149 cM (2596 Mb) common to all families
(Fig. 2). This region contains eight genes and six
gene predictions, includingTMC1. The coding
exons and intron...exon boundaries of all 13 candi-
date genes in this region were sequenced in the
three families with significant linkage as well as in
the remaining three families with suggestive link-
age, but no mutations could be identified.
LOC138971and LOC138972were also sequenced
because they were located in the shared regionin an
earlier phase of the project when fewer families had
been collected, but no possible pathogenic change
was found in these two genes. In addition to these
genes chosen on the basis of locatio JP2 (ZO-2)
was considered a good candidate due to its inter-
esting function as a tight junction protein and its
expression in the cochlea. In exon 19 of the gene,
a new sequence variant ¢.2971AT was identified,
segregating with the hearing loss phenotype in fam-
ily PE and causing the amino acid change
p.D924V. This aspartic acid residue has a ConSeq
score of 7 and belongs to a conserved acidic domain
of the protein. The Grantham score of the amino

mutations. The other more frequent genes, ranked
according to their reported frequency, are
SLC26A4, MYO15A, OTOF, CDH23 and TMC1.
The literature data together with the data from this
report indicate that TMC1 is one of the more fre-
guent causes of ARNSHL. In this study, we have
reported 1 additional dominant family linked to
the DFNA36 locus and 10 additional recessive
families linked to the DFNB7/11 locus. We were
able to identify disease-causingMC1 mutations
in 5 of these 11 families. In two families, putative
mutations were identified, one inTMC1 and one in
TJP2, but for none of them, the pathogenicity
could be confirmed. In addition, we found two
new TMC1 mutations in an index patient of two
Turkish families segregating ARNSHL.

In families 935, Nas and Fay, known recessive
mutations ¢.100C T and ¢.1165C T were iden-
tified in TMCL1. Both are nonsense mutations lead-
ingtoa PTC. Asthe mRNA containsa PTC, it may
be detected and degraded by nonsense-mediated
decay, a eukaryotic mRNA surveillance mecha-
nism (21). Including this study, ¢.100C T has
been identified in 16 families segregating
ARNSHL, accounting for 47% of all recessive
TMC1 mutations.

In four families with ARNSHL, we detected new
pathogenic changes inTMCL1. In family GRE,

a nonsense mutation ¢.2350CT was found to
cause a PTC at nucleotide position 47 of exon
20. In the Iranian family M36, a novel splice site

acid change was 152, while scores above 100 indicate mutation c¢.7761 1G. A was found to change

radical amino acid changes (20). TheMUTANT 2.0
program predicted a decreased stability of the
mutant protein (DDG %2 1.84 at 25C and

2 1.65 at 37C with Rl ¥ 2). The change was not
found in any of the non-affected family members
orin 104 independent Belgian control samples and
103 ethnically matched controls. The gene was
sequenced in two affected subjects from 26 addi-
tional small families segregating deafness, but no
variants were identified (data not shown). The
DNA sequencing of GJB2 in all Turkish index
patients revealed the presence of 35delG in hetero-
zygous state in the index patient of family DF139.

Discussion

Twenty different mutations in TMC1 have been
reported as the cause of hearing loss in 2 families
segregating ADNSHL and 32 families segregating
ARNSHL. A literature search allowed making an
estimate of the most frequent causes of ARNSHL
based on the reported numbers of mutations.
GJB2 is without any doubt the most frequent
cause of ARNSHL carrying over 220 different
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the 5# splice donor site of exon 7 from GT to
AT. The effect of this splice site mutation depends
on the adjacent sequence. Use of a cryptic splice
site will lead to partial exon skipping or partial
intron retention. Alternatively, if no cryptic splice
site is used, then, either exon skipping or a greatly
reduced production of normal transcript will be
the predominant outcome (22). Experimental
study of this effect using patient mRNA is not
possible asTMCL1 is not expressed in lympho-
cytes. In two Turkish families with ARNSHL,
new TMC1 mutations were identified in an index
patient. The first mutation c¢.767delT is a 1-bp
deletion causing a frameshift. As aresult, 14 amino
acids are altered and followed by a stop codon. The
second mutation, ¢.1166G A, causes the highly
conserved amino acid arginine to change into glu-
tamine at position 389 of the protein, causing a shift
from a positively charged into a neutral residue. In
addition, the variant was not found in 100 Turkish
control samples. Therefore, we believe that this
new variant may be pathogenic.

In family G9, a putative pathogenic change was
found in the third non-coding exon of TMC1 seg-
regating with the hearing loss and absent in 200



control samples. The variant may be located in the
promoter region or in a regulatory region of the gene,
but none of these regions has been identified so far.
Functional studies should be performed to further
investigate the effect of the variant on the protein.

In family PE, a putative mutation in TIP2 was
found to segregate with the hearing loss. Different
arguments support the hypothesis that the varia-
tion may be a true pathogenic change. The amino
acid is highly conserved and belongs to a con-
served acidic protein domain, it has a high Gran-
tham score, the mutant protein is predicted to
have a decreased stability and the variant was
absent in 207 control samples. However, no con-
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families, LMG128 and LMG248, segregating
ADNSHL and carrying TMC1 mutations (Fig. 1)
(2, 7). The hearing loss of patients from all three
families is comparable, starting in the first to sec-
ond decade and affecting mainly the mid-to-high
frequencies. Later on, the hearing loss becomes
profound across most frequencies, showing some
variation in the low-frequency thresholds. In fam-
ily LMG128, the rate of progression seems to be
faster compared with families LMG248 and PE.
This phenotypic similarity may be an additional
support to the hypothesis that TMC1 is the
disease-causing gene in family PE.

