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Pitfalls of homozygosity mapping: an extended
consanguineous Bardet–Biedl syndrome family with
two mutant genes (BBS2, BBS10), three mutations,
but no triallelism
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France; 7Collège de France, Paris, France

The extensive genetic heterogeneity of Bardet–Biedl syndrome (BBS) is documented by the identification, by
classical linkage analysis complemented recently by comparative genomic approaches, of nine genes (BBS1–
9) that account cumulatively for about 50% of patients. The BBS genes appear implicated in cilia and basal
body assembly or function. In order to find new BBS genes, we performed SNP homozygosity mapping
analysis in an extended consanguineous family living in a small Lebanese village. This uncovered an
unexpectedly complex pattern of mutations, and led us to identify a novel BBS gene (BBS10). In one sibship of
the pedigree, a BBS2 homozygous mutation was identified, while in three other sibships, a homozygous
missense mutation was identified in a gene encoding a vertebrate-specific chaperonine-like protein (BBS10).
The single patient in the last sibship was a compound heterozygote for the above BBS10 mutation and
another one in the same gene. Although triallelism (three deleterious alleles in the same patient) has been
described in some BBS families, we have to date no evidence that this is the case in the present family. The
analysis of this family challenged linkage analysis based on the expectation of a single locus and mutation.
The very high informativeness of SNP arrays was instrumental in elucidating this case, which illustrates
possible pitfalls of homozygosity mapping in extended families, and that can be explained by the rather high
prevalence of heterozygous carriers of BBS mutations (estimated at one in 50 in Europeans).
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Introduction
Bardet–Biedl syndrome (BBS (MIM 209900)) is character-

ized by early-onset retinitis pigmentosa, childhood-onset

obesity, polydactyly, hypogonadism, cognitive impairment

and kidney dysplasia.1,2 Positional cloning studies
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complemented recently by comparative genomic ap-

proaches have proven the extensive genetic heterogeneity

of this autosomal-recessive condition. Nine genes have

been identified before 2006 BBS1 (11q13);3 BBS2 (16q21);4

BBS3/ARL6 (3p12–13);5,6 BBS4 (15q22.3–q23);7 BBS5

(2q31);8 BBS6/MKKS (20 p12);9,10 BBS7 (4q27);11 BBS8/

TTC8(14q32.11)12 and BBS9 /PTHB1 (7p14).13 Mutations in

these genes account only for about 50% of BBS patients,

suggesting that there are several more genes to be found

for this condition. To add to the genetic complexity, three

mutated alleles in two genes have been identified in

patients14–18 in whom the third allele appears to modify

penetrance or severity of the clinical phenotype.

Studies of other sets of families have however failed to

document unambiguous triallelic inheritance, suggesting

that incomplete penetrance is rare in individuals carrying

two bona fide mutations in a single BBS gene.19–22

The identification of BBS8 pointed to a defect in the

assembly or function of cilia or basal bodies.12 This was

confirmed for the other BBS proteins that appear to be

also implicated in the important developmental process of

planar cell polarity.23

For diagnostic and genetic counselling purposes, it is of

major importance to identify the remaining BBS genes.

This would also allow the testing in an unbiased way of

the incidence and clinical consequences of triallelism, by

searching systematically in patients for mutations in all the

BBS genes, even if two deleterious mutations in a single

gene have been already detected.15,17,18,21 Finally, identi-

fication of novel genes will help in the understanding of

the biology of cilia and basal body.

We are performing linkage analysis in multiplex and/or

consanguineous BBS families that do not present muta-

tions in the known genes. The family that appeared a priori

the most informative was an extended consanguineous

Lebanese family that however failed to show linkage on a

whole-genome microsatellite scan. Further study using SNP

microarray (Affymetrix Genechip 10K) analysis revealed

the involvement of two genes in the family: BBS2

(chromosome 16q) for one sibship, and for the rest of the

family, a novel gene localized on chromosome 12q21.1

encoding a vertebrate-specific chaperonin-like protein.24

Instead of the expected homozygous mutation in a single

gene, we thus found in this family three mutations in two

BBS genes, but no evidence of triallelism.

