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Mutations in C5ORF42 Cause Joubert Syndrome
in the French Canadian Population

Myriam Srour,1,11 Jeremy Schwartzentruber,2,11 Fadi F. Hamdan,1 Luis H. Ospina,3 Lysanne Patry,1

Damian Labuda,4 Christine Massicotte,4 Sylvia Dobrzeniecka,1 José-Mario Capo-Chichi,1

Simon Papillon-Cavanagh,4 Mark E. Samuels,4 Kym M. Boycott,5 Michael I. Shevell,6

Rachel Laframboise,7 Valérie Désilets,4 FORGE Canada Consortium,12 Bruno Maranda,8

Guy A. Rouleau,9 Jacek Majewski,10 and Jacques L. Michaud1,*

Joubert syndrome ( JBTS) is an autosomal-recessive disorder characterized by a distinctive mid-hindbrain malformation, developmental

delay with hypotonia, ocular-motor apraxia, and breathing abnormalities. Although JBTS was first described more than 40 years ago in

French Canadian siblings, the causal mutations have not yet been identified in this family nor in most French Canadian individuals

subsequently described.We ascertained a cluster of 16 JBTS-affected individuals from 11 families living in the Lower St. Lawrence region.

SNP genotyping excluded the presence of a common homozygous mutation that would explain the clustering of these individuals.

Exome sequencing performed on 15 subjects showed that nine affected individuals from seven families (including the original JBTS

family) carried rare compound-heterozygous mutations in C5ORF42. Two missense variants (c.4006C>T [p.Arg1336Trp] and

c.4690G>A [p.Ala1564Thr]) and a splicing mutation (c.7400þ1G>A), which causes exon skipping, were found in multiple subjects

that were not known to be related, whereas three other truncating mutations (c.6407del [p.Pro2136Hisfs*31], c.4804C>T

[p.Arg1602*], and c.7477C>T [p.Arg2493*]) were identified in single individuals. None of the unaffected first-degree relatives were

compound heterozygous for these mutations. Moreover, none of the six putative mutations were detected among 477 French Canadian

controls. Our data suggest that mutations in C5ORF42 explain a large portion of French Canadian individuals with JBTS.
Joubert syndrome (JBTS [MIM 213300]) is an autosomal-

recessive disorder characterized by the presence of hypo-

tonia, apnea or hyperpnea in infancy, oculomotor apraxia,

and variable developmental delay or intellectual impair-

ment (reviewed in Sattar et al.1). The diagnostic hallmark

of JBTS is the presence of a complex malformation of the

midbrain-hindbrain junction that comprises cerebellar

vermis hypoplasia or aplasia, deepened interpeduncular

fossa, and elongated superior cerebellar peduncles. This

malformation appears like a molar tooth on an axial brain

MRI (magnetic resonance imaging). In a subset of individ-

uals, JBTS also involves other organs and results in cystic

kidneys, retinopathy, or polydactyly. JBTS is a genetically

heterogeneous condition for which 15 genes have been

described to date.2–19 All of these genes appear to play a

role in the development and/or function of nonmotile

cilia. Although JBTS was first described in French Canadian

siblings more than 40 years ago by Marie Joubert and

colleagues, until now, the causal mutations have not yet

been identified in the original family nor in most French

Canadians subjects.20,21

There is a highprevalence of JBTS in the FrenchCanadian

population living in the Lower St. Lawrence (‘‘Bas-du-
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Fleuve’’ in French) region of the province of Quebec

(Figure 1). In total, we identified 16 living affected individ-

uals (from 11 unrelated families) who have at least one

grandparent originating from that region. Informed con-

sent was obtained from all individuals or their legal guard-

ians. This project was approved by our institutional ethics

committee. We were initially able to collect blood-derived

DNA from 15 of these individuals, including an affected

individual (II-1 in family 394; individual BD in Joubert

et al.20) from the original JBTS family described by Marie

Joubert and colleagues in 1969. There was a striking cluster

of seven families from the east end of the region (Matapedia

region); one family is fromMont-Joli (population of 6,568),

three families are from Amqui (population of 6,261), and

three other families are from Sayabec (population of

1,877). Individual II-1 from family 394 did not undergo

brain-imaging studies, but an MRI scan performed on her

brother (II-2) showed the molar-tooth sign (MTS) (Fig-

ure 2B).21 All the other affected individuals showed the

MTS and variable expression of the classical JBTS features.

