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TCTN3 Mutations Cause Mohr-Majewski Syndrome

Sophie Thomas,1,2,19 Marine Legendre,1,19 Sophie Saunier,2,3,19 Bettina Bessières,4 Caroline Alby,2,5

Maryse Bonnière,4 Annick Toutain,6 Laurence Loeuillet,7 Katarzyna Szymanska,8 Frédérique Jossic,9

Dominique Gaillard,10 Mohamed Tahar Yacoubi,11 Soumaya Mougou-Zerelli,12 Albert David,13

Marie-Anne Barthez,14 Yves Ville,2,5 Christine Bole-Feysot,15 Patrick Nitschke,16 Stanislas Lyonnet,1,2,4

Arnold Munnich,1,2,4 Colin A. Johnson,8 Férechté Encha-Razavi,1,2,4 Valérie Cormier-Daire,1,2,4

Christel Thauvin-Robinet,17,18 Michel Vekemans,1,2,4 and Tania Attié-Bitach1,2,4,*

Orofaciodigital syndromes (OFDSs) consist of a group of heterogeneous disorders characterized by abnormalities in the oral cavity, face,

and digits and associated phenotypic abnormalities that lead to the delineation of 13 OFDS subtypes. Here, by a combined approach of

homozygozity mapping and exome ciliary sequencing, we identified truncating TCTN3 mutations as the cause of an extreme form

of OFD associated with bone dysplasia, tibial defect, cystic kidneys, and brain anomalies (OFD IV, Mohr-Majewski syndrome). Analysis

of 184 individuals with various ciliopathies (OFD, Meckel, Joubert, and short rib polydactyly syndromes) led us to identify four addi-

tional truncating TCTN3 mutations in unrelated fetal cases with overlapping Meckel and OFD IV syndromes and one homozygous

missense mutation in a family with Joubert syndrome. By exploring roles of TCTN3 in human ciliary related functions, we found

that TCTN3 is necessary for transduction of the sonic hedgehog (SHH) signaling pathway, as revealed by abnormal processing of

GLI3 in patient cells. These results are consistent with the suggested role of its murine ortholog, which forms a complex at the ciliary

transition zone with TCTN1 and TCTN2, both of which are also implicated in the transduction of SHH signaling. Overall, our data show

the involvement of the transition zone protein TCTN3 in the regulation of the key SHH signaling pathway and that its disruption causes

a severe form of ciliopathy, combining features of Meckel and OFD IV syndromes.
Orofaciodigital syndrome (OFDS) is characterized by mal-

formations of the face, oral cavity, digits, and central

nervous system, and 13 clinical subtypes are delineated.

OFD I can be easily distinguished from other subtypes by

its X-linked dominant inheritance pattern and is caused

by mutations of OFD1 encoding a centrosomal protein

involved in ciliary function.1,2 More recently, a homozy-

gous mutation in the ciliary gene TMEM216 (MIM

613277) was reported in two unrelated cases presenting

a phenotype reminiscent of OFD VI (MIM 277170), with

tongue tumors or multiple oral frenula and a molar tooth

sign on brain MRI, a characteristic feature of Joubert

syndrome (JS [MIM 213300])3 and related syndromes.

The molecular basis of the other OFDS subtypes remains

unknown. OFD II (Mohr syndrome [MIM 252100]) was

defined by hallucal and postaxial polysyndactyly. The

fourth type of orofaciodigital syndrome (Mohr-Majewski

[MIM 258860]) was first proposed by Baraitser in 1986,4

following the report by Temtamy and McKusick in 19785

of two cases with features of both OFD II and short

rib polydactyly with tibia dysplasia (SRP II/Majewski
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syndrome [MIM 263520]) and subsequent reports of indi-

viduals with OFD and tibia dysplasia but no short ribs.6,7

Severe forms of OFDIV have been subsequently reported

in children or fetuses presenting additional features of

cystic dysplastic kidneys and brain malformation that

include occipital encephalocele.8–10 This phenotype has

a high degree of overlap with Meckel syndrome (MKS

[MIM 249000]), an autosomal-recessive lethal disease asso-

ciated with severe cystic kidney disease, occipital encepha-

locele, polydactyly, and bile duct proliferation of the liver.

Thus, OFD IV shows significant overlap with other ciliopa-

thies, in particular SRP II/Majewski syndrome or MKS, and

it was unclear whether OFD IV was a separate clinical

entity. Therefore, we aimed to identify the molecular basis

of OFD IV and to study the clinical spectrum of this

syndrome.

