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The phenotype of Bardet–Biedl syndrome (BBS) is defined by the association of retinitis pigmentosa, obesity,
polydactyly, hypogenitalism, renal disease and cognitive impairement. The significant genetic heterogeneity of
this condition is supported by the identification, to date, of eight genes (BBS1–8) implied with cilia assembly or
function. Triallelic inheritance has recently been suggested on the basis of the identification of three mutated
alleles in two different genes for the same patient. In a cohort of 27 families, six BBS genes (namely BBS1, BBS2,
BBS4, BBS6, BBS7 and BBS8) have been studied. Mutations were identified in 14 families. Two mutations within
the same gene have been identified in seven families. BBS1 is most frequently implied with the commonM390R
substitution at the homozygous state (n¼2), or associated with another mutation at BBS1 (n¼3). Compound
heterozygous mutations have been found in BBS2 (one family) and BBS6 (one family). In seven other families,
only one heterozygous mutation has been identified (once in BBS1, twice for BBS2 and three times in BBS6).
Although our study did not reveal any families with bona fide mutations in two BBS genes, consistent with a
triallelic hypothesis, we have found an excess of heterozygous single mutations. This study underlines the
genetic heterogeneity of the BBS and the involvement of possibly unidentified genes.
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Introduction
Bardet–Biedl syndrome (BBS) is one of the most frequent

syndromes associated with retinitis pigmentosa and a

classical cause of inherited syndromic obesity in child-

hood.1,2 BBS is characterized by the following associations:
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early-onset retinitis pigmentosa, obesity, polydactyly, hypo-

gonadism, learning disabilities and kidney malforma-

tions.3,4 A tremendous amount of knowledge about BBS

has recently accumulated, demonstrating the extensive

genetic heterogeneity and giving clues for the ciliary

pathogenesis of this complex condition. It has also been

suggested that its inheritance may depart from classic

autosomal recessive inheritance and may involve, in some

families, three mutated alleles in two genes (triallelic

inheritance).5–9

To date, eight BBS genes have been identified:

BBS1 (11q13);10 BBS2 (16q21);11 BBS3 (3p12–13);12,13

BBS4 (15q22.3–q23);14 BBS5 (2q31);15 BBS6 (20p12);16–18

BBS7 (4q27);19 BBS8 (14q32.11).20 The BBS6 gene has also

been found mutated in the clinically closely related

McKusick Kaufman syndrome.21,22 Point mutations in the

eight known genes account only for about 50% of BBS

patients, suggesting that there are several more genes to be

found.

The identification of BBS8, as a protein involved at the

level of the basal body of ciliated cells with either a role in

ciliogenesis or mediating communication between the

cilium and the interior of the cell, has opened the road

to a general understanding of the disorder especially as

functional overlap between some BBS genes has emerged.20

BBS4 has recently been shown to target proteins to the

pericentriolar region, and to be involved with microtubule

anchoring and cell cyle progression.23 The Bbs4-null mice

discloses common features with the human phenotype and

confirms the connection of BBS4 with ciliated cells.24 In

this study, we have analyzed 27 families for six BBS genes

(BBS1, BBS2, BBS4, BBS6, BBS7 and BBS8). We confirm that,

apart from BBS1 and to a lesser extent BBS6, the other

genes (including the recently identified BBS7 and BBS8)

contribute to a small proportion of BBS patients. We also

address the question of possible digenic triallelic inheri-

tance in this cohort.

Patients and methods
BBS patients

The patients were selected with diagnostic criteria

defined by the presence of at least three of the major

features: retinitis pigmentosa, obesity, polydactyly, hypo-

gonadism, learning disabilities and kidney malformation

or failure.4

The 27 families (33 patients) analyzed in this study were

recruited from Medical Genetics Departments and

Ophthalmology Departments located all over France.

Among the 27 families, 19 were sporadic cases and the

remaining had at least two affected individuals.