The cohort included three families with two affected

siblings, and the parents were not affected in any family

(consistent with a recessive mode of transmission).
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Figure 1. Distribution of Individuals with JBTS
in the Lower St. Lawrence Region
Numbers refer to families (pedigrees in Figure 2).
Note the cluster of families along Route 132,
which follows the Matapedia River.
It was initially established that the population of the

Lower St. Lawrence region was a result of both the immi-

gration of a limited number of settlers (6,000 individuals)

from Quebec City and its surrounding areas in the late

17th century and beginning of the 18th century and a rapid

increase in settlers resulting from a high fertility rate.22

The establishment of settlers in the region followed a

west-to-east pattern, and settlers later migrated to regions

farther east. A small number of Acadians also contributed

to the early population of the Matapedia region.23 The

demographic growth of this population thus appears to

be characterized by a series of bottlenecks that might

have resulted in regional founder effects. We hypothesized

that a founder effect could underlie the clustering of

individuals with JBTS in the Lower St. Lawrence region,

raising the possibility that a common homozygous muta-

tion explains a large portion of them. We performed

whole-genome SNP genotyping in all 15 individuals with

JBTS by using the Illumina Human 610 Genotyping

BeadChip panel, which interrogates 620,901 SNPs, and

we used PLINK24 to search for homozygosity regions con-

taining >30 consecutive SNPs and extending over >1Mb.

We identified several overlapping regions of shared

homozygosity, but these regions were not found in more

than five families, were small (1 megabase or less), and

contained genes that are unlikely to play a role in cilia

development and/or function (Table S1, available online).

Altogether, the genotyping data suggest the presence of

allelic and/or genetic heterogeneity within our cohort.

Given the lack of hints from genotype-based mapping,

we decided to sequence the protein-coding exomes of all

our JBTS-affected subjects in the hopes of identifying a

unique candidate gene harboring private pathogenic vari-

ants in a large fraction of the samples. Genomic DNA from

each sample was captured with the Agilent SureSelect
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50 Mb oligonucleotide library, and the

captured DNA was sequenced with paired-

end 100 bp reads on Illumina HiSeq2000.

The result was an average of 14.7 Gb of

raw sequence for each sample. Data were

analyzed as previously described.25 After

we used Picard (v. 1.48) to remove putative

PCR-generated duplicate reads, we aligned

the reads to human genome assembly

hg19 by using a Burroughs-Wheeler algo-

rithm (BWA v. 0.5.9). The median read

depth of the bases in CCDS (consensus

coding sequence) exons was 115 (deter-

mined with Broad Institute Genome

Analysis Toolkit v. 1.0.4418).26 On average,
88% (52.9%) of the bases in CCDS exons were covered

by at least 20 reads. We called sequence variants by

using custom scripts for Samtools (v. 0.1.17), Pileup, and

varFilter, and we required at least three variant reads as

well as >20% variant reads for each called position.

Single-nucleotide variants (SNVs) had Phred-like quality

scores of at least 20, and small insertions or deletions

(indels) had scores of at least 50. We used Annovar to

annotate variants according to the type of mutation,

occurrence in dbSNP, SIFT score, and 1,000 Genomes allele

frequency.27 To identify potentially pathogenic variants,

we filtered out (1) synonymous variants or intronic vari-

ants other than those affecting the consensus splice sites,

(2) variants seen in more than one of 261 exomes from

individuals with rare, monogenic diseases unrelated to

JBTS (these individuals were sequenced at the McGill

University and Genome Quebec Innovation Centre), and

(3) variants with a frequency greater than 0.5% in the

1,000 Genomes Browser (Tables 1 and 2).