We examined amale fetus (10047) born to a consanguin-

eous family from Senegal whose pregnancy was terminated

at 19 gestational weeks (gw) because of brain anomalies,

cystic kidneys, and severe skeletal dysplasia. He had

facial dysmorphism with a lobulated tongue (Figure 1A),
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Figure 1. Phenotype of Fetuses and
TCTN3 Mutation Identification
(A–D) Pictures of fetus 10047, showing
lobulated tongue (A), postaxial polydac-
tyly of the hand (B), bowing of long bones,
a trident appearance of acetabular bones
but no short ribs (C), and severe tibia
hypoplasia (D).
(E–H) Pictures of fetus 11385, showing
lingual hamartoma (E), postaxial polydac-
tyly of the hand (F), moderate bowing of
long bones (G), and slightly thickened
tibia bones (H).
(I) After homozygosity mapping with Affy-
metrix 250 SNP microarrays, a ciliary gene
exome sequencing and filtering of the data
identified a unique nonsense mutation in
one of the targeted homozygous regions.
polydactyly of four limbs (Figure 1b), severe cystic

kidney disease, ductal plate proliferation in the liver, and

occipital encephalocele. Neuropathological assessment

disclosed absent olfactory system, corpus callosum agen-

esis, and vermian hypoplasia. X-rays showed bowing of

long bones with severe tibia hypoplasia (Figures 1C and

1D). There was a trident appearance of the acetabular

margin but no short ribs (Figure 1C). Therefore, we

concluded that this fetus fulfilled the diagnostic criteria

for OFD IV.
The American Journal of Human Ge
In order to identify the molecular

defect underling this condition, we

performed genome-wide homozy-

gosity mapping by using the Affyme-

trix 250K NspI SNP genotyping

microarray. This analysis identified

14 regions of homozygosity (Table

S1, available online), but because

of the high number of genes pre-

sent in these regions, we used a

targeted capture strategy combined

with next-generation sequencing.

We used a 5.3 Mb customized Agilent

SureSelect Target Enrichment library

to capture 32,146 exons of 1,644

ciliary candidate genes (listed in

Table S2). A total of 7,718 variants

were identified, and after data were

filtered by removal of known SNPs,

synonymous coding sequence varia-

tions, and intersection with regions

of homozygosity, a unique nonsense

mutation, c.1222C>T (p.Glu408*) re-

mained in tectonic-3 (TCTN3 [MIM

613847]) (Table S3 and Figure 1I).

We then performed additional

homozygosity mapping analysis by

using Affymetrix SNP microarrays

for 18 consanguineous cases present-

ing with lethal ciliopathies with
various combinations of brain, renal, skeletal and orofacial

abnormalities and polydactyly. In total, six individuals had

regions of homozygosity at the TCTN3 locus. Direct

sequencing of the 14 coding exons (NM_015631.5,

Table S4) revealed three additional fetuses with TCTN3

truncating mutations in two families from Pakistan

(c.650_653del [p.Tyr217Serfs*6]) and a family originating

from Tunisia (c.1327C>T [p.Gln443*]). These mutations

segregated in all available family members with the

expected patterns of autosomal-recessive inheritance.
netics 91, 372–378, August 10, 2012 373



Table 1. Clinical and Molecular Data of Individuals with TCTN3 Mutations

Case Age Origin O
ra

l

P
D

C
K

B
D
P

T
ib
ia

T
ri
d
e
n
t

Brain Other
Nucleotide
Changes Exon

Predicted
Effect in ORF Inheritance

10047 19 gw Senegalese þ þ þ þ þþ þ OE,
MTS

bowing of all long
bones

c.1222C>T 11 p.Gln408* homozygous

11385 31.5 gw Pakistani þ þ þ þ þ/� - OE,
MTS

femoral bowing, IUGR c.650_653del 5 p.Tyr217Serfs*6 homozygous

752 14.5 gw Pakistani - þ þ þ þþ þ OE retrognathism, IUGR c.650_653del 5 p.Tyr217Serfs*6 homozygous