The ethnic origin of the families is classified as

three families were from North-Africa, three were

Gypsies and the remaining (21 families) were of Caucasian

origin.

PCR amplification of the BBS genes

DNA extraction from blood samples was performed

by standard saline procedure. PCR amplification of

the exons and exon–intron boundaries were realized

with 50ng of genomic DNA template. Primer sequences

were modified according to the literature.5,7,14,18,20,22

PCR protocols and primer sequences are available on

request.

Screening for the recurrent M390R recurrent BBS1
mutation

We developed a restriction test to screen rapidly the

patients for the recurrent mutation M390R of BBS1,

as the T-G transversion in exon 12 disrupts the cleavage

site for NlaIII restriction enzyme (CATG/) (Figure 1).

PCR analysis of exon 12 of BBS1 was performed with the

forward primer 50-CCATCCCCTGTCTTGCTTTC-30 and

the reverse primer 50-CATGCTTCATTTCCACCTCC-30

using 50ng of DNA and 10pmol of each primer

in a standard 25 ml reaction. PCR amplification was

performed in a Whatman Biometra thermocycler

under the following conditions: 3min at 941C, 35 cycles

at 941C for 30 s, 591C for 30 s, 721C for 30 s and a final

extension step at 721C for 10min; 10 ml of the PCR product

was digested with 2U of NlaIII in the appropriate buffer at

371C during 3h.

Figure 1 Detection of the recurrent BBS1 mutation M390R by
NlaIII digest. BBS1 exon 12 was amplified as described and PCR was
digested by the NlaIII restriction enzyme (CATG/). The T-G mutation
results in the loss of normal cleavage of the 229-bp PCR fragment to a
121- and a 104-bp fragment (and a residual 4 bp nonvisualized).
Digest of DNAs from the heterozygous parents gives rise to the normal
121 and 104 bands and an undigested 229-bp band; DNA from the
affected children was not digested. C is a normal control.

Triallelism and BBS genes in Bardet–Biedl syndrome
H Hichri et al

608

European Journal of Human Genetics



Mutation screening of the BBS1, BBS2, BBS4, BBS6,
BBS7 and BBS8 genes

Mutation screening of the six BBS genes was performed by

DHPLC analysis using at least three melting temperatures

for each amplicon, followed by direct sequencing of the

variant PCR fragments. To detect homozygous mutations,

subsequent analysis was performed by SSCP and/or by

mixing PCR products for DHPLC. For patients found to be

mutated in a BBS gene, its entire coding sequence

including splice sites was analyzed by direct sequencing.

DHPLC analysis was performed on WAVE Nucleic Acid

Fragment Analysis System (Transgenomic, Inc.). The

optimal melting temperatures (Tm) were determined for

each PCR fragment by individualization of each denatura-

tion domain using the WaveMaker Software 3.3.3 (Trange-

nomics Inc.). For BBS7 and BBS8, PCR samples from two

unrelated patients were mixed to form heteroduplexes in

approximately 1:1 ratio (following checking of size and

quantity of PCR products on a 2% agarose gel) by heating

mixed samples at 951C for 8min, and then cooling to 251C

by decreasing 0.51C every 19 s.

SSCP (single-strand conformation polymorphism) analy-

sis (Pharmacia Biotech Genephor and Pharmacia Biotech

automated gel stainer) of BBS1, BBS2, BBS4 and BBS6 was

performed at 151C using standard procedure.

Bidirectional sequencing of the purified PCR products

was performed using the ABI Big Dye Terminator Sequen-

cing kit on an ABI3100 automated capillary sequencer

(Applied Biosystems). Detailed protocols are available on

request.

Splice sites scoring programs (http://l25.itba.mi.cnr.it/

~webgene/wwwspliceview.html, http://www.fruitfly.org/

seq_tools/splice.html) were used to evaluate the effect of

mutations affecting splice sites and to detect potential

consequences of silent, or missense changes and intronic

variations on splicing. A predictive program, rescue ESE

web server (http://genes.mit.edu/burgelab/rescue-ese), was

used to search for potential exonic splicing enhancers in

polymorphic exonic variants (silent or missense variants).