Materials and methods
Patients

Members of family III.8 are Lebanese Arabs from the

Muslim Sunni community and originate from a village in

the North of Lebanon in which all members live to date.

The family displays extensive consanguinity (Figure 1).

Seven affected individual were examined by two of us

(HD, AM) (Table 1). DNA was available for nine patients as

well as for some parents and non-affected siblings. Signed

informed consents specific for the genetic study were

obtained for all patients. One hundred and seven DNAs

from Lebanese individuals and 96 DNA from French

individuals were used as controls.

Methods
Whole-genome scan microsatellite analysis

A whole-genome scan was performed at Centre National de

Genotypage (Evry, France) using a microsatellite marker set

comprising 400 fluorescent-labelled microsatellite markers

with an average spacing of 10 centi-morgans (cM) and an

average heterozygosity of 75%. At the time of analysis,

DNA was available for eight patients and three unaffected

sibs (sibhips A–D), but not from parents.

SNP homozygosity mapping

Family III.8 was then studied with the Affymetrix Gene-

Chips Mapping 10K Array (Affymetrix, Santa Clara, CA,

USA) on eight patients, one parent and four unaffected sibs

Figure 1 Pedigree of family III.8.
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(Figure 2). Sample processing and labelling were performed

according to the manufacturer’s instructions (Affymetrix

Mapping 10K 2.0 Assay Manual, Version 1.0, 2004). The

arrays were hybridized on a GeneChip Hybridization

Oven 640, washed with the GeneChip Fluidics Station 450

and scanned with a GeneChip Scanner 3000. Data were

processed by the GeneChip DNA Analysis Software

version 3.0. 2 (GDAS) to generate SNP allele calls.

An average call rate greater than 99% was obtained.

Homozygosity regions were identified as regions of homo-

zygosity longer than 25 adjacent SNPs. Affymetrix gene-

chip SNP arrays allow analysis of 10 000 SNPS with a mean

genetic gap distance of 0.32 cM and an average hetero-

zygosity of 0.37.

Table 1 Clinical manifestations in members of family III.8

Patient Sex Age Retinitis pigmentosa BMI Polydactyly Cognitive impairment Renal involvement

A2 F 50 + 30.8 Appendage right hand +/� Unknown
A3 F 47 + 28 Hands feet +/� +
B4 F 22 + 32.6 Left foot +/� Unknown
B5 M 33 + 46.18 Hands feet +/� Unknown
D4 F 23 + 55 Hands feet +/� �

D5 F 18 + 50.21 Hands feet +/� �

E1 M 70 + 32.9 Hands feet � �

BMI¼body mass index.

Figure 2 SNP, microsatellite segregation and homozygosity mapping defines two chromosomal regions of interest. Light and dark grey shading
represent homozygous SNPS (respectively AA and BB) while white regions indicate heterozygous alleles (AB).
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DNA analysis with microsatellite markers

Genotyping of additional fluorescent microsatellite

markers (Figure 2) was performed on a CEQ8800 genetic

analysis system (Beckman Coulter). Experimental condi-

tions are available on request. Microsatellite sequences

were obtained from the UCSC Genome Browser Bioinfor-

matics site (http://genome.ucsc.edu/cgi-bin/hgGateway).

DNA sequencing and mutation screening

PCR amplifications were performed with 50ng of genomic

DNA template. Bidirectional sequencing of the purified

PCR products was carried out using the ABI Big Dye

Terminator 3.1 Sequencing kit on an ABI 3130xl automated

capillary sequencer (Applied Biosystems). Detailed proto-

cols 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) and exonic splicing enhancer pre-

dictor program rescue ESE web server (http://genes.mit.

edu/burgelab/rescue-ese) were used to evaluate the effect

of mutations on splicing.

