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Wernermesomelia is characterizedbya sequence variation in the

specific region (position 404) of the enhancer ZRS of SHH. The

phenotype comprises variable mesomelia, abnormalities of the

thumb and great toe and supernumerary digits. We describe

extensive variation in limbphenotype ina large family and report

on a novel sequence variation NG_009240.1: g.106737G>T (tra-

ditional nomenclature: ZRS404G>T) in the ZRS within the

LMBR1 gene. The newly recognized clinical features in this

family include small thenar eminence, sandal gap, broad first

metatarsals, mesoaxial polydactyly, and postaxial polydactyly.

We provide information on 12 affected family members. We

review the literature on how a sequence variation in ZRS may

cause such diverse phenotypes. � 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Mutations in regulatory regions of the genes are recognized to cause

Mendelian phenotypes [Spielmann and Mundlos, 2013]. An en-

hancer of Sonic hedgehog (SHH, OMIM 600725) that is expressed

in the zone of polarizing activity (ZPA) of the limb bud (designated

as theZPA regulatory sequence (ZRS)) lies in the intron 5ofLMBR1

(OMIM 605522) [Lettice et al., 2003]. Several sequence variations

(point mutations, duplications, and rarely a deletion) have been

described in the ZRS associated with a variety of limb phenotypes

confirming the roleofZRS in limbdevelopmentby its effect onSHH

[Wieczorek et al., 2010; Anderson et al., 2012]. These include

Acheiropody (OMIM 200500), preaxial polydactyly type II

(OMIM 174500), syndactyly type IV (OMIM 186200), triphalan-

geal thumb type II (OMIM 174500), triphalangeal thumb-poly-

syndactyly syndrome (OMIM 174500) and Werner mesomelic
2014 Wiley Periodicals, Inc.
syndrome (OMIM 188770). Werner mesomelia is characterized

by abnormalities of hands and feet withmesomelia and is caused by

mutations in a specific location (at position 404;G>AandG>C) of

the ZRS region [Lettice et al., 2003; Wieczorek et al., 2010; Cho

et al., 2013]. Here we report on a large family demonstrating

autosomal dominant Werner mesomelia syndrome with a novel

sequence variation (G>T) in the same position of ZRS and describe

the intra-familial variation in the limb phenotype.
MATERIAL AND METHODS

A family with 16 affected members demonstrating autosomal

dominant inheritance of diverse limb defects was ascertained
898



FIG. 1. Pedigree of the family.
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(Fig. 1). The diagnosis of a ZRS-related phenotype was made.

Clinical details were noted, and limb radiographs and blood

samples were obtained from the consenting affected (Individuals

IV:4, II:7, III:18, II:5, IV:3, III:12) and unaffected family members

(III:11). Photographs of 12 affected individuals and radiographs of

eight patients were evaluated (see Supplementary Figures in Sup-

porting Information online). The mutation was tested in six

affected members and one healthy family member. The study

has the approval of the ethics committee of the institute.

DNAwas extracted from 2ml peripheral blood usingDNeasy kit

(Qiagen, Valencia, CA). Amplification of ZRS region [Lettice

et al., 2003] was performed using the forward: 50-CCAA-
GATTTTTCTGGGAGTAAA-30 and reverse: 50-TGATCCATAAC-
CATTTCTAAGG-30 primers. Direct sequencing was carried out

using BigDye Terminator v1.1 Cycle (Applied Biosystems, Foster

City, CA). Sequences were obtained on ABI Prism 3130 Genetic

Analyzer (Applied Biosystems) and were compared with the refer-

ence sequence (NG_009240.1).
MUTATION IN ZRS

Sequencing of a 930 bp region of the ZRS region showed a

novel heterozygous mutation NG_009240.1: g.106737G>T (tradi-

tional nomenclature: ZRS404G>T) in the affected individuals of

the family (Fig. 2) which was absent in the unaffected family

members. The mutation segregated in an autosomal dominant

fashion.
FIG. 2. Electropherogram showing the heterozygous mutation

G>T in ZRS at position g.106737 in the affected Individual II:7

(black arrow, bottom) compared to unaffected Individual III:11 in

the family (top).
CLINICAL REPORTS

The proband (IV:4) was first seen at 2 months of age. She was born

by normal delivery at full term. Her mother was also affected

(Individual III:12). The prenatal period was unremarkable except

for pregnancy-induced hypertension in the third trimester. The

patient’s birthweightwas 3.2 kg (normal). At 6months, she had age

appropriate motor and social development. On examination, her

length (67 cm) andweight (6.2 kg)were normal andOFCwas 41 cm

(�2 SD). Her facial features were non-dysmorphic. Her hands

showed bilateral triphalangeal thumbs and small thenar eminences.