We first examined the exome datasets to look for rare

variants in the 15 genes already associated with JBTS (these

genes are INPP5E [MIM 613037], TMEM216 [MIM 613277],

AHI1 [MIM 608894], NPHP1 [MIM 607100], CEP290

[MIM 610142], TMEM67 [MIM 609884], RPGRIP1L

[MIM 610937], ARL13B [MIM 608922], CC2D2A [MIM

612013], CXORF5 [MIM 300170], KIF7 [MIM 611254],

TCTN1 [MIM 609863], TCTN2 [MIM 613885], TMEM237

[MIM 614424], and CEP41)2–19 as well as in the JBTS

candidate gene, TTC21B (MIM 612014).28 Two individuals

(II-1 from family 484 and II-2 from family 473, Figure S2)

that are not known to be related were each found to be

carrying two heterozygous missense variants (c.4667A>T

[p.Asp1556Val] and c.3376G>A [p.Glu1126Lys]) in

CC2D2A (RefSeq accession number NM_001080522.2).13,14

These amino acids are highly conserved, and both
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Figure 2. Segregation of C5ORF42Muta-
tions in Families Affected by JBTS
mutations are predicted to be deleterious according to

SIFT (scores < 0.05)29 and Polyphen-2 (scores > 0.90)30

(Figure S1). The c.4667A>T (p.Asp1556Val) mutation has

already been reported in individuals with JBTS.31 Segrega-

tion studies have indicated that the affected individuals

but none of their unaffected first-degree relatives were

compound heterozygous for these mutations (Figure S2).

We conclude that these mutations are probably patho-

genic. Both individuals have a mild phenotype. They

have oculomotor apraxia and only mild motor delay

(they walked at 18 [II-1 from family 484] and 19 [II-2 from

family 473] months of age and do not have gait ataxia).

The individual who is of school age performs well in

a regular classroom. Four additional individuals were sin-

gly heterozygous for rare variants in the other known
The American Journal of Huma
JBTS-associated genes; such variants

are c.265C>T (p.Leu89Phe) in

TMEM216 (M_001173991.2),

c.3257A>G (p.Glu1086Gly) in

AHI1 (NM_001134831), c.1600G>A

(p.Glu534Lys) in CEP290 (NM_

025114.3), and c.3032T>C

(p.Met1011Thr) in TTC21B (NM_

024753.4). Because each of these

genes has previously been associated

with recessive JBTS, these heterozy-

gous variants are unlikely to fully

explain the disorder that these indi-

viduals have.

We next looked at the whole-exome

data for the other protein-coding

genes containing homozygous or

multiple heterozygous variants in the

13 affected individuals who did not

have mutations in CC2D2A (Tables 1

and 2). Strikingly, five subjects,

including a member of the initial

JBTS family, carried two different

heterozygous variants in an un-

studied anonymous gene, C5ORF42

(NM_023073.3). Mutations in six

other genes were found in affected

individuals among sets of three

families (Tables 1 and2). Because these

latter genes (MUC5B, PLEC, FAT3, FLG,

TTN, and LAMA5) are known to accu-

mulate mutations at a high rate, they

are unlikely to be linked to the disease

(Table S2). All five affected individuals

with changes in C5ORF42 carried the

same missense mutation, c.4006C>T

(p.Arg1336Trp) (NM_023073.3), as
well as one of three different mutations: one mutation

that affects a consensus donor splice site, c.7400þ1G>A

(NM_023073.3), and two truncating mutations, c.6407del

(p.Pro2136Hisfs*31) and c.4804C>T (p.Arg1602*) (NM_

023073.3) (Figures 2 and 3 and Table 3). Sanger sequencing

in the five affected individuals confirmed the presence of

these variants. Segregation studies indicated that the

affected individuals, but not their unaffected first-degree

relatives, were compound heterozygotes for these variants

(Figure 2 and Table 3). Subsequently, wewere able to collect

DNA from individual II-2 (individual M.D.19-20), the

affected brother of II-1 in the initial JBTS family (family

394), and we found that he was compound heterozygous

for the same C5ORF42 mutations identified in his affected

sister (Figure 2B and Table 3). None of these four variants
n Genetics 90, 693–700, April 6, 2012 695



Table 2. Genes with Rare Homozygous or Multiple Heterozygous
Variants from the Combined Exome Sequences from 13 Individuals
with JBTS

Number of Families
with Mutations
in the Same Gene

Number
of Genes Gene Identity

1 family 528 C5ORF42, .