Results
SNP homozygosity mapping in family III.8

Affected members of family III.8 belong to five sibships

related by complex consanguinity loops (Figure 1). Three

sibships (A, B, D) correspond to first cousin unions with

added more distant consanguinity (inbreeding coefficient

is thus 41/16). Consanguinity was not documented for

sibships C and E (the latter with a single affected 70-year-

old patient). The standard microsatellite linkage scan

performed at CNG (Evry) (400 markers with an average

spacing of 10 cM) on the four multiplex sibships (A–D)

did not allow us to find a common region of linkage

and/or significant homozygosity, even considering only the

three sibships with documented consanguinity (A, B, D)

(not shown). Analysis of the same family by a different

genotyping center gave the same negative result (P Beales

and N Katsanis, personal communication). This could have

been owing to trivial reasons (sample mix-up or diagnostic

errors, for instance), and thus the family was resampled

and diagnosis was rechecked on site by two clinical

geneticists (HD, AM). We then analysed DNAs from

available affected members with the Affymetrix gene-chip

SNP arrays that allow analysis of 10 000 SNPs with a mean

genetic gap distance of 0.32 cM and an average hetero-

zygosity of 0.37. This is equivalent to an about eightfold

increase in informativeness and marker density compared

to a 400 microsatellites scan. Again, no common candidate

region of homozygosity could be documented.

We then analysed separately the most informative

sibships (A–D). In sibship D, a region, defined by 81

successive SNPs (from 26.35 to 60.45Mb on chromosome

16q), was homozygous by state in the two affected sibs, but

not in the unaffected ones (Figure 2). The region included

BBS2 (16q21) (lod score p2.05, the latter value is

calculated assuming an inbreeding coefficient of 1/16;

however, inbreeding is in reality higher owing to the

multiple consanguinity loops, and the true lod score is thus

lower).25

A second region of interest was identified for sibships A,

B and C. The overlapping region of homozygosity spanned

from 65.64 to 78.92Mb on chromosome 12. Further

analysis, either using the SNP array for some parents or

unaffected sibs, or by microsatellite analysis, including the

genome scan data and additional markers allowed us to

reduce the region of interest to an interval of 7.7Mb

ranging from 71.22 to 78.92Mb. (Figure 2).

No significant overlapping region of homozygosity with

either sibship D or sibships A–C was observed for patient

E1, although the data were consistent with heterozygosity

for the haplotype found in the homozygous state in

sibships A–C.

Sequencing of BBS2

The BBS2 gene was sequenced in all the patients of the III.8

family. A homozygous missense variant G139V was

identified in the two affected patients of sibship D. This

change affects the first G of a four-amino-acid sequence

(GGNC) completely conserved in vertebrates and the

nematode Caenorhabditis elegans (Figure 3), and is also

predicted to abolish a putative exonic splicing enhancer

(an SRP40 motif with a score of 3.38, according to the ESE

web server). The effect on splicing remains, however, to be

tested. The variant was not found in any other patients of

the remaining sibships of the family even in the hetero-

zygous state, and has not been reported previously (http://

www.hgmd.cf.ac.uk/ac/search.html). This change was not

found in 48 sequenced Lebanese controls. We conclude

that the G139V change is a pathogenic mutation.

Identifying FLJ23560 gene as BBS10

The 8Mb region of chromosome 12 was investigated for

potential candidate genes. Twenty-three genes were listed

in the ENSEMBL database for this interval, of which 18

are well characterized and five are not characterized. Eight

genes were selected to be screened as a priority either

because they belong to a cilia–proteome database6,8 or

because of the putative functional relevance. Four genes

in the interval of interest were previously reported as

potentially cilia-related by comparative genomic analysis

of ciliated/non-ciliated organisms: RAB21 (Ras-related

protein Rab-21, 70.43Mb), TPH2 (tryptophan 5-mono-

oxygenase 2, 70.26Mb); TBC1D15 (TBC1 domain family

member 15, 70.51Mb) and HRB2 (HIV-1 Rev binding

protein 2, 74.18Mb).6,8

Four additional genes of the interval were considered

as priority candidate genes because of their function:

SYT1 (synaptotagmin-1, 77.76Mb); ZDHHC17 (Huntingtin-
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interacting protein 14; 75.66); Loc 387869 (similar to

microtubule, 73.34Mb) and NP_078961.2 (FLJ 23560,

described as ‘ATP binding; chaperone activity’ in NCBI-

Contig NT_086796 database).