DNA analysis with microsatellite markers

Familial segregation of fluorescent microsatellite STRPs

markers across BBS1, BBS2, BBS4 and BBS6 loci was

performed. Experimental conditions are available on

request. Haplotypes were constructed for each relevant

patient or relatives.

Microsatellite sequences were obtained from the UCSC

Genome Browser Bioinformatics site (http://genome.ucs-

c.edu/cgi-bin/hgGateway): for the BBS1 locus (D11S4076,

D11S1883, D11S1889), for the BBS2 locus (D16S3140,

D16S408, D16S3071, D16S673), for the BBS4 locus

(D15S1050, D15S204, D15S980, D15S1026) and for the

BBS6 locus (D20S162, D20S901, D20S160, D20S894).

Two additional microsatellites, D11S0887 and D11S0406

localized respectively 60kb upstream and 75kb down-

stream of the BBS1 gene were used (S Bahram and H

Inoko personal communication). A BBS4 intragenic (intron

4) microsatellite STRP, MIG4, was used (Tania Attié,

personal communication). We characterized a novel

BBS6 intragenic microsatellite STRP (MIG6) localized

in intron 1 and performed fluorescent analysis with the

following primers 50-CTCCAACCTGACAGCTAGG-30 and

50-CCTGCACTTCCTGATAGCC-30.

cDNA analysis

Sequencing of cDNAwas performed following extraction of

RNA with RNeasy Mini kit (Qiagen). The RNA of the

proband of family I.3 was sequenced with three sets of

primers covering the entire BBS1 coding sequence (details

available on request).

Southern blot

Southern blot analysis of DNA was performed according to

a classical protocol available on request. The DNA of the

proband of family I.5 was digested with the following

restriction enzymes: EcoRI, HindIII and XbaI. Two radio-

active cDNA probes covering the entire coding sequence of

BBS4 were used for hybridization (details available on

request).

Results
Mutations were detected in 14 families and no mutations

could be detected for the remaining 13 families (Table 1,

Figure 2). Seven families (50% of families with mutations

detected) were found to carry two mutations in the same

gene: five for BBS1 (two homozygotes and three compound

heterozygotes), one for BBS2 (compound heterozygote)

and one for BBS6 (compound heterozygote). For seven

families, only one obvious or putative mutation was found

in a heterozygous state: one for BBS1, two for BBS4, three

for BBS6 and one for BBS7.

BBS1 mutations

BBS1 mutations were present in six of the 27 families. Five

out of the six corresponding probant mutations carried the

M390R mutation (allele frequency in BBS probands¼0.13).

Only two probands (I.4 and I.6) were homozygous for the

M390R allele (7.4 versus 10.4% of a previous study).27 In

the present series, four additional BBS1 mutations were

identified, of which three have not been previously

recorded: E384X, R160Q and R429X. Affected dizygotic

twins of family I.15 carry both the M390R and the E549X

mutations. The unaffected sibling is heterozygous for the

M390R mutation. The E549X mutation was previously

reported in the homozygous state in Puerto-Rican families

and also in the compound heterozygous state with the

M390R mutation.10,25 The M390R mutation is associated

with E384X in exon 12 in family I.22. The proband of

family I.23 carries the M390R mutation and a c.479G4A
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change that predicts a missense mutation (R160Q) affect-

ing a highly conserved residue, but which also most likely

alters the donor splice site of exon 5, as it affects the last G

of the exon (CG/gtgaga to CA/gtgaga) (Figure 3). Two

affected members of family I.3 carry an R429X mutation in

exon 13, which is predicted to result in an N-terminal

truncated protein, but no second mutation in BBS1 could

be identified, to date, for this family. This mutation was

inherited from the father. Microsatellite markers analysis at

the BBS1 locus showed that the two affected boys both

share the same maternal haplotype. This result could

suggest the presence of an undetected BBS1 mutation on

the maternal allele despite RT-PCR analysis and complete

DNA sequencing of the coding sequence of BBS1.