There was no mesomelia of upper limbs. She had bilateral meso-

melia of the legs and club feet. Her right leg was severely affected

with absent tibia. She also had preaxial polydactyly in the feet with

seven toes bilaterally. Clinical evaluation showed normal respira-

tory system, liver, spleen, and central nervous system. She had
unremarkable blood count and serum biochemistry. Echocardio-

gram was normal.

Individual III:12 was a 30-year-old female with a normal height

(152 cm). Her OFCwas 52 cm (�2 SD) and weight was 46 kg (3rd–

10th centile). Her history was notable for normal growth and
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development except for her limb anomalies. She had an apparently

normal intellect. She showed bilateral complete cutaneous syndac-

tyly of F1 and F2 resulting in a fused digit that also retained

opposition. There was a wide gap between the fused digits and

rest of the fingers. She had small thenar eminences and small wrists.

A small radius was noted bilaterally. She had normal leg bones. Her

feet showed bilateral pre-axial polydactyly with seven toes on right

side and eight on left. Thefirst four toes on the left and three on right

had cutaneous syndactyly. Six metatarsals on either side with

polydactylous first and second digital rays on the left foot and

polydactylous second digital ray on the right foot were observed.

Her examination was otherwise unremarkable.

Individual III:14 was seen at 26 years of age. He had unremark-

able birth and development. His height was normal (165 cm),

weight 52 kg (<3rd centile) and OFC 53 cm (�2 SD). He had

bilateral mesomelia of upper limbs with small radius and ulna. The

thenar eminences were small. There was cutaneous syndactyly of F1

and F2 and limited extension at interphalangeal joints (campto-

dacytly). He had bilateral broad great toes, sandal gap, and broad

halluces on a radiograph.

Individual II:5 presented at 61 years of age. His height was

normal (162.5 cm), OFC 54 cm (�2 SD) and weight 48.5 kg

(<3rd centile). He had radial deviation of left hand with a

small radius and bowing of the ulna. He had bilateral small

first fingers with small thenar eminences and decreased flexion

creases. He had bilateral broad great toes, sandal gap, and broad

halluces on a radiograph. He did not have any other health

problems.

Individual II:7 was 49 years old and had a height of 155.5 cm

(�3 SD), weight 43.5 kg (<3rd centile), andOFC 51.5 cm (�3 SD).

He presented with bilateral symmetrical triphalangeal thumbs. His

forearms, legs, and feet were normal except for bilateral broad first

metatarsals on radiograph. The rest of his clinical examination was

unremarkable. He had two affected daughters aged 7 years (Indi-

vidual III:17) and 4 years (Individual III:18).

Individual III:18 had a normal birth and development. Her

length was 106 cm (normal for 5 years of age at which she was

seen), weight 14.5 kg (25th centile) and OFC 48 cm (�3 SD).

Echocardiogram showed an asymptomatic 4mm perimem-

branous ventricular septal defect. She had non-opposable tripha-

langeal thumbs with preaxial polydactyly type B on right side.

Forearm and leg bones were normal. Her feet showed broad

halluces and a sandal gap bilaterally. A bifid left first toe nail was

also noted.

Individual IV:2 was a 25-year-old male with a height of 158 cm

(�2 SD). He weighed 51 kg (<3rd centile). His OFC was normal

(56 cm). He had apparently normal intellectual functioning. His

systemic examination did not disclose any abnormality. He dem-

onstrated complex pre-axial, mesoaxial and postaxial polydactyly

with 29 digits in hands and feet combined.He had a non-opposable

triphalangeal thumb with mesoaxial and postaxial polydactyly of

the left hand. Pre-axial polydactyly and cutaneous syndactyly F1-2

and F5-6 with mesoaxial polydactyly in right hand were observed.