No mutations were detected for SYT1, ZDHHC17 and

Loc 387869. The fourth tested gene, FLJ23560, consists of

two exons and spans 3.7 kb. Although only exon 2 was

annotated as protein coding in genome databases, a

bioinformatic analysis indicated that the coding sequence

starts in exon 1.24 A homozygous missense change (S311A)

was found in exon 2, in all the affected members of

sibships A, B and C. Affected individual E1 was hetero-

zygous for this mutation. Further sequencing of FLJ23560

revealed another missense variant V11G in exon 1 of

patient E1, indicating that he is a compound heterozygote.

Affected individuals of sibship D did not show any

mutation in the FLJ 23560 gene.

The S311A and V11G variants were not found in 107

Lebanese controls or in 96 French controls. The S311

residue belongs to a four-amino-acid motif (LLIS) highly

conserved in vertebrates (the serine residue is replaced in

mouse by a threonine, also an hydroxylated amino acid)

(Figure 3). The region around V11 is less conserved, but

the V itself is conserved down to Xenopus, and replaced

by another hydrophobic amino acid (leucine) in fishes

(Figure 3). Furthermore, the V11G change might also affect

splicing as it abolishes a potential SC35 exonic splice

enhancer (score 2.66). The pathogenic nature of these

variants could however be disputed, as they correspond to

missense mutations affecting a gene that is not well

conserved in evolution, as opposed to eight of the nine

other BBS genes24 and induce significant, but not drastic

chemical changes (polar/nonpolar for S311A, hydrophobic/

nonhydrophobic for V11G). Further study of the FLJ 23560

Figure 3 Amino-acid sequence conservation around residues affected by missense changes at BBS2 and BBS10 loci, identified in family III.8. The
sequences of BBS proteins/or predicted translation products from several species have been compared and aligned. The BBS2 (G139V) and BBS10
(V11G and S311A) mutations are noticed with a black star. (a) BBS2 sequences are from Uniprot (Homo sapiens bbs2_human; Pleioblastus pygmaeus
q5r9u3_ponpy; Mus musculus bbs2_mouse; Rattus norvegicus bbs2_rat; Gallus gallus q5zi17_chick; Danio rerio bbs2_brare; Tetraodon nigroviridis
q4rgw3_tetng) and NCBI (C. familiaris xp_535296 ; C. elegans np_501325). Genome prediction has been performed only for Xenopus laevis using
ensembl database. (b) BBS10 sequences are from Uniprot (H. sapiens q8tam1_human; P. pygmaeus q5r8p3_ponpy; M. musculus q9dbi2_mouse; X.
laevis q5fwq1_xenla; T. nigroviridis q4rew1_tetng). Genome predictions have been performed using ensembl database for R. norvegicus, C. familiaris,
G. gallus, D. rerio and T. rubripes and N-terminal correction for H. sapiens and M. musculus.
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gene identified clearly deleterious mutations in

many BBS families (although none with the S311A or

V11G mutations) confirming its implication in BBS.24 The

limited segregation data in the family suggested typical

recessive inheritance.

Detailed clinical information was only available for

seven patients (five with BBS10, two with BBS2 mutations),

and we detected no major BBS gene-related phenotypic

differences in this very small set of patients, although one

can note that the two patients with the highest body mass

index carry the BBS2 mutation (but this might be also

influenced by social factors).

Discussion
Homozygosity mapping was proposed in 1987 as an

efficient strategy for locating the genes implicated in rare

recessive diseases, when families available for linkage

analysis are limited in number and size.26 Implementation

of this strategy awaited the construction of the first whole-

genome microsatellite map27 and the first successes were

reported in 1993.28–30 This approach was used extensively

as, by scanning the genome with microsatellite panels.