BBS2 mutations

Two newly described BBS2 mutations were identified in the

same patient (compound heterozygote) from family I.8:

627delTT (L209fsX229) and 402delT (P134fsX200). No

other BBS2 mutations were detected for other patients in

this series.

BBS4 mutations

An L351R change in exon 13 of BBS4, which was not

previously reported, was found in a heterozygous state in

family I.5 of gypsy sinti origin. This mutation affects a

residue highly conserved during evolution (Figure 3), and

is predicted to affect the structure and/or function of the

protein because of the replacement of a nonpolar amino

acid by a positively charged amino acid. In the vicinity of

codon 351, a frequent polymorphism I354T has been

described that affects a less conserved position (Figure 3).

The L351R mutation was inherited from the father, and an

unaffected sister was heterozygous for this mutation.

Microsatellite analysis at the BBS4 locus showed that the

two sibs inherited a different maternal haplotype, in

agreement with a possible undetected BBS4 mutation in

the maternal allele. Southern blot analysis of the patient’s

Table 1 Mutations identified in this series of 27 families

Family Sporadic (S) multiplex (M) Geographic origin Nucleotide change Predicted effect References of mutations

BBS1 gene
I.4 S Caucasian c.1169T4G (exon 12) M390R 7,8,25

c.1169T4G (exon 12) M390R
I.6 S Caucasian c.1169T4G (exon 12) M390R 7,8,25

c.1169T4G (exon 12) M390R
I.15 M Caucasian c.1169T4G (exon 12) M390R 7,8,24

c.1645G4T (exon 16) E549X 10,27
I.22 S Caucasian c.1169T4G (exon 12) M390R 7,8,24

c.1150G4T (exon 12) E384X This paper
I.23 S Caucasian c.1169T4G (exon 12) M390R 7,8,25

c.479G4A (exon 05) R160Qa This paper
I.3 S North-African c.1285C4T (exon 13) R429X This paper

BBS2 gene
I.8 S Caucasian c.627delTT (exon 06) L209fsX229 This paper

c.402delT (exon 03) P134fsX200 This paper

BBS4 gene
I.21 S Caucasian c.1450+2delTAGG (exon 15) Splicing mutation This paper
I.5 S Gypsy c.1052T4G (exon 13) L351Rb This paper

BBS6 gene
I.27 S Caucasian c.429delCT433delAG (exon 03) D143fsX157 18,21

c.1436C4G (exon 06) S479X This paper
I.25 S Caucasian c.1015A4G (exon 04) I339Vc 21
I.20 S Caucasian c.709A4C (exon 03) T237Pb This paper
I.17 S Caucasian c.709A4G (exon 03) T237Ac This paper

BBS7 gene
I.12 S Caucasian c.196 A4T (ex 04) I66Fb This paper

BBS8 gene
No mutation detected in this series

aSplice donor mutation.
bHighly pathogenic mutation (affects highly conserved residues or important structural change).
cMutation of uncertain pathogenecity.
The common M390R mutation is written in bold.
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Figure 2 Pedigrees of the families involved in the study with corresponding mutations.
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DNA was normal excluding an important rearrangement at

the level of the genomic sequence of BBS4.

For the proband of the I.21 family, a novel BBS4

mutation, 1450þ2delTAGG, was identified at the hetero-

zygous state. This mutation is predicted to abolish the

splicing of exon 15 of BBS4.