Bilateral small thenar eminences were also seen. His wrists showed

small carpal bones on radiographs on either side. Bones of forearm

and leg were normal. He showed phalangeal type of postaxial

polydactyly with incomplete mesoaxial polydactyly on the left
and phalangeal type of pre-axial polydactyly with incomplete

central polydactyly on the right hand. He had seven digits on the

left foot and eight digits on the right. Radiographsof the feet showed

mesoaxial polydactyly in both feet. He also had postaxial polydac-

tyly on the right foot.

Individual IV:3 was a 25-year-old male. He had bilateral non-

opposable triphalangeal thumbs with postaxial polydactyly on the

left and pre-axial polydactyly on the right. His height (173 cm) and

OFC (54.5 cm) were normal. His weight was 57 kg (3rd–10th

centile). He had preaxial polydactyly with a short, triplicated hallux

on the left foot andmesoaxial polydactyly on the right foot. He did

not have any other abnormality.

Clinical photographs and anthropometric datawere provided by

the family members for four other affected individuals (II:8, III:1,

III:2, and III:17). Hence other clinical details were not available.

Individual II:8 was a 43-year-old female. She weighed 45 kg

(�3rd centile). Her height was 132 cm (�5 SD) and OFC was

52 cm (�2 SD). Photographs of II:8 showed bilateral cutaneous

syndactyly of small F1 and F2. She had small thenar eminences.

Severe mesomelia of the right leg was seen. She also had bilateral

clubfeet and pre-axial polydactyly of the feet.

Individual III:1 was noted to have bilateral pre-axial polydactyly

with non-opposable triphalangeal thumbs and polydactyly in both

feet.

Individual III:2 was 45 years of age with a height of 145 cm

(�3 SD), weight 50 kg (10th–25th centile), and OFC of 52 cm

(�2 SD). She had non-opposable triphalangeal thumb on the

left hand (five fingers). Her right hand had preaxial syndactyly.

Broad halluces with a fused first left toe nail and a bifid firth first toe

nail were noted.

Individual III:17 was a 7-year-old girl with a height of 113 cm

(�2 SD), weight 20 kg (�10th centile) and a normal OFC (56 cm).

She had bilateral symmetrical non-opposable triphalangeal

thumbs. Broad halluces and sandal gaps were noted bilaterally

on photographs. She had a fused left first toe nail.
SUMMARY OF FINDINGS

The affected individuals had phenotypes limited to the limbs. The

axial skeleton was normal. All affected relatives had a normal face

and apparently normal intellect, although formal testing was not

performed. One individual (III:18) had a small ventricular septal

defect. The rhizomelic segments of the limbs were normal. None of

the patients had undergone surgical correction. The disorder

showed complete penetrance in the family.
Forearms
Mesomelia in the upper limbs with varying degrees of small radius

was observed in the family (Fig. 3). Shortening of the forearms was

noted in four patients. It was severe and asymmetric in Individual

II:5,mild in IV:3 andmoderate in III:14 (see Supplementary Figures

in Supporting Information online). Normal forearms were also

observed. The radius showedmild to severe reduction, and the ulna

showed bowing and shortening in severe cases. The wrists were

small with small and disorganized carpal bones (II:5, III:12, III:14,

and IV:2).



FIG. 3. Radiographs of the forearm showing normal forearm (Individual III:18) (a), mild radius bowing (Individual IV:2) (b), moderately bowed

small radius and a small ulna (Individual III:14) (c), and a small radius with bowing of the ulna (Individual II:5) (d). Clinical photograph of

radial deviation of hand (Individual II:5) (e).
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Hands
The total number of fingers ranged from five to seven (including

syndactylous digits). The thumbs were affected in all individuals

(Figs. 4 and 5). We noted triphalangeal thumb (with or without

preaxial polydactyly) as the most common feature in this family.

This often gave rise to the phenotype of a five fingered hand as it was
FIG. 4. Clinical photographs of hands displaying a wide spectrum of phen

(Individual III:1), (b) preaxial polydactyly and cutaneous syndactyly with

syndactyly (F1-2) with mesoaxial polydactyly (Individual IV:2), (d) triph

IV:2), (e) triphalangeal thumb with preaxial polydactyly, (Individual IV:3)

(g) Complete syndactyly F1,F2 (Individual III:12), (h) triphalangeal thum

hand with no thumb (Individual III:17), (i,j) different phenotypes of prea

(Individuals III:2 and III:18) and (k) rudimentary F1 with small thenar em
found together with loss of opposition and small thenar eminence

(Fig. 4h). Occasionally the thumb had either two or three phalanges

and was syndactylous with the second finger (Figs. 4g and 5e).