2 families 16 C5ORF42, ACAN, ADAMTS18,
C10orf68, FSIP2, LRP1B,
MUC12, MUC16, MUC4,
MYO16, PKD1L2, PKHD1L1,
RGPD4, SHROOM4,
TMEM231, ZNF717

3 families 7 C5ORF42, MUC5B, PLEC,
FAT3, FLG, TTN, LAMA5

4 families 1 C5ORF42

5 families 1 C5ORF42

>5 families 0 -

Table 1. Variant Prioritization Steps in the Analysis of Combined
Exome Sequences from 13 Individuals with JBTS

Filters Applied (Sequentially)
Number of
Variants Retained

Nonsynonymous, splicing, and coding indel
variants

34,157a

After excluding variants present in >1
in-house exome

7,075

After excluding variants reported in 1,000
Genomes Browser (frequency > 0.5%)

6,911

aTotal number of variants identified in the combined 13 exomes; redundant
variants were counted only once.
was detected in 261 in-house control exomes, which were

derived from other projects including some French Cana-

dian subjects, and in the 1,000 Genomes Browser. RT-PCR

performed on RNA extracted from the blood of individuals

II-2 (from family 394) and III-4 (from family 406/301), who

both carry the c.7400þ1G>A splicing mutation, showed

that this mutation causes skipping of exon 35 in C5ORF42

(NM_023073.3) and results in the creation of a premature

stop codon (Figure S3). The p.Arg1336Trp amino acid

substitution is predicted to be damaging (SIFT¼ 0.00; Poly-

phen-2 ¼ 0.99) and to affect a residue that is conserved

across vertebrate species (Figure 3B).

On the basis of the exome-sequencing data, four

additional JBTS-affected individuals from three families

(301, 468, and 489) were each carrying a single heterozy-

gous C5ORF42 mutation, including the already described

c.4006C>T (p.Arg1336Trp) and c.7400þ1G>A mutations

and the truncating mutation c.7477C>T (p.Arg2493*)

(NM_023073.3) (Figure 2 and Table 3). The c.7477C>T

(p.Arg2493*) mutation was absent from our 261 control

exomes and the 1,000 Genomes Browser. Our SNP geno-

typing data suggest that these four individuals—but not

the other individuals with JBTS in our cohort—are hetero-

zygous for a unique 5 Mb haplotype that encompasses

C5ORF42 (Figure S4). It seemed unlikely that this haplo-

type would be carrying three different rare mutations;

therefore, this observation suggests that the four individ-

uals might carry a second mutation linked to this haplo-

type. Upon further inspection of the exome data, we

discovered that all four individuals are also heterozygous

for another missense variant, c.4690G>A (p.Ala1564Thr)

(based on the ENST00000388739 transcript annotated by

the Ensemble Genome Browser). This allele was not

included in our original filtered dataset because it is located

in an internal coding exon (chr5: 37,157,522–37,157,415)

not annotated by RefSeq for the longest isoform of the

gene (NM_023073.3). Sanger sequencing confirmed the

presence of the various mutations in the four affected

individuals. Segregation studies showed that the four

affected individuals but none of their unaffected first-

degree relatives were compound heterozygous for

c.4690G>A (p.Ala1564Thr) and for one of the three other

mutations (c.4006C>T [p.Arg1336Trp], c.7400þ1G>A,
696 The American Journal of Human Genetics 90, 693–700, April 6, 2
and c.7477C>T [p.Arg2493*]) (Figure 2). The additional,

alternative exon (which we designate exon 40a) with the

c.4690G>A (p.Ala1564Thr) mutation occurs between

RefSeq annotated exons 40 and 41 (NM_023073.3), is

present in brain expressed sequence tag (EST) clones with

GenBank accession numbers AK096581 and BC144070,

and retains the large open reading frame of the gene. Using

RNA-sequencing data made publicly available by Illumi-

na’s Body Map 2.0 (see Web Resources), we were able to

confirm the expression of the exon. The assembly of raw

data from 16 different tissues identified a large number of

reads that mapped to that exon in both brain and testes

samples; significantly fewer reads mapped to other tissues

(Figure S5). Reads that covered both ends of the exon and

spliced correctly to neighboring exons were found in either

brain or testes samples. The c.4690G>A (p.Ala1564Thr)

mutation was also absent from our 261 control exomes

and from the 1,000 Genomes Browser. It was not possible

to get accurate SIFT or Polyphen-2 predictions for this

mutation because the corresponding exon was not anno-

tated across species.