BBS6 mutations

Compound heterozygous mutations in BBS6 were observed

for the proband (sporadic case) of family I.27 combining a

previously described frameshift mutation namely

429delCT433delAG (D143fsX157) and a novel mutation

S479X. Interestingly, this 429delCT433delAG mutation has

only been previously reported in Newfoundland patients in

a heterozygous or homozygous state.18,21

Three other BBS6 missense mutations or rare variants

were found in a heterozygous state for three additional

families.

The I339V missense was found in a sporadic French

patient (family I.25). This mutation that leads to a

conservative amino-acid change has been previously

reported, but its pathogenecity appears to be question-

Figure 3 Amino-acid sequence conservation around residues affected by novel missense changes at BBS1, BBS4, BBS6 and BBS7, identified in this
study. The sequences of BBS proteins/or predicted translation products from several species have been compared and aligned. The relevant amino
acids are in bold, and underlined when different from Homo s. reference; other identities are represented by a gray background. Evolutionary
substitutions in BBS1 (R-K) and BBS7 (I-V) are conservative. Note the variability of sequences in distant species around position 237 in BBS6. The
transition 480G4A in the last nucleotide of exon5 in BBS1 is shown on the right; it is predicted to alter the donor splice site of exon5.
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able.21 A single mutated allele was found in exon 3 at

position 237 (T237P) in a fetus (family I.20) with prenatal

ultrasound presentation of the disease with renal abnorm-

alities and postaxial polydactyly. Even though the T237

residue is not highly conserved during evolution, the

proline substitution is likely to have a deleterious effect on

the tridimensional structure of the BBS6 protein (Figure 3).

Interestingly, this variation is adjacent to the previously

reported S236P mutation.26,27 The T237P mutation was not

found in 48 ethnically matched controls (96 chromo-

somes) or in 163 BBS probands analyzed by sequencing of

the open reading frame of BBS6.26

The proband of family I.17 has a T237A mutation

inherited from the father and not identified in the second

affected sib. Microsatellite analysis showed that the two

affected sibs carry different maternal haplotypes, excluding

an identical second mutation in the BBS6 gene. Micro-

satellite analysis at the BBS1, BBS2 and BBS4 loci revealed

that the two affected sibs did not share the same

haplotypes at each of these loci, excluding them as

candidate genes for biallelic mutations. The T237A muta-

tion was not found in 48 ethnically matched controls (96

chromosomes) or in 163 BBS probands previously ana-

lyzed.26

BBS7 mutations

For BBS7, a single I66F mutation was found for the sporadic

case of family I.12, which was not observed in 48 ethnically

matched controls or in the 84 patients analyzed by

others.19 This change is likely to alter the structure of the

protein and affects a highly conserved residue, such as an

isoleucine or a valine, and very similar hydrophobic amino

acids are found at this position from mammals to the

nematode C. elegans (Figure 3). The effect of this variation

proximal to the predicted beta-propeller region remains,

however, to be proven as segregation could not be tested in

this sporadic case.

BBS8 mutations

No mutation was detected for BBS8 for any of the 27

families studied herein.

Presumably silent variants or polymorphisms in the
BBS genes

Several presumed silent variants were detected in exons or

introns and are summarized in Table 2. These variants or

polymorphisms are not predicted to create new splice sites,

as tested by using splice sites scoring programs.

Silent exonic mutations and missense mutations were

tested by enhancer splice site predictive programs. One of

them, corresponding to a known polymorphism in exon 3

of BBS2 (I123V), was predicted to abolish a potential

enhancer splice site. However, functional RNA studies

would be necessary to test the effective consequences of

this variation in RNA splicing. Identification of hetero-

zygous polymorphisms in patients carrying heterozygous

mutations allowed us to exclude deletions at the corre-

sponding genomic region.

Discussion
Patients with BBS present with a unique association of

clinical features and disclose a remarkable genetic hetero-

geneity. In this study, we performed, on a series of 27

families, the systematic mutation screening of six BBS

genes, namely: BBS1, BBS2, BBS4, BBS6, BBS7 and BBS8.