Rarely, the thumbs were small with cutaneous syndactyly with the

second digit in a hand with only five digits (Fig. 4k). A small thenar

eminence was associated with loss of opposition inmost of thumbs
otypic variation: (a) triphalangeal thumb with preaxial polydactyly

triphalangeal thumb (Individual III:1), (c) preaxial polydactyly and

alangeal thumb with mesoaxial and postaxial polydactyly (Individual

, (f) triphalangeal thumb with postaxial polydactyly (Individual IV:3),

b (non-opposable thumb) giving the appearance of a five fingered

xial polydactyly and cutaneous syndactyly with triphalangeal thumbs

inence (Individual II:5).



FIG. 5. Hand radiographs of various phenotypes: (a) preaxial and mesoaxial polysyndactyly involving the phalanges (Individual IV:2), (b)

central polysyndactyly and postaxial polydactyly involving the phalanges (Individual IV:2), (c) preaxial polydactyly involving the metacarpals

(Individual IV:3), (d) postaxial polydactyly involving the phalanges (Individual IV:4), (e) complete cutaneous syndactyly of F1,F2 (Individual

III:12), (f) preaxial polydactyly type B (Individual III:18), (g) triphalangeal thumb (Individual III:18).
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to the first digits except in Individual III:12 (Fig. 4g) where the first

twodigits of the handwith five digits still retained someopposition.

Preaxial polydactyly of the handswas a common feature (Fig. 4 a,

b, e, f, i, and j). The size ranged from a small rudimentary digit to a

fully identifiable digit-like structure on either side. Two individuals

had postaxial polydactyly (Fig. 4d, f). Mesoaxial polydactyly was

seen in Individual IV:2 (Fig. 4c, d).
Legs
Two of the patients had significant mesomelia of the lower limbs

(see supplementary figures—in supporting information online).

All except these two patients (II:8 and IV:4) had normally func-

tioning legs (Fig. 6). These two individuals also had clubfeet. The

mesomelia was asymmetric in both of themwith varying degrees of

tibial involvement. The complete absence of the right tibia and

small left tibia were noted in IV:4. Individual II:8 had short right leg

and slender left leg. One individual had obvious mesomelia with

normal function (IV:2). However, exact limb measurements were

not available. The fibula appeared normal in morphology in radio-

graphed individuals, although we did not measure the length.
Feet
The great toes were either broad (with broadmetatarsal) or affected

with preaxial polydactyly and sandal gap (Figs. 7 and 8). Bifid and

fused nails of the first toe were also noted in the family. Preaxial
polydactyly was manifested as either an extra rudimentary digit or

varying degree of duplication and even triplication of the left first

ray (Fig. 8a, c, e, and f).Mesoaxial polydactyly was also noted in the

feet (Fig. 8b, e). Postaxial polydactyly was found in one person

(Fig. 8a).

The most complex phenotype of the hands and feet was seen in

Individual IV:2 who had 29 digits, preaxial, postaxial, and meso-

axial polydactyly of hands and feet and complete syndactyly of first

and second digits in hands and feet (see Supplementary Figures in

Supporting Information online).
DISCUSSION

We report on a four-generation family with Werner mesomelic

dysplasia due to anovel nucleotide change inZRS regionofLMBR1.

The family exhibited wide intra-familial variability, but complete

penetrance.

The affected individuals had varying degrees of mesomelia with

mild to severe underdevelopment of the radius and ulna often with

radial deviation of hand. We also noted small thenar eminences in

the family. The wrists manifested disorganized, small carpal bones.

Digital anomalies included preaxial polydactyly of the hands,

triphalangeal thumb, mesoaxial polydactyly of fingers, postaxial

polydactyly of hands, and preaxial, mesoaxial, or postaxial poly-

dactyly in feet with number of digits varying between five and eight.

The polydactyly was either a partial or complete digit, sometimes

with duplication of metacarpal or metatarsal bones. Other man-



FIG. 6. Clinical photograph (a) and radiograph (b) of normal leg (Individual II:5), clinical photograph (Individual II:8) shows mesomelia and

clubfoot (c) and radiograph (Individual IV:4) (d) demonstrating complete absence of tibia.
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ifestations included varying degree of syndactyly of digits, broad

halluces, fused nail, bifid nail, sandal gap, and congenital talipes

equinovarus. It is interesting to note that the nucleotide change

reported here (G>T) is the third possible mutation of the 404th

nucleotide of ZRS region with the other two variations (G>A and

G>C) being reported earlier in three reports on four patients

[Lettice et al., 2003; Wieczorek et al., 2010; Cho et al., 2013].