We further addressed the frequency of the six putative

C5ORF42 mutations identified in our JBTS individuals in

the French Canadian population. Genotyping 477 French

Canadian controls, including 96 Acadians subjects and 96

subjects from the Gaspésie region located immediately east

of Matapedia, did not identify a carrier of any of the six

C5ORF42 mutations. However, some of these mutations

are reported in the heterozygous state at very low frequen-

cies in the National Heart, Lung, and Blood Institute

(NHLBI) Go Exome Sequencing Project (ESP) dataset; these

mutations are c.4006C>T (p.Arg1336Trp) (2/10,754;

minor allele frequency [MAF] ¼ 0.0186%), c.7477C>T

(p.Arg2493*) (1/10,755; MAF ¼ 0.009%; rs139675596),

and c.4690G>A (p.Ala1564Thr) (12/4,574; MAF ¼
0.262%; rs111294855). It should be noted that

c.4006C>T and c.7477C>T correspond to CpG sites,
012



Figure 3. C5ORF42 Mutations Identified in Individuals with JBTS
(A) Scheme showing the positions of the mutations with respect to the different C5ORF42 Ensembl-annotated transcripts that are pre-
dicted to produce proteins. The numbering on top is based on the cDNA positions of ENST00000425232 (identical to RefSeq accession
number NM_023073.3). Mutation c.7957þ288G>A is annotated as part of a coding exon in ENST00000388739 and causes a missense
change (p.Ala1564Thr).
(B) NCBI HomoloGene-generated amino acid alignment of C5ORF42. Its predicted orthologs show the conservation of the Arg1336
residue.
which are associated with a higher mutation rate, possibly

explaining the recurrence of these nonetheless rare muta-

tions in different populations.

The presence of five potentially deleterious C5ORF42

mutations that segregate with the disease in seven presum-

ably unrelated (though all French Canadian) families

strongly suggests that disruption of this gene causes JBTS

in our subjects. It remains uncertain whether c.4690G>A

(p.Ala1564Thr) is pathogenic, considering that it is not

clearly deleterious and that it is found at a higher

frequency (0.26%) in the ESP dataset than are the other

mutations. It is possible that this variant is linked to

another mutation—not identified by our exome-

sequencing approach—on the same haplotype.

Very little is known about C5ORF42 function. The Ref-

Seq version of the full-length transcript (NM_023073.3;

Ensemble accession number ENST00000425232) appar-

ently derives from virtual assembly of overlapping mRNA

and EST clones. The predicted major mRNA isoform

comprises 11,199 bp and contains 52 exons; the putative

encoded protein is similarly large and comprises 3,198
The Am
amino acids. With the exception of c.4690G>A

(p.Ala1564Thr), all mutations reported herein are common

to all annotated protein-coding transcripts (Figure 3A). The

predicted protein sequence is well conserved across much

of the gene length in other vertebrates. It does not appear

to contain any specific known functional domains,

although the Gene Ontology project suggests that it might

be a transmembrane protein and ProtoNet predicts a

coiled-coil structure within the protein. Proteomic studies

have reported interactions among C5ORF42, the p21-

activating kinase 1 (PAK1), and the small ubiquitin-like

modifier 1 (SUMO1).32,33 Although the significance of

these interactions remains to be validated and further

investigated, it is noteworthy that these latter genes play

a role in neural development.34,35 EST-expression (Unig-

ene data), microarray profiling (Allen Brain Atlas), and

BioGPS indicate that C5ORF42 is widely expressed in

a variety of tissues, including the brain.

