Am. |. Hum. Genet. 65:1672-1679, 1999

Delineation of the Critical Interval of Bardet-Biedl Syndrome 1 (BBST)
to a Small Region of 11q13, through Linkage and Haplotype Analysis

of 91 Pedigrees

Nicholas Katsanis," Richard A. Lewis,'**** David W. Stockton, "’ Phuong M. T. Mai,'

Lisa Baird,” Philip L. Beales,"® Mark Leppert,” and James R. Lupski

1,2,5

Departments of 'Molecular and Human Genetics, *Pediatrics, and *Medicine and *Cullen Eye Institute, Baylor College of Medicine, and °The
Texas Children’s Hospital, Houston; °Division of Medical and Molecular Genetics, Kings, Guys and St. Thomas’ School of Medicine, Guy’s
Hospital, London; and “The Eccles Institute of Human Genetics, University of Utah, Salt Lake City

Summary

Bardet-Biedl syndrome (BBS) is a genetically heteroge-
neous recessive disease characterized primarily by atyp-
ical retinitis pigmentosa, obesity, polydactyly, hypogen-
italism, and mental retardation. Despite the presence of
at least five loci in the human genome, on chromosomes
2q, 3p, 11q, 15q and 16q, as many as 50% of the mu-
tations appear to map to the BBS1 locus on 11q13. The
recessive mode of inheritance and the genetic hetero-
geneity of the syndrome, as well as the inability to dis-
tinguish between different genetic loci by phenotypic
analyses, have hindered efforts to delineate the 11q13
region as a first step toward cloning the mutated gene.
To circumvent these difficulties, we collected a large
number of BBS pedigrees of primarily North American
and European origin and performed genetic analysis,
using microsatellites from all known BBS genomic
regions. Heterogeneity analysis established a 40.5% con-
tribution of the 11q13 locus to BBS, and haplotype con-
struction on 11q-linked pedigrees revealed several in-
formative recombinants, defining the BBSI1 critical
interval between D1184205 and D115913, a genetic dis-
tance of 2.9 cM, equivalent to ~2.6 Mb. Loss of identity
by descent in two consanguineous pedigrees was also
observed in the region, potentially refining the region to
1.8 Mb between D1151883 and D1154944. The iden-
tification of multiple recombinants at the same position
forms the basis for physical mapping efforts, coupled
with mutation analysis of candidate genes, to identify
the gene for BBS1.
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Introduction

Bardet-Biedl syndrome (BBS) is an autosomal recessive
disorder characterized primarily by retinal pigmentary
dystrophy, obesity, postaxial polydactyly, hypogenital-
ism, and mental retardation, as well as by a range of
other clinical findings such as renal dysplasia, hepatic
fibrosis, diabetes mellitus, hearing loss, developmental
delay, and speech impairment. The frequency of BBS
varies between populations, from an estimated 1/
150,000 in Europe to 1/13,500 in the Middle East (Farag
and Teebi 1988; Beales et al. 1997). The nature of the
genetic defect and the underlying pathophysiological ba-
sis for BBS are unknown. To delineate the cause of this
disease, a positional cloning approach has been under-
taken to identify the defective gene(s). Five loci have been
identified to date: BBS1 (MIM 209901) on 11q13 (Lep-
pert et al. 1994), BBS2 (MIM 209900) on 16q21 (Kwi-
tek-Black et al. 1993), BBS3 (MIM 600151) on 3p12-
p13 (Sheffield et al. 1994), BBS4 (MIM 600374) on
15922.22-q23 (Carmi et al. 1995b), and BBS5 (MIM
603650) on 2q31 (Young et al. 19984). Data from ad-
ditional families, with BBS not linked to these loci, sug-
gest the existence of at least one more locus in the human
genome (Anderson 1996; Bruford et al. 1997; authors’
unpublished data).

The inherent complexity of genetic analysis in reces-
sive disorders, due to the scarcity of large pedigrees, is
exacerbated in the case of BBS by the presence of genetic
locus heterogeneity. Furthermore, despite efforts to dis-
tinguish clinically between the different loci in this var-
iable phenotype, data addressing correlations of specific
phenotypic features with distinct BBS genes have proved
inconclusive. Thus, in the absence of large families or
pedigrees from population isolates, genetic analysis of
unrelated families remains the only reliable means to
differentiate loci to which the phenotype is linked (Carmi
et al. 1995a; Beales et al. 1997; Bruford et al. 1997,
Young et al. 1998b).