Our results are in accordance with the literature noticeably

for the mutation frequency of BBS1 and excessive detection

of patients where a single mutated allele was detected.

Although no patient in this series demonstrated segrega-

tion of three mutant alleles, we present compelling

evidence of a digenic (diallelic or triallelic) pattern of

inheritance.

BBS1 and the M390R BBS1 mutation

BBS1 has been reported to be the most frequently mutated

gene in BBS. The contribution of at least one BBS1 mutant

allele was previously reported in 23.2% of the patients.27

This is in apparent contradiction with linkage studies

estimating the contribution of BBS1 locus to be of 32–56%

of BBS families.25 In this series, the contribution of BBS1

mutations was established for 26% of the families.

The major mutation M390R (located on exon 12 of BBS1)

is the most common BBS1 mutated allele observed

previously in 78–80% of families with BBS1mutations.25,27

Herein, in agreement with the previous reports, 5/6 (80%)

families, with BBS1 mutations, were found to carry the

M390R mutation (two as homozygous alleles and three as

heterozygous alleles) representing the most common

mutation found in this series of BBS patients. The M390R

mutation is considered to be an ancient mutation as

suggested by haplotype analysis and was described exclu-

sively in patients of European descent.27 The origin of the

families with the M390R mutation was indeed European as

all of them were of French descent. In this paper, we

describe three new BBS1 mutations in accordance with the

low inter familial recurrence of ‘non-M390R BBS1’ muta-

tions. One BBS1 mutation (E549X) found here in a French

family has been previously described in patients of Puerto-

Rican origin and may correspond to a recurring hotspot

event.25,27

No mutation in BBS8

The identification of BBS8 has been a major contribution to

the understanding of the pathogenesis of the syndrome.

However, no mutation could be detected in our series.

Homozygous mutations in BBS8 have been identified to

date in two families from Saudi Arabia and in one Pakistani

family.20
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Table 2 Silent exonic mutations and intronic variations for each BBS gene in the concerned families of the cohort

Gene Exon/intron Nucleotide change
Predicted
effect Families with heterozygous variant

Families with
homozygous
variant

BBS1 Exon 1 24 T4C D8D I.23
Exon 4 378 G4A L126L I.2, I.14, I.20, I.26, I.31
Intron 6 518 +55 C4T F I.2, I.14, I.20, I.26, I.31 I.13
Intron 8 724 �8 G4C F I.2, I.14, I.20, I.26, I.31
Exon 14 1413 C4T L471L I.2, I.14, I.20, I.26, I.31
Intron 16 1696 �18 A4G F I.3
30UTR 1782 +7 A4G F I.2, I.12, I.14, I.17, I.18, I.25, I.26,

I.27, I.28, I.29, I.31
I.3

BBS2 Intron 2 346 �36 C4T F I.3
Exon 3 376 A4G I123V I.2, I.9, I.10, I.13, I.14, I.15, I.18, I.26,

I.27
Intron 3 472 �10 T4C F I.15
Intron 6 718 �34 G4A F I.26, I.27
Exon 12 1413 A4C V471V I.26

BBS4 F 1 –17 C4T F I.2, I.5, I.6, I.9, I.10, I.14, I.31
F 1 –38 C4A F I.5, I.17, I.20
Intron 6 405 +17 C4T F I.25
Intron 7 459 +161 A4G F I.4, I.27
Intron 10 711 �17 C4G F I.13, I.30
Exon 13 1061 T4C I354T I.2, I.3, I.10, I.15, I.18, I.20, I.21, I.26,

I.29, I.30
Intron 14 1249 �51 T4C F I.3
Intron 14 1249 �35 G4C F I.4, I.13, I.26, I.28
Intron 15 1450 +47 A4G F I.31
Intron 15 1451 �45 T4C F I.4, I.13, I.27, I.28, I.30
30UTR 1560 +42 G4T I.5