Very recently, it was shown that SNP microarrays provide a

faster and much more informative technique.31 Homo-

zygosity mapping is particularly essential in diseases with

extensive nonallelic heterogeneity, as a single large con-

sanguineous family may be sufficient to locate the gene,

with an lod score 43.0, whereas smaller ones can

document heterogeneity if they do not show homozygo-

sity for the same region. BBS was in fact the first case where

linkage and heterogeneity could be demonstrated at the

same time by this strategy.30 Indeed, it would have been

impossible to disentangle the extreme genetic complexity

of BBS without such an approach, applied to families

from the Middle East, Newfoundland, Turkey or Puerto-

Rico.3,30,32 –35 However, when a single or very few families

are used, the candidate region identified by homozygosity

mapping is in general very large and contains many genes.

This led, in the case of BBS, to use in addition comparative

genomic approaches. When it became clear that BBS genes

code for proteins implicated in cilia assembly or func-

tion,12 comparison of sequenced genomes allowed selec-

tion of candidate genes that have orthologs in ciliated

organisms (vertebrates, drosophila, C. elegans, chlamydia,

trypanozoma) but not in nonciliated ones (Arabidopsis,

yeast) or in Giardia lamblia, an organism that does not

contain well-conserved orthologs to known BBS genes.13

This combination of homozygosity mapping and compara-

tive genomics allowed the identification of BBS3, BBS5 and

BBS9.5,6,8,13

Single sibship consanguineous families that have enough

informativeness to reach an lod score of 3 are quite rare,

even in countries with high consanguinity and large

sibship size (one requires, in a first cousin marriage at least

3 affected sibs, or 2 affected and X5 nonaffected). More

distant consanguinity is potentially more informative, but

the risk is then to miss the relevant homozygous region,

if the genome scan is performed at the usual density of

one marker every 10 cM. More distant consanguinity also

increases the risk, especially if the disease is not very rare,

and that a second mutation is introduced by a married in

ancestor, on a different haplotype. To overcome limited

informativeness, extended families related by multiple

consanguinity loops originating from inbred populations

(like family III.8 studied herein) are thus often used. The

success of homozygosity mapping relies on the assumption

that, for a rare recessive disease, patients in a consangui-

neous family will be homozygous for a mutation derived

from a common ancestor of the parents. Our results for

family III.8 present an outstanding departure from this

expectation. Initial attempts to map the affected gene

by microsatellite scan (performed independently by two

laboratories) failed. Retrospectively, analysing sibships

separately, indications for linkage to chromosome 12 were

rather good for sibship A (four contiguous homozygous

microsatellites) and even better for sibship B (nine

contiguous homozygous microsatellites) (Supplementary

Figure 1), corresponding to lod scores of o1.8 for each

sibship (1.8 would correspond to an inbreeding coefficient

of 1/16), but as these pedigrees contain additional

consanguinity loops, the increased inbreeding results in

decreased maximum lod score.25 Parents of sibship C were

not known to be consanguineous, and the two patients

shared homozygosity for only one microsatellite from the

initial genome scan on chromosome 12. The expected lod

score (elod) in this sibship would be only 0.85, in the

absence of documented consanguinity. For sibship D, the

maximum elod for the initial genome scan was o1.92. In

this family, only two adjacent microsatellites were homo-

zygous around the BBS2 locus in the genome scan

(Supplementary Figure 1), insufficient to prove homozyg-

osity by descent, so that the observed lod score was 1.57

(also an overestimate given the additional consanguinity

loop). One can notice that sibships A, B and C are more

closely related to each other (four generations separating

them from the ancestral couple in generation II), than to

sibships D or E, with whom they share a common ancestral

couple in generation I. The much greater informativeness

of the 10K SNP microarray (increased by a factor of about 8)

allowed us to more clearly define the significant regions

of homozygosity, and revealed that sibship C shows con-

sanguinity (but more distant than first cousin), as patients

present five homozygous tracts of 10–22Mb (compared to

tracts of up to 60–70Mb in the documented first cousin

sibships A, B and D). In an outbred population, true

homozygosity for a region of more than 5Mb occurs

only once in 35 individuals,36 and the maximum length

of homozygosity by state expected by chance in a
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non-consanguineous family, using a 10K SNP array is about