Previous studies suggest that BBS1 is the most com-
mon locus, accounting for as many as 50% of BBS cases
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(Leppert et al. 1994; Beales et al. 1997; Bruford et al.
1997). However, since the first linkage report of BBS1
to 11q13 (Leppert et al. 1994), little progress has been
made in defining the critical region. This is mainly be-
cause the locus has been described only in small, non-
consanguineous pedigrees for which confident assign-
ment to BBS1 is difficult. In contrast, the other BBS loci
have been mapped in large consanguineous Bedouin or
Canadian pedigrees, and the critical region has been de-
fined by means of shared marker homozygosity in the
affected individuals (Kwitek-Black et al. 1993; Sheffield
et al. 1994; Carmi et al. 1995b; Young et al. 1998a,
1998b). We have sought to delineate the 11q13 critical
interval by linkage and haplotype analysis of 91 pedi-
grees of primarily North American or European origin,
using markers spanning 32 ¢cM on 11q. Genetic data
from this large number of individuals have enabled us
to identify multiple recombination events and thus to
define the BBS1 critical interval, an important first step
in the effort to isolate the BBS1 gene.

Patients and Methods

A total of 91 families comprising 561 individuals, 168
of whom were affected, were enrolled in this study. With
the exception of four pedigrees (AR-062, AR-074, AR-
084, and PB-010) that were consanguineous, the re-
maining pedigrees were nonconsanguineous. One pedi-
gree was from South Africa (AR-287) and one pedigree
was from Iran (PB-010); the remaining families were of
northern European descent. Individuals diagnosed with
BBS were ascertained by R.A.L., P.L.B., or the referring
regional physician. Diagnosis of BBS was based on pre-
viously established criteria (Leppert et al. 1994). For all
kindreds, personal interviews were conducted and family
histories were collected and evaluated. With informed
consent, all available medical records were obtained and
reviewed.

DNA was extracted from venous lymphocytes, as de-
scribed elsewhere (Lewis et al. 1990). A total of 31 mi-
crosatellite markers were subsequently evaluated in each
family. For chromosome 11q, microsatellites D115905,

D118§903, D11S1298, D11§4191, D1154076,
D118176S, D115480, D1154205, D11S1883, PYGM,
D1184944, D11S913, D11S1889, D11S4113,

D11S916, D115S1902, and D115901 were tested. Mi-
crosatellites used from the other BBS loci were as fol-
lows: BBS5—D2S1353 and D2S1776; BBS3—
D381285, D3S1566, D3S1271, and D3S1278; BBS4—
D15S117, D15S153, D15S131, and D15S205; and
BBS2—D168411, D165415, D16S503, and D16S515.
Fluorescent markers were either obtained from the ABI
linkage mapping set I (Applied Biosystems) or custom
synthesized by Genosys Biotechnologies. Primer se-
quences, expected-size information, and allele frequen-
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cies were obtained from either The Genome Database
or the Whitehead Institute for Biomedical Research/MIT
Center for Genome Research. DNA sample concentra-
tion was adjusted to 20 ng/ul, and amplification was
performed on a 9600 or 9700 thermal cycler (PE Bio-
systems). Alleles were resolved on an ABI 377 automated
sequencer and were analyzed with the GENESCAN ver-
sion 2.0 and GENOTYPER version 2.1 software (Ap-
plied Biosystems).

Linkage analysis was performed with the MLINK,
ILINK, and LINKMAP programs from the FASTLINK
version 4.0 software package (Stockton et al. 1998). Ge-
netic locus heterogeneity was assessed by means of the
HOMOG program (Ott 1983). A disease-allele fre-
quency of .005 was used, with penetrance set at 95%.
Marker alleles were assumed to be of equal frequency,
and the number of alleles was estimated either on the
basis of information from The Genome Database, if
available, or from the number of alleles observed in the
study samples.

Physical and genetic mapping data for markers used
are expressed in megabases or centimorgans, respec-
tively, depending on the availability of such data. Genetic
mapping data were obtained from The Genome Data-
base or from the Généthon website. Physical mapping
data and estimated marker distances were obtained from
The Genome Database or from the long-range restriction
map of the 11q13 region as reported by Kitamura et al.
(1997).