BBS6 Exon 3 117 C4T P39P I.2, I.8, I.17, I.27, I.30
Exon 3 534 C4T I178I I.2, I.8, I.17, I.30
Intron 3 985 +16 T4G F I.2, I.8, I.17, I.27, I.30
Intron 3 985 +33 G4C F I.2, I.3, I.4, I.9, I.12, I.13, I.14, I.15,

I.17, I.22, I.23, I.24, I.27, I.29
Intron 3 985 +57C4A F I.25
Intron 3 986 �29 A4T F I.2, I.8, I.17, I.27,I.30
Exon 6 1549 C4T/1595

G4T
R517C/
G532V

I.2, I.8, I.17, I.27, I.30

BBS7 Intron 6 602 �92 T4C F I.2, I.8, I.10, I.15 I.4, I.6
Intron 9 934 +31 del AAGA F I.2, I.3
Intron 9 934 +32 A4G F I.10, I.12, I.15, I.18, I.20, I.22, I.23,

I.26, I.29
I.2, I.25

Intron 14 1511 +25C4A F I.3
Intron 17 1890 +16 G4A F I.3, I.10
Intron 17 1891 �12 C4A F I.9, I.13, I.14, I.17, I.31 I.2, I.3, I.24

BBS8 Intron 2 235 +71 delA F I.4, I.12, I.30
Intron 5 550 �45 insA F I.26
Intron 6 594 +67 A4G F I.24, I.30
Intron 7 673 �5 C4T F I.27
Intron 7 673 �81 A4G F I.13, I.26
Intron 8 758 +75 G4C F I.2, I.3
Intron 10 958 �51 T4C F I.20
Intron 13 1396 �57 G4C F I.28
Intron 13 1396 �67 del AA F I.2, I.3
Intron 13 1396 �76

delACCAinsCCC
F I.24, I.28
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Paucity of other bi-allelic families

Only two other families were clearly identified with two

mutated alleles in the same gene (respectively for BBS2 and

BBS6). One family disclosed compound heterozygosity for

two nonsense mutations in BBS2 (Figure 1). Interestingly,

the proband is a male patient aged 20, who presented with

typical BBS features (obesity, early onset retinitis pigmen-

tosa, mental retardation, hypogonadism and polydactyly).

However, his eldest sister died, more then 25 years ago, at

the age of 3 weeks because of a massive hydrometrocolpos,

which suggested the diagnosis of Mc Kusick-Kaufman

syndrome (MKKS: OMIM 236700) (no molecular investiga-

tions could be performed because DNA is not available).

MKKS is a rare condition (defined as the association of

postaxial polydactyly, hydrometrocolpos and congenital

heart malformation), reported up to now to be associated

only with BBS6 mutations.16,22,28

Another family showed compound heterozygosity

for two truncating BBS6 mutations. The 429delCT433de-

lAG mutation, found herein in a French family, has

only been previously reported in Newfoundland patients,

which suggested a founder effect in this population.

The involved region is palindromic ACTttAGT with the

possibility of a short base pairing that could lead to an

intragenic recombination and the deletion of the AT and

AG dinucleotides without affecting the TT nucleotide.18

This mutation could be a recurrent mutation, explaining

the possible de novo mutation recurrence in a French

family. Further analysis using linked BBS6 polymorphic

markers could establish or exclude a potential common

founder between the Newfoundland families and our

family.

Heterozygote detection excess and oligogenic
inheritance

Overall, seven of the 14 families with mutations were

found to carry a single mutated allele: three families for

BBS6, two families for BBS4, one family for BBS1 and one

family for BBS7. For each of them, no other mutation was

detected by sequencing the entire coding sequence includ-

ing splice sites of the corresponding gene, and no other

mutation was detected by screening the other BBS genes.