860 23 gw Tunisian - þ þ þ ? ? OE,
CCA,
Arh

bilateral club foot,
no X-rays

c.1327C>T 12 p.Gln443* homozygous

842a 23 gw French - þ þ þ þ/� - OE microglossia,
microretrognathism,
bicornate uterus,
femoral bowing

c.566_567del 4 p.Glu189Valfs*52 paternal

c.1348_1349del 12 p.Leu450Serfs*14 maternal

842b 14 gw French - þ þ þ þþ þ OE? cleft palate, bowing
of long bones, bilateral
club foot and hand

c.566_567del 4 p.Glu189Valfs*52 paternal

c.1348_1349del 12 p.Leu450Serfs*14 maternal

JS-02a 13 yr Turkish - þ - - - ? VA,
MTS

camptodactyly,
abnormal eye
movements, breathing
anomalies, severe
mental retardation,
joint laxity,
cyphoscoliosis

c.940G>A 8 p.Gly314Arg homozygous

JS-02b 6 yr Turkish þ - - - - ? VA,
MTS

IUGR, micrognathism
horseshoe kidney,
scoliosis, ventricular
septal defect

c.940G>A 8 p.Gly314Arg homozygous

Age is given in gestational weeks (gw) for fetuses and years (yr) for children. Abbreviations are as follows: Arh, arhinencephaly; BDP, bile duct proliferation of liver;
CCA, corpus callosum agenesis; CK, cystic kidneys; IUGR, intrauterine growth retardation; MTS, molar tooth sign; OE, occipital encephalocele; ORF, open reading
frame; PD, polydactyly; VA, vermis agenesis.
Interestingly, all three cases also presented with osteo-

chondrodyplasia with short lower limbs, talipes, and

variable severity of long bone bowing and tibia hypoplasia.

A trident appearance of the acetabular margin was

present in one patient and multiple tongue hamartomae

in another, suggesting variable expressivity of TCTN3

mutations. Sequencing of an additional 82 nonconsangui-

neous fetal cases with a severe ciliopathy identified com-

pound-heterozygous frameshift mutations (c.566_567del

[p.Glu189Valfs*52] and c.1348_1349del [p.Leu450Serfs*14])

in two siblings (cases 842a and 842b), both with skeletal

anomalies including bowing of long bones and severe

tibia hypoplasia. Clinical data and mutations are summa-

rized in Table 1.

In view of the tibia anomalies and trident aspect of

acetabular bones in two cases, we wondered whether this

condition could be allelic with SRP, in particular SRP II

and SRP IV (Beemer-Langer Syndrome [MIM 269860]),

which also include tibia hypoplasia.6 We therefore geno-

typed six SRP II and two SRP IV consanguineous cases,

but all were heterozygous at the TCTN3 locus.

We then asked whether a nonlethal phenotype could be

ascribed to TCTN3mutations. Sequencing of 18 OFD cases

of various types, without OFD1 mutation, found no addi-

tional TCTN3 mutations. Although all cases had encepha-
374 The American Journal of Human Genetics 91, 372–378, August 1
locele and cystic kidneys, two fetal cases had additional

vermis agenesis and therefore belonged to the allelic

MKS/JS phenotypic spectrum.11,12 We therefore analyzed

genome-wide linkage scans for consanguineous JS families

that were excluded by linkage to known JS loci. In family

JS-02 from Turkey in which there were two affected

siblings, three homozygous regions were identified, the

largest of which was 50 Mb long, located on chromosome

10 and containing TCTN3 (Figure S1). Direct sequencing

of TCTN3 identified a homozygous missense mutation,

c.940G>A [p.Gly314Arg], absent in SNP databases, the

1000 Genomes Project, and 150 ethnically matched

control chromosomes. This mutation changes a highly

conserved amino acid and is predicted as probably

damaging by Polyphen 2 (score: 1). Interestingly, in this

family, additional signs included severe cyphoscoliosis

in both affected siblings, camptodactyly and joint laxity

in the elder, and horseshoe kidney and ventricular

septal defect in the younger (Table 1). Sequencing of an

additional 57 JS cases revealed no additional mutations.

Table 2 summarizes the total number and phenotypes of

individuals screened, as well as the number of cases with

TCTN3 mutations.