27 SNPsE8Mb. Individual E1 presents a similar level of

consanguinity, as detected by the SNP microarray, with

three tracts of homozygosity of 8–18Mb, suggesting an

inbreeding coefficient p1/75. Based on the SNP array

analysis, we could then identify BBS2 as mutated in sibship

D, and identify another gene (FLJ23560 or BBS10) as

mutated at the homozygous state in sibships A, B and C

and at the heterozygous state in affected individual E1

(despite the indication that he also had distantly related

parents, second cousins or more).

The findings of two mutant genes and three mutations

in family III.8 were unexpected and indicate some pitfalls

of homozygosity mapping. Two previous publications had

pointed out some of these pitfalls. Investigating for S-cone

syndrome gene, Miano et al,25 found a false-positive

linkage of 3.69 and they ascribed it to a combination of

type 1 error (expected rate of false positive of one in 50),

and more importantly to the inflated lod score resulting

from underestimating the true inbreeding coefficient, by

not taking into account additional more ancient consan-

guinity loops in a highly inbred population. They also

reported in an extended family with three affected sib-

ships, the presence in one of them of compound hetero-

zygosity. There too, as in family III8, while the two

homozygous sibships shared common ancestors distant

by only three generations, the third compound hetero-

zygous patient was more distantly related to the common

ancestor of all three couples (five generations), increasing

the probability of introducing another mutation in the

family. A similar finding of homozygous and compound

heterozygous sibships was reported in an extended inbred

Amish family with congenital hypothyroidism owing to

mutations in the thyroid peroxidase gene.37 There the

common ancestral couple in this case was even further

removed (7–8 generations).

The finding of an extensive heterogeneity of calpain 3

mutations in the isolated population of the Reunion island

(the so-called Reunion paradox) is only superficially similar

to these observations.38,39 LGMD2A that results from

calpain 3 mutations is a much more frequent disease than

each BBS subtype, increasing the probability of multiple

mutations in a founder population, and the admixture of

different ethnic groups in this island favours allelic

heterogeneity. The putative founder couple was also much

more distant (13 generations) than for family III8, and such

genealogic reconstructions are often biased.

The finding of two genes segregating in different

branches of the family, but corresponding to the same

clinical phenotype, has not been reported previously to our

knowledge, and thus appears even more unexpected,

especially for a disease as rare as BBS: but is this indeed so

unexpected?

Prevalence of BBS has been estimated at 1/125000 to

1/160 000 in European outbred populations.40,41 It appears,

however, much more frequent in inbred populations

(1/13 500 among Bedouin of Koweit, and 1/18 000 in

Newfoundland).42,43 This could be owing to the combination

of inbreeding, which raises the frequency of very rare

recessive diseases, and possible founder effects.