The second hypothesis we tested stated that

clusive evidence could be given as it is a missense a second deafness gene lies neaMC1 and is

mutation, and no TJP2 mutations were identified
in other hearing loss families. A mutation inTJP2

the cause of the hearing loss in the families lacking
aTMC1 mutation. The common candidate region

has already been suggested to be associated with shared by all families with significant linkage in-

familial hypercholanaemia (OMIM 607709) (23).
However, the inheritance may be oligogenic, only
causing the disease in combination with a muta-
tion in a second gene. It is possible that th&@JP2
variant is a pathogenic variant involved in familial
hypercholanaemia or another autosomal recessive
disease and that the occurrence in the current
family is correlated to the hearing impairment.

In previous reports, patients of six families with
significant linkage to DFNB7/11 did not carry
TMC1 mutations (4). In addition, we found three
significantly linked families and three families
with possible linkage that also lack pathogenic
changes inTMC1. To screen for possible disease-
causing mutations, we tested three hypotheses.

First, we hypothesized thaffMC1 is the disease-
causing gene in these families but that the patho-
genic change could not be detected by DNA
sequencing. Therefore, MAQ of TMC1 was per-
formed in six hearing loss families to determine
whether CNVs could be observed. While this
screen failed to identify any deletions or duplica-
tion of the amplicons we used, it should be noted
that smaller CNVs could have been missed as
TMC1 is large and only 12 amplicons were stud-
ied. Complete CNV analysis ofTMC1 may allow
detecting smaller rearrangements. This could be
performed either by using a fine-tiling array com-
parative genomic hybridization with oligonucleo-
tides or by using a high-density single nucleotide
polymorphism microarray. Assaying for other
pathogenic changes imMTMC1 at the transcription
level using mRNA from blood is not feasible
becauseTMC1 is not expressed in white blood
cells. It should be noted, however, that this type
of change is infrequent, making it somewhat
implausible that all families would carry this type
of pathogenic mutation. For family PE, we com-
pared the hearing loss phenotype with two other

cludes only 14 genes. No single pathogenic change
could be identified in any of these genes. However,

our screen does not definitively exclude these
genes as a possible new deafness gene. We may
have missed mutations not detectable by DNA

sequence analysis of exons. In addition, the LOC
and c9orf genes might have additional exons,
which have not been annotated yet.

In a third hypothesis, we considered that some
families carry an undetectedTMC1 mutation,
while others carry mutations in one or more new
deafness genes. As a corollary to this hypothesis,
the candidate region that contains this new gene(s)
is much larger and many more candidate genes
must therefore be screened for mutations.

In conclusion, we have shown thaffTMC1 mu-
tations are one of the more frequent causes of
ARNSHL. Our data also show that a subset of
families linked to the DFNA36-DFNB7/11 loci
do not carry mutations in TMC1 exons, suggest-
ing either a remarkably high proportion of muta-
tions outside of the exons or an additional
deafness gene in this region.

Supplementary material

Fig. S1 Pedigrees of all families analysed, with the linked hap-
lotypes at loci DFNA36 and DFNB7/11. All individuals with
hearing loss are indicated with black symbols, the open symbols
are individuals with normal hearing and symbols with questions
marks indicate individuals with an uncertain phenotype. The
analysed markers are listed at the left, and the linked haplotype
is indicated with a box.

Supplementary materials are available as part of the online arti-
cle at http://www.blackwell-synergy.com
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7. Conclusions

The identification and analysis of altered genecfiom in inherited forms of limb
malformations can provide essential informatiort, axdy concerning the pathogenesis of the
disease, but also for understanding physiologicatgsses during limb development. The
present Ph.D thesis aimed to identify novel keytdiec and new molecular mechanisms
involved in physiological and pathophysiological ahanisms during limb development. In
order to identify novel genes and types of mutatjame wanted to focus on different human
inherited limb malformations, such as Cenani-Legndsome (CLS), Werner mesomelic
syndrome (WMS), or Temtamy preaxial brachydactytydssome (TPBS).

During the Ph.D project, new genes and novel typésmutations were identified
demonstrating that different components of evohdry highly conserved pathways are
important key factors during developing limb, eadgth specific function in limb patterning
and outgrowth. In this respect, we identified (RBP4 as an essential component of Wnt
signalling during limb formation, (ii) specific altations in the long-range limb-specific
enhancer of theonic hedgehog (SHHjene,ZRS,to cause a defined limb malformation, and
(i) mutations in CHSY1that alter chondroitin sulphate chain synthesistHermore, we
pointed out that the ciliary protein BBS12 is imfamt in the pathogenesis of limb
malformations seen in Bardet-Biedl syndrome, thotinghspecific role in the context of limb
bud initiation and patterning is yet unknown.

Additional results from this Ph.D thesis showed ngathogenic mechanisms underlying
impaired limb development. We showed that LRP4 tmuta in CLS cause a loss of LRP4
antagonistic function on Wnt signalling, which sefpgently leads to an increased activation
of LRP6-mediated Wnt signalling. Moreover, we etlated the functional consequence of the
describedWNT10B mutation in SHFM and showed that the analyzed mgssenutation
causes a loss of WNT10B function and possibly aced LRP6-mediated Wnt signalling. In
this context it is a highly interesting finding thae could provide first evidence for a putative
direct cross-talk between the Wnt and Fgf signglpathways by demonstrating the ability of
Fgf8 to bind Wnt10b. As a consequence, Wnt10b kwdseability to activate Wnt signalling.

In conclusion, this Ph.D thesis provides novel ghts into the pathogenesis of limb
malformations by the identification of new gened amutations, the elucidation of underlying
pathophysiological mechanisms, and the finding plitative direct cross-talk between major

signalling pathways involved in orchestrating ploj@gical limb development.
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