This suggests that this position is likely to be a mutational hotspot

of ZRS.

We comparedphenotypes indifferent affected individuals in this

family with the other three families reported to have a mutation in

position 404 of the ZRS [Lettice et al., 2003; Wieczorek et al., 2010;

Cho et al., 2013]. We observed small thenar eminences (II:5, II:8,

III:12, III:14, and IV:4), wide sandal gap (II:5, III:17, and III:18),
FIG. 7. Clinical photographs of feet: (a,b) mesoaxial polydactyly (Individ

hallux (Individual IV:3), (e) broad hallux with increased sandal gap (Indiv

mirror-image foot) (Individual IV:4) and (g) preaxial polysyndactyly with
eight toes (III:12 and IV:2), broad first metatarsal (II:5, II:7, III:14,

III:17, and III:18), syndactyly F1-2 with retained opposition

(III:12), mesoaxial polydactyly of hands (IV:2), mesoaxial poly-

dactyly of feet (III:12, IV:2, and IV:3), postaxial polydactyly of

hands (IV:2 and IV:3) and postaxial polydactyly of foot (IV:2) as

novel features associated with Werner mesomelia.

We considered Laurin–Sandrow syndrome (OMIM 135750) in

the differential diagnosis. This condition is characterized by absent

tibia and radius, mirror image polydactyly, and a characteristic

abnormality of the nose. A definitive genetic cause for this condi-

tion is yet to be identified. The noses were unremarkable in this

family. The phenotype of a 35-bp deletion in exon 31 of PITX1 gene

(OMIM 602149) shares a somewhat similar phenotype with defi-

ciencyof longbones andmirror imagepolydactyly (OMIM119800)
ual III:1), (c) mesoaxial polysyndactyly (Individual IV:2), (d) triplicate

idual III:18), (f) preaxial polydactyly with seven toes (mimicking

fused nails and broad T1 (Individual II:8).



FIG. 8. Foot radiographs of several affected individuals: (a) metatarsal type of preaxial polydactyly and cutaneous syndactyly with phalangeal

type postaxial polydactyly (Individual IV:2), (b) mesoaxial polydactyly and cutaneous syndactyly (Individual IV:3), (c) all the phalanges of

the first toe are triplicated with short first metatarsal (Individual IV:4), (d) broad hallux (Individual III:14), (e) duplicated T1 and T2 with eight

toes (Individual III:12) and (f) duplicated hallux with broad first metatarsal (Individual III:18).
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[Klopocki et al., 2012]. However, a close evaluation of the hand

phenotype in of the present patients did not indicate a typical

mirror image polydactyly.

Several limb phenotypes have been ascribed to ZRS. Acheirop-

ody (OMIM200500) is caused by a deletion in this region [Ianakiev

et al., 2001].Heterogenouspointmutations andduplications in this

region result in overlappingphenotypes affecting the hands and feet

[Lettice et al., 2003; Gurnett et al., 2007; Furniss et al., 2008;

Klopocki et al., 2008; Sun et al., 2008; Semerci et al., 2009; Farooq

et al., 2010;Wieczorek et al., 2010; Albuisson et al., 2011; Al-Qattan

et al., 2012; Laurell et al., 2012; VanderMeer et al., 2012; Cho

et al., 2013]. There are other reports on hand phenotypes (familial

cutaneous syndactyly and preaxial polydactyly) that map to this

region but nomutations have been reported [Li et al., 2009; Al-

Qattan et al., 2013]. The variety of mutations and phenotypes

probably highlight the complex interaction of ZRS and other

regulatory elements in limb development through SHH [Lettice

et al., 2008, 2012].