In order to explore possible roles of TCTN3 in human

cilia-related function, we first examined the presence of
0, 2012



Table 2. Phenotypes Screened for TCTN3

Phenotypes
Number of Mutations/
Total Number of Cases

Fetal ciliopathies with overlapping
Meckel syndrome features

5/100

Short ribs polyactyly II 0/6

Short ribs polydactyly IV 0/2

Non fetal orofaciodigital syndrome 0/18

Joubert 1/58

Total 6/184

In all fetuses in this study, pregnancies were terminated after genetic coun-
seling, in accordance with local legislation. Chromosome analysis and clinico-
pathological examination were performed for all cases. Informed consent was
obtained for all participating families, and the study was approved by the
Ethical Committee of Paris Ile de France II.
cilia in the kidneys of two affected fetuses, aged 14.5 and

19 gestation weeks (gw), respectively (cases 860 and

10047). We found that primary cilia costained for acety-

lated alpha tubulin (a ciliary axoneme marker; Sigma)

and pericentrin (a basal body marker; AbCam) protruded

normally from the surface of epithelial cells in the affected

fetal kidney tubules as compared to age-matched controls

(Figure 2A), indicating that TCTN3 is not necessary for cilia

biogenesis in the kidney.

In the mouse, TCTN1 and TCTN2 have been shown to

be required for normal SHH signaling transduction.13,14

To determine whether TCTN3 is important for SHH trans-

duction, we assayed the expression of PTCH1 and GLI1,

general transcriptional targets of SHH signaling, as well

as the processing of GLI3 in TCTN3-mutated patient

fibroblasts and controls. After pathway activation by the

addition of Smoothened Agonist (SAG; Tebu-Bio), both

PTCH1 and GLI1 were induced in control fibroblasts,

whereas patient fibroblasts displayed negligible respon-

siveness (Figure 2B). Moreover, TCTN3-mutated fibroblasts

exhibited decreased amounts of full-length, unprocessed

GLI3 protein (GLI3-FL) and increased amounts of the

cleaved repressor form (GLI3-R), indicating that TCTN3 is

essential for GLI3 processing and function (Figure 2C).

Thus, TCTN3mutated cells fail to respond to SHH agonists,

suggesting that at least some of the defects in affected

individuals with TCTN3 mutations may be secondary to

reduced SHH signaling.

In this study, on the basis of the combination of homo-

zygozity mapping and exome sequencing of ciliary genes,

we identified TCTN3 mutations in autosomal-recessive

OFD IV syndrome characterized by OFD anomalies with

tibia dysgenesis but without short ribs.We identified a total

of five different TCTN3 truncating mutations in five fami-

lies: four homozygous and one compound heterozygous.

All affected fetuses had skeletal dysplasia with long bone

bowing and tibia hypoplasia, with associated orofaciodigi-

tal anomalies in two affected individuals. Although none

had short ribs, two cases had a trident appearance of the
The Americ
acetabular margin, usually observed in SRP. The three cases

that lacked any orofaciodigital anomalies suggest either

phenotypic variability of OFD IV or a difference in the

onset of orofacial manifestations during development.

Whatever the mechanism, this phenotypic variability has

until now left many cases with a nonspecific ‘‘ciliopathy’’

phenotype with a clinical spectrum in between OFD IV

(with no OF) and SRP II or SRP IV (with no SR). Our results

therefore confirm the variable spectrum of OFD IV and

show that this entity is distinct from SRP II/Majewski

syndrome.

We also identified a missense mutation in a JS family

with two severely affected siblings. Interestingly, TCTN2

mutations were also reported in JS15 and in a lethal pheno-

type described as MKS with hypoplastic nose, anophthal-

mia, and cleft lip and palate.16 It would be of interest to

determine whether this case also had skeletal dysplasia. A

TCTN1 mutation was reported in one family with JS,13

but a lethal phenotype has not yet been described in

humans. Overlap between JS and the other ciliopathies

has often been discussed and has even led to the classifica-

tion of such "JS plus" cases in a pleiotropic group of so-

called ‘‘JS-related disorders,’’ or JSRD, such as COACH or

OFD VI syndromes.17 Interestingly, vermis agenesis is

observed in several other severe ciliopathies such as MKS

or SRP, and more recently, it has been shown to be a

constant feature of acrocallosal syndrome18,19. This might

reflect that the vermis defect and accompanying brainstem

molar tooth sign (MTS) is the minimal brain anomaly

observed in the various disorders that affect primary cilia

biogenesis or function. Along this line, since 2006, muta-

tions in six genes have been shown to cause both JS and

MKS. This suggests that the JS phenotype is the viable

and/or unique clinicalmanifestation of otherwisemultisys-

temic disorders. In some instances, genotype-phenotype

correlations explain the milder effect of apparently hypo-

morphic mutations,11,12,20,21 as observed here for TCTN3.