Results

Identification of Pedigrees with Likely Linkage to the
BBS1 Locus on 11q13

To ascertain which pedigrees were likely to carry a
BBS1 mutation, we genotyped all available individuals
for six markers (D1154076, D11S1765, D1154205,
D1151883, D1151889, and D11§4113) surrounding
the PYGM locus on 11q13 and performed two-point
linkage analysis. However, the small size of the majority
of the pedigrees precluded statistically significant map-
ping to (LOD score =3.0) or exclusion from (LOD score
<-2.0) 11q13. We therefore constructed haplotypes for
all individuals, thus increasing our ability to eliminate
pedigrees not linked to 11q13 by demonstrating the in-
heritance of either different chromosomal fragments in
affected family members or the same chromosomal frag-
ment in both affected and unaffected members of the
same kindred. This analysis provided evidence that there
is no linkage to 11q13 in 30 of the families with BBS.
An additional 21 pedigrees were not informative and
were also eliminated from the study. Double-recombi-
nant chromosomes or other inconsistent marker geno-
type data suggesting either sample contamination or sub-
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microscopic chromosomal rearrangements were not
seen, except in pedigree AR-013, which was also elim-
inated from further analysis. On completion of this por-
tion of our study, we had identified 39 kindreds whose
genotypes were consistent with mapping to the BBS1
locus.

Heterogeneity Analysis

To assess the contribution of the BBS1 locus in BBS,
we performed a test of genetic heterogeneity (HOMOG)
on 80 of 91 pedigrees. Since linkage to 11q had been
reported previously for 11 pedigrees (Beales et al. 1997),
those pedigrees were not used in this analysis, to prevent
skewing of the data. We found that linkage to chro-
mosome 11 is likely in 40.5% of our pedigrees, with a
likelihood ratio of 125.5 (x*=9.66; P < 107%). This is
slightly lower than the 44%-50% figure quoted previ-
ously. Nevertheless, it is likely to be a more accurate
representation of the mutation distribution in the pop-
ulation tested, since our sample is significantly larger
than those in previous reports (Leppert et al. 1994;
Beales et al. 1997; Bruford et al. 1997).

Before further evaluation of the 39 pedigrees whose
haplotypes were consistent with mapping to BBS1, an
independent test of genetic heterogeneity was also per-
formed to confirm our initial linkage observations. We
found no evidence for genetic heterogeneity, with a like-
lihood ratio of 1.413 x 10° (x* =28.3; P<1077), sug-
gesting linkage to 11q13 in all 39 pedigrees.

Multipoint and Haplotype Analysis

To substantiate these findings and to delineate the crit-
ical interval, we genotyped all 39 pedigrees, using an
additional 11 microsatellites from 11q13. Twenty-five
kindreds showed no recombinations >35 ¢cM around
PYGM, where the maximum LOD score for BBSI has
been observed (Leppert et al. 1994; Bruford et al. 1997),
and were therefore excluded from further analysis. For
the remaining 14 pedigrees, we compiled all the genotype
data and performed multipoint analysis across 11q13.
Figure 1 shows the plot for the compound multipoint
LOD scores generated from two pedigrees, AR-037 and
AR-062, which gave the highest LOD scores for 11q13
markers. These data suggest that BBST most likely lies
between D115S4191 and D1151889. However, the only
reliable means of defining the critical interval is the iden-
tification of historical recombinants in the pedigrees with
linkage to 11q. To achieve this, we constructed detailed
haplotypes spanning a 32-cM region on 11q13. This
enabled us to identify recombinations in 13 pedigrees
(fig. 2). A schematic drawing of the positions of the
recombinations is shown in figure 3.