An effort has been made to correlate the genotype with the

phenotype [Wieczorek et al., 2010; Anderson et al., 2012]. Point

mutations (type Ia), other than those at position 404, of ZRS cause

triphalangeal thumb and preaxial polydactyly often leading to the

appearance of a five fingered hand. This phenotype is confined to

the hand. Mutations at position 404 of ZRS define Werner mes-

omelia (type Ib), which includes small tibias, polydactyly and

cutaneous syndactyly, and triphalangeal thumb and may have

involvement of radius. The third phenotype (type II) is caused

by duplications in the ZRS region with extensive cutaneous syn-

dactyly and polydactyly [Sun et al., 2008; Wu et al., 2009]. Werner

mesomelia probably demonstrates the widest and overlapping

phenotypic spectrum when compared with other types. With

additional features being described here, the spectrum of Werner

mesomelia is now extended to comprise preaxial polydactyly,

triphalangeal thumb, mesoaxial polydactyly, syndactyly, postaxial

polydactyly,mesomelia of upper and lower limbs, and involvement

of radius and tibia. It appears that point mutations at other

locations and duplications are less likely to be associated with

mesomelia. The severity of the syndactyly appears less with point

mutations than duplications [Sun et al., 2008]. We agree that a
genotype-phenotype correlation is not apparent and as suggested

earlier, they may be collectively referred to as ZRS-associated

syndromes [Wieczorek et al., 2010].

It is quite complex and not clearly understood how a sequence

variation in the non-coding region (ZRS) causes the limb pheno-

types in humans. TheZRS is a highly conserved extragenic sequence

in lower animals and regulates the expression of SHH [Anderson

et al., 2012; Hill and Lettice, 2013]. The SHH gene has several cis

regulatory elements that determine temporal and spatial patterns of

its expression [Jeong et al., 2006]. The ZRS is the farthest regulator

that is located inside the intron 5 of LMBR1, 850 kb upstream from

the SHH gene. The SHH protein acts as a morphogen and is found

in high concentrations in ZPA of the developing limb bud. This

pattern of expression appears to regulate the number of digits and

their identity. Ectopic expression of SHH underlies the pathoge-

nicity of a mutation in ZRS [Lettice et al., 2002, 2003, 2008; Furniss

et al., 2008]. Given the current understanding of the SHH signaling

pathway, it appears that disturbances in the amount and spatio-

temporal of activity of SHH are likely to result in digits losing their

identity (triphalangeal thumb), number (polydactyly), position

(pre-, meso-, and post-axial polydactyly), and varying extents of

cutaneous syndactyly.

The molecular mechanisms that cause limb anomalies due to a

mutation in ZRS have been reviewed previously [Hill and

Lettice, 2013]. It is postulated that mutations in ZRS would affect

the binding of different transcription factors. Studies have shown

that GABPa and ETS1 bind to the ZRS in the limb bud and play a

role in establishing the expression boundaries of SHH in the

posterior limb bud [Lettice et al., 2012]. The ectopic expression

is probably repressed by two more transcription factors, ETV4 and

ETV5.All four of these transcription factors aremembers of theETS

family and contribute to the spatial patterning of SHH expression

[Hollenhorst et al., 2007;Mao et al., 2009]. In addition,HnRNPU is

expected to affect the interaction between the ZRS and the pro-

moter of SHH [Zhao et al., 2009].

Some insights are available for long bone (mesomelic) involve-

ment in Werner mesomelia. The 404G>C mutation has been

shown to produce a high concentration of SHH in the posterior

limb bud interfering with the development of tibia in transgenic
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experiments [Lettice et al., 2008]. A similar phenomenon may

explain the involvement of the anterior element of upper limb

(radius) by the same mutation. However, the factors that mediate

this activity are unidentified. Cutaneous syndactyly may be partly

attributed to the impaired apoptosis of inter-digital tissue by

temporal mis-expression of SHH [Lettice et al., 2011].

Further studies are required in animalmodels tounderstandhow

a mutation is ZRS causes postaxial polydactyly. It is interesting to

note that previous reports have described preaxial polydactyly and

not postaxial polydactyly in patients withWernermesomelia.GLI3

(OMIM 165240) and ALX4 (OMIM 605420) are also known to

repress SHH expression [Qu et al., 1997]. Mutations in GLI3 are

known to cause postaxial polydactyly, syndactyly, preaxial poly-

dactyly and broad thumbs and great toes (Greig cephalopolysyn-

dactyly syndrome, OMIM 175700 and Pallister–Hall syndrome,

OMIM 146510). Hence it is plausible that an increased expression

of SHH in Werner mesomelia has a similar effect.
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