For other loci, modifier alleles seem the best hypothesis

for explaining phenotypic variability, as shown in Bardet-

Biedl syndrome, in which pathogenic mutations in BBS

genes can both drive recessive phenotypes and contribute

likely second-site modifiers.22–24 Cumulative phenotypic

and genotypic data from the known causal ciliopathy

loci in nephronophtisis have also indicated significant

enrichment of pathogenic variations in ciliary genes.24,25

Commonvariants in ciliary genesmight also drive a specific

phenotype in individuals with nephronophtisis, such as

the retinal degeneration associated with the c.685 G>A

(p.Ala229Thr) change in RPGRIP1L26 (NM_015272.2,

MIM 610937) or the c.2488C >T (p.Arg830Trp) variation

in AHI1 (NM_017651.4, MIM 608894).27 The latter variant

is also associated with a neurological phenotype in individ-

uals with NPHP1(MIM 607100) mutations.24 Ciliopathies

therefore represent a useful model for understanding the

proposed mechanism of total mutational load in a biolog-

ical system and provide insights into the molecular basis

of genotype-phenotype correlations.
an Journal of Human Genetics 91, 372–378, August 10, 2012 375



Figure 2. Analysis of Ciliogenesis and SHH Pathway in TCTN3 Mutants
(A) Analysis of the primary cilia in kidneys of two affected fetuses aged 14.5 and 19 gestation weeks (gw), respectively (cases 860 and
10047), compared to a matched control, costained with acetylated a tubulin (red; Sigma) and pericentrin (green; AbCam). Confocal
images were taken with a Leica SP5 confocal microscope.
(B) TCTN3-mutated patient fibroblasts failed to upregulate GLI1 and PTCH1 after stimulation with Smoothened Agonist (SAG) for 18 hr,
as compared to controls. Primers used for quantitative RT-PCR are listed in Table S5. Values were normalized to GAPDH and presented as
relative expression levels 5 SEM. **p < 0.05, ***p < 0.001 (Student’s two-tailed t test).
(C) Immunoblot analysis with the use of a GLI3 antibody (Santa Cruz Biotechnology) showed that TCTN3 processing of GLI3 into the
repressor form, GLI3R, is increased in TCTN3-mutated fibroblasts as compared to controls. A graphical evaluation of the GLI3-FL:GLI3-R
ratio using actin as a loading control and ImageJ software for densitometry is presented.
TCTN3 belongs to a family of genes with three members.

Tctn1�/� and Tctn2�/� mice exhibit neural tube defect and

polydactyly.14,15 Both TCTN1 and TCTN2 were shown to

regulate SHH signaling13,14 and to be essential for ciliogen-

esis in some but not all tissues. No Tctn3 mouse model is

reported to date, but TCTN3 was shown to form a complex

with multiple ciliary proteins colocalizing at the transition

zone, including TCTN1, TCTN2, and all known MKS

proteins except RPGRIP1L.13

While TCTN3 is not necessary for ciliogenesis in

kidney, we show disruption of the SHH signaling transduc-

tion in patient fibroblasts associated with abnormal

GLI3 processing. In the Tctn1�/� mouse, GLI3 processing

is also altered but in an opposite way to what we

found in TCTN3-mutated fetuses. Indeed, TCTN3-mutated

fibroblasts exhibit decreased amounts of unprocessed

GLI3 and increased amounts of the repressor form of

GLI3, suggesting an increased SHH signal repression by
376 The American Journal of Human Genetics 91, 372–378, August 1
GLI3. By contrast, Tctn1�/� embryo extracts had markedly

increased levels of full-length GLI3.13 These results

indicate that TCTN3 is important for GLI3 processing

and function in humans and suggest a complementary

rather than redundant function for TCTN proteins in

mammals.

Overall, we report the identification of TCTN3 muta-

tions in an unusually broad clinical spectrum that extends

from a viable phenotype, characterized by JS with digital

anomalies and axial skeletal anomalies, to a severe OFD

IV phenotype that is characterized by long bone bowing,

tibia hypoplasia, cystic kidney, and encephalocele. Our

data further confirm the implication of the transition

zone complex proteins in the key SHH signaling pathway.

We suggest that a disruption in this functional module

leads to severe forms of ciliopathies that share phenotypic

overlap with Meckel syndrome and that now include

OFD IV.
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Supplemental Data

Supplemental Data include five tables and one figure and can be

found with this article online at http://www.cell.com/AJHG.
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