To further confirm that BBS in these pedigrees maps
to 11q13 and thus to use the observed recombinations
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Figure 1 Plot of the compound multipoint LOD scores generated
for pedigrees AR-037 and AR-062 by means of a series of microsatellite
markers on 11q13.

to define the critical interval, we analyzed the 13 recom-
binant-containing families for the presence of other BBS
loci. Because of the limited power of the pedigrees in
linkage analysis, we constructed haplotypes across the
previously reported critical intervals. The results from
these analyses are summarized in table 1. Eight of 14
pedigrees could be excluded from all other BBS loci, and,
in several cases, exclusion by haplotyping was possible
even when a nonsignificant LOD score was obtained.
This is particularly relevant when the size of the critical
region is large (the critical interval for BBSS, for ex-
ample, spans 6 cM) and the LOD scores become non-
significant with greater recombination fraction (6) val-
ues, leaving haplotype analysis as the only effective
means of exclusion.

Delineation of the BBS1 Critical Interval

Haplotype analysis revealed two types of genetic
events that defined the critical interval for BBS1: infor-
mative recombinants and ancestral recombinants, dem-
onstrated through loss of identity by descent (IBD) in
two consanguineous pedigrees. As shown in figure 3,
several recombinations define the proximal boundary.
Six recombinations were seen distal to D11S17635, in-
cluding one in individual AR-062-10. The haplotypes
for this pedigree are shown in figure 4B. Pedigree AR-
062 generates a LOD score of 2.18 with D11S1889 at
6 = 0. Given that the theoretical maximum LOD score
for this pedigree is 2.19 and that AR-062 can be ex-
cluded from all the other BBS loci (table 1), this finding
supports linkage to Hsall in this pedigree. Conse-
quently, the observed recombination places BBS1 distal
to D11817635.

In five cases, further analysis of the recombinant chro-
mosomes does not decrease the critical interval. The hap-
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but ancestral records were not retrieved.

lotype of PB-006-02, however, narrows the proximal
border to D1154205. PB-006 has been excluded from
all other BBS loci and generates a LOD score of 0.6 with
D11851889, at 6 =0 (the theoretical maximum LOD
score for this pedigree is 0.68), consistent with it map-
ping to 11q13.

The distal boundary is defined by three recombina-
tions proximal to D1151889 in pedigrees AR-037, AR-
605, and PB-013. The strongest evidence supporting this
boundary comes from AR-037 (fig. 4A), in which a LOD
score of 1.58 was generated with D1151883, at 6 = 0,
a figure close to the 1.63 theoretical maximum LOD

T

AR-349

01 02
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PB-013

05 06 07 08 09
01 02 03 04

Thirteen 11q13 recombinant pedigrees. The inbred loop in AR-062 is not shown; consanguinity was established through interview,

score possible for this pedigree. Furthermore, AR-037
was excluded from having all other known BBS loci.
Thus, the likelihood that the observed recombination
has no bearing on the affection status of individual AR-
037-05 is small; the identification of recombinants at
that position in three more pedigrees further supports
D11851889 as the distal boundary.

Haplotype analysis of pedigrees AR-605 and PB-013
further refines this boundary, through two recombina-
tions proximal to D118913 (fig. 3). However, since nei-
ther of these families can be excluded unequivocally
from all other known BBS loci (table 1), this boundary
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Figure 3

Haplotype analysis of 14 pedigrees, using 15 microsatellites from 11q that span a genetic distance of ~32 ¢cM. The chromosome

is illustrated on the left, with markers placed at approximate centimorgan positions as found in the Généthon, Genome Database integrated,
and Marshfield genetic maps. Vertical solid black lines represent the portion of the disease chromosome carried by the individuals listed at the
top of the figure. All individuals listed are affected, as diagnosed by standard criteria (Leppert et al. 1994), except for AR-045-09, who is
unaffected (in this case, the minimal unaffected chromosomal region is illustrated).

is useful to set priorities in the examination of transcripts
until additional recombinants can be identified with this
marker.

Four of the families in our cohort are consanguineous:
the offspring in PB-010 are the result of first-cousin mat-
ing. In the case of AR-062, interviews with family mem-
bers revealed common ancestry between the two
branches of the pedigree, although the precise structure
of the tree cannot be extended to the common ancestor.