Given that BBS is characterized by extreme nonallelic

heterogeneity, each individual BBS gene will be responsible

for a much smaller prevalence of corresponding patients,

and intuitively one would not expect to find two mutated

genes in a given extended family from a very homogeneous

background. However, a simple calculation indicates that

this is not true. In an outbred population, assuming a 1/

150 000 prevalence accounted for by two genes represent-

ing each 20% of patients (BBS1 and BBS10)3,17,24 and 15

genes each accounting for 4% (the other eight known

genes fit well with this figure,18 and the data of Nishimura

et al13 suggest that at least five other genes remain to be

identified), one can deduce that the cumulative carrier

frequency of BBS mutations is one in 50, more than half

of the frequency of CFTR mutation carriers! Although in

inbred populations the relative contribution of different

BBS genes may vary, given the number of genes involved,

the final outcome should be similar (if there is no

heterozygote selection). Thus, it is not so surprising that

in an extended family, mutations in two different BBS

genes might be segregating, and that the consanguinity

may result in bringing them both to homozygosity. This

also suggests that unlike recessive diseases that are owing

to mutations in a single gene, where the presence of a

founder mutation in one, but not in another population

will result in wide disparity in disease prevalence, in the

case of the numerous BBS genes, we predict that cumula-

tive BBS prevalence should be rather high in all popula-

tions with a high rate of consanguinity. This estimation of

the frequency of BBS carriers in the general population

raises the question of the possible impact of BBS mutations

on risk of some common diseases corresponding to clinical

manifestations of BBS (notably obesity) or possible inter-

action with mutations associated with retinitis pigmentosa

or kidney dysplasia (for instance, nephronophthisis or

polycystic kidney disease). Only two association studies of

the BBS1 commonmutation (M390R) and of missense SNPs

in BBS6 have been performed in relation to obesity, which

suggested that heterozygosity for the tested variants does

not contribute significantly to the risk of obesity in the

population (with the possible exception of the rare BBS6

variant A242S).44,45

The cumulative prevalence of BBS mutation carriers

indicates that the finding of a third mutated allele can

occur by chance in 2% of BBS patients (or 1.5% in the

present state of incomplete identification of BBS genes).

Given that a majority of the third alleles suggesting

triallelism reported previously correspond to missense

changes of uncertain or even in some cases dubious

pathogenic significance (for instance, the A242S BBS6
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variant),14,45 one should compare the cumulative fre-

quency of truly pathogenic third allele to this chance

expectation: a higher frequency is expected if indeed a

significant number of individuals with two pathogenic

mutations at a single locus do not express the disease, or in

such attenuated or incomplete form that they will not be

diagnosed as BBS.

Although a few cases of nonpenetrance in patients with

two bona fide mutations in a single BBS gene have been

described,14,17 in particular for the BBS1 M390R missense

(a missense that may in fact be a milder mutation that

truncating ones), the recent study by Stoetzel et al24 found

only three cases with three convincing mutations out of 65

families with one or two BBS10 mutations (two of these

cases implicated the BBS1 M390R mutation). This low rate

(close to the chance expectation) explains, whereas some

studies failed to document unambiguous triallelism.19–22

Third alleles may, however, act as modifiers of the severity,

as reported by Badano et al.15,46

Another unexpected finding from the analysis of family

III.8 was the nonconservation of the BBS10 genes in

ciliated organisms, apart from vertebrates.24 This gene, like

BBS6, was thus not included in the lists of candidates

obtained by comparative genomic approaches.5,6,8,13,47

One can wonder why BBS10, which is with BBS1 the most

frequently mutated BBS gene, at least in patients of

European origin, escaped positional cloning until now,

whereas genes that are mutated in a much smaller

proportion of patients have been identified. The absence

of BBS10 on lists of candidate genes might explain why it

was not detected by Nishimura et al.13 who had two small

consanguineous families consistent with the chromosome

12 localization of BBS10. Also as the number of large

enough families suitable for initial mapping (ie that would

singly yield an lod score 43) is small. BBS10 may not have

been represented in the pool of very informative families

reported previously. Furthermore, the high frequency of

BBS10 mutations is due in part to a major mutation

(C91fsX95),24 which may be more prevalent in Europeans

than in other populations (notably Middle East) from

which most of the informative families were derived. As

consanguinity and sibship size are in general low in

Europeans, this decreases the probability of an informative

family in such population (apart from Amish and New-

foundland families). Finally, the use of extended families

might have generated in some instances similar problems

to those encountered in family III.8, as we now see that

these were not so unexpected, preventing successful

mapping. Nishimura et al13 have convincingly shown that

with a 10K SNP array, smaller families can be analysed

to suggest candidate regions (albeit large ones) that will

include false positives (as each family may be consistent

with a few candidate regions), but that should help in

finding new genes (especially those included in the

comparative or functional genomics lists of candidates).

As BBS10 accounts for about 30–40% of previously

unassigned families, its identification will restrict the

number of such candidate regions suggested by analysis

of small consanguineous families, and should facilitate the

identification of additional BBS genes.

Note added in proof
A report of a 11th BBS,48 describing a homozygous

missense mutation in one family, appeared while this

article was going to press.
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