In terms of genotype-phenotype correlation, all JBTS

individuals with mutations in C5ORF42 showed global

developmental delay, and the onset of independent
erican Journal of Human Genetics 90, 693–700, April 6, 2012 697



Table 3. Clinical Description of JBTS Individuals with C5ORF42 Mutations

Genotype

Family 406/301 Family 394 Family 474 Family 480 Family 489 Family 479 Family 468

IV-1 IV-2 IV-3 II-1 II-2 II-1 II-1 II-1 II-1 II-1

c.4006C>T (p.Arg1336Trp) þ � � þ þ þ þ � þ þ

c.7400þ1G>A þ þ þ þ þ � þ � � �

c.6407del (p.Pro2136Hisfs*31) � � � � � þ � � � �

c.7477C>T (p.Arg2493*) � � � � � � � þ � �

c.4804C>T (p.Arg1602*) � � � � � � � � þ �

c.7957þ288G>A
(c.4690G>A [p.Ala1564Thr])

� þ þ � � � � þ � þ

Age (years) 8 1.5 3 52 45 4 10 7 13 31

Sex F M F F M F M M F F

Developmental delay þ þ þ þ þ þ þ þ þ þ

Oculomotor apraxia � þ þ þ þ þ þ þ þ þ

Breathing abnormality þ þ þ þ þ þ þ þ � �

Limb abnormalitya � þ � � � þ � � � �

Brain MRI MTS MTS MTS ND MTS MTS MTS MTS MTS MTS

Retinal involvementb � (f) � (e) � (e) � (h) � (h) � (f) � (e) � (e) � (f) � (h)

Renal involvementc � (us) � (us) � (us) � (h) � (h) � (us) � (us) � (us) � (us) � (h)

The nucleotide and amino acid positions are based on reference sequence NM_023073.3 except for c.4690G>A (p.Ala1564Thr), which is based on Ensembl tran-
script ENST00000509849. The following abbreviations are used: F, female; M, male; MRI, magnetic resonance imaging; MTS, molar tooth sign; ND, not done; f,
fundoscopy; e, electroretinogram; h, history; and us, ultrasound.
aIndividual IV-2 from family 406/301 has a 3/4 syndactyly in the left hand and individual II.1 from family 474 has preaxial and postaxial polydactyly of the four
limbs. Individual II-1 from family 394 did not undergo an MRI, but the MRI of her brother (individual II-2 from family 394) documented a MTS.
bLack of retinal involvement was determined by electroretinogram, fundoscopy, or history.
cLack of renal involvement was determined by renal ultrasound or history.
walking ranged between 30 months and 8 years of age

(Table 3). Cognitive impairment was present in all individ-

uals but was variable, ranging from borderline intelligence

to mild intellectual disability. The majority of individuals

also showed oculomotor apraxia and breathing abnormal-

ities mainly characterized by episodes of hyperventilation.

Two individuals showed limb abnormalities; one had

preaxial and postaxial polydactyly, and another had

syndactyly of the third and fourth finger on one hand.

There was no evidence of retinal or kidney involvement.

There was no clear correlation between the type of

C5ORF42 mutation and the associated phenotype.

Surprisingly, we found that three mutations (c.4006C>T

[p.Arg1336Trp], c.7400þ1G>A, and c.4690G>A

[p.Ala1564Thr]) in C5ORF42 were present in multiple

individuals in our cohort. Haplotype studies indicate that

each of these mutations is linked to a distinct haplotype

in these families despite the lack of documented genealog-

ical relationships among them (Figure S4). The higher

frequency of these mutations in the population of the

Lower St. Lawrence region could be explained by a founder

effect with the coincidental occurrence of the three muta-

tions in the same group of settlers or by multiple regional

founder effects corresponding to sequential pioneer fronts.

Although founder effects are typically associated with an

increase in the frequency of a specific allele,33 which is
698 The American Journal of Human Genetics 90, 693–700, April 6, 2
often accompanied by other alleles that remain at their

usual background frequency, they can also involve

multiple common mutations.36,37

In summary, after the initial description of JBTS in a

French Canadian family 40 years ago, we have shown

that mutations in C5ORF42 explain this neurodevelop-

mental disorder in many affected individuals from the

French Canadian population. We have also found that

C5ORF42 is associated with a complex founder effect in

this population. Although the function of C5ORF42

remains unknown, future studies will likely elucidate its

role in cilia development and/or function.
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