However, a mutation in a regulatory and/or a noncoding

region, or a large deletion or other large rearrangement

cannot always be excluded by the methods used in this

study although we performed, when applicable, RT-PCR

analysis, Southern blot analysis and microsatellite haplo-

typing. These results raised the question of the pathogeni-

city of the single mutants: two are evident (one truncating

mutation in BBS1, one splice mutation in BBS4), three are

highly probable (three missense mutations that affect a

highly conserved residue and/or result in a nonconserva-

tive amino-acid change: one in BBS4, one in BBS6 and one

in BBS7) and two are doubtful (I339V and T237A in BBS6).

For this last mutation, the proband of family I.17

disclosed a T237A mutation that was, however, not

identified in the second affected sib, ruling out the

pathogenicity of this mutation if we consider classical

monogenic inheritance. The putative first and second

alleles would remain to be detected for family I.17. Fully

informative microsatellite analysis showed that the two

affected sibs have not received the same set of parental

chromosomes at the BBS6 locus. Mutation analysis did not

reveal any mutation in the coding and splice junction

sequence of the other BBS genes tested herein. Moreover,

microsatellite analysis at the BBS1, BBS2 and BBS4 loci

excluded them as candidate genes for biallelic mutations.

Interestingly, the patient carrying the T237A BBS6

mutation presented with typical BBS features plus a

congenital hypoplasia of the aortic arch as opposed to

the other affected sib who disclosed classical BBS features

and a normal aortic arch.

Other studies have, however, shown that siblings can be

discordant for a third allele under a triallelic hypothesis.

For instance, Badano et al7 described two families with

mutations in BBS1 in which some but not all the affected

sibs carry a third mutation in either BBS2 or BBS6, which

seems to modulate the phenotype. More recently, Fan

et al12 described a modifier effect due to a missense

mutation for BBS3 in one affected sister of two sisters

carrying the M390R mutation in the homozygous state.

Single heterozygous mutations in BBS5 were identified in

Caucasian pedigrees, suggesting also participation of this

gene in complex inheritance.15

Both autosomal recessive inheritance (one locus inheri-

tance) and oligogenic inheritance (specific alleles at more

than one locus affecting a genetic trait) have been

recognized to occur in BBS. Traditional autosomal recessive

inheritance has been questioned as Katsanis et al recently

described that for some BBS families, a total of three

mutations in two genes are necessary for clinical expres-

sion.5,8,9,25,27

BBS6, BBS2, BBS3, BBS5, BBS4, BBS1 and BBS7 have been

reported to be involved in triallelism with a predilection

for BBS6 and BBS2.27 The third alleles reported in the

literature are, however, often missense mutations for

which pathogenicity can sometimes be difficult to ascer-

tain.

Indeed, in our series of 96 control chromosomes, we

have identified a missense mutation, A242S, that was

previously described in a family in association with an

homozygous BBS2 mutation.5,26 This missense was also

found once in 330 control chromosomes tested.26

In our series, we could not identify unaffected siblings of

affected individuals who carry two mutations at one BBS

locus. None of the 27 families analyzed here for six BBS

genes could be demonstrated as presenting oligogenic

inheritance underlying the fact that this mode of inheri-

tance is not the rule for BBS. However, triallelic inheritance
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in the seven families with a single mutated allele detected

in this series cannot be excluded. Moreover, our cohort of

27 families is small in comparison with the 259 families of

various ethnicities studied to date by others.26 Identifica-

tion of the missing BBS genes, segregation analysis in

additional families and the development of functional tests

to ascertain effects of the missense changes will be

necessary to clarify the question of the frequency of

triallelic inheritance in BBS. Our data are paradoxal in

the way that the excess of heterozygotes is suggestive of

oligogenic inheritance in a noticeable number of families;

but, however, in this series, no clear triallelic patient has

been identified. Taking into account that half of our

families do not carry mutations in the known BBS genes

(except BBS5 and BBS3 recently identified) and the

compelling evidence for triallelism, we suggest that addi-

tional BBS loci remain to be identified.
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