As a result, we expect the same ancestral muta-
tion—carrying chromosome to be present in both parents
and all markers to be reduced to homozygosity in the
vicinity of the BBST gene in the affected siblings. Ex-
amination of the haplotypes of pedigrees AR-062 and
PB-010 revealed that several markers are heterozy-
gous. Specifically, heterozygosity was observed with
D1154205 and D11S1883 in AR-065 and with markers
distal to and including D154944 in PB-010 (figs. 3 and
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Table 1

Summary of Haplotype Data for All BBS Loci in 14 Pedigrees in
Which 11q13 Recombinations Were Detected

STATUS OF Locus®

PEDIGREE Hsa2 Hsa3 Hsal5s Hsalé6 Hsall
AR-12 U X X X Prox
AR-037 X X X X Dist
AR-045 X X X X Prox
AR-062 X X X X Prox
AR-075 X X X X Prox
AR-122 U X U X Dist
AR-124 X U U X Prox
AR-135 X X X X Prox
AR-323 U X X X Prox
AR-349 X X X X Prox
AR-605 U X X X Dist
PB-006 X X X X Prox
PB-010 X X X X Dist
PB-013 X U X X Dist

* X = excluded by haplotyping; U = unable to exclude; Prox =
proximal recombinant; and Dist = distal recombinant.

4). From these data we concluded that BBST may lie
between D115S1883 and D1154944, a distance of ~1.8
Mb. However, as with the recombinant critical interval,
caution must be exercised until either loss of IBD or
recombinants are found at these positions in additional
pedigrees. Nevertheless, the facts that the non-IBD mark-
ers are located within the recombinant interval and that
the regions of IBD extend over contiguous portions of
the chromosome provide independent corroborative ev-
idence for the delineation of the BBS1 critical interval.

Discussion

Despite an original expectation that, because of its
relatively uniform clinical presentation, BBS may be
caused by a defect at a single locus, it has proved to be
a genetically heterogeneous disease with at least six loci
in the human genome (Kwitek-Black et al. 1993; Leppert
et al. 1994; Sheffield et al. 1994; Carmi et al. 19955b;
Bruford et al. 1997; Young et al. 19984). We have found
the 11q13 locus to account for 40.5% of BBS cases in
our population sample, a figure similar to those reported
elsewhere (Leppert et al. 1994; Beales et al. 1997; Bru-
ford et al. 1997). Despite this, BBS1 has remained the
most poorly refined locus to date. We have chosen a
strategy of large-scale genotyping, followed by linkage
and haplotype analysis, to delineate the BBS1 critical
region. On analysis of 91 pedigrees, we identified mul-
tiple recombinants that allowed us to delineate the BBS1
critical region in two ways: a 2.6-Mb interval between
D1154205 and D118913, determined on the basis of
recombination events, and a 1.8-Mb interval between
D11S1883 and D1154944, determined on the basis of
loss of IBD in two consanguineous pedigrees. A similar
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critical interval for BBS1 has been identified indepen-
dently on the basis of both historical recombinants and
linkage disequilibrium in large Newfoundland families
(Young et al. 1999 [in this issue]).

Our strategy relies on the analysis of a large number
of small pedigrees and is in sharp contrast to the ap-
proaches that have delineated the critical interval in
other BBS loci. Such studies have typically been based
on large consanguineous pedigrees from distinct popu-
lation isolates (Kwitek-Black et al. 1993; Sheffield et al.
1994; Carmi et al. 1995b; Bruford et al. 1997; Young
et al. 19984a). In rare, recessive, genetically heterogene-
ous disorders such as BBS, and in the absence of large
pedigrees or founder populations, our approach may be
the only feasible means to analyze the critical region,
since large pedigrees are either scarce or unavailable.

Small pedigree size often renders linkage analysis in-
effective, leaving haplotype construction as the only
means to evaluate a candidate critical interval. Such a
strategy is not error proof, especially where haplotypes
are constructed over large regions, in which case rare
double recombinants cannot be detected. The only
means to ameliorate this is to increase both the number
of unrelated families studied and the density of the mark-
ers examined. Nevertheless, the limit of resolution of this
approach is lower than that for genetically homogeneous
disorders, since the inability to independently map a sin-
gle family to any given locus decreases the usefulness of
single, rare recombination events that cannot be con-
firmed independently in unrelated kindreds.

The data presented here substantially advance the po-
sitional cloning effort for the BBS1 gene. The critical
region extends from a maximum of 2.6 Mb to a mini-
mum of 1.8 Mb. Given the high gene density of 11q13,
1.8 Mb remains a significant interval, with as many as
150 transcripts to assess for candidacy (authors’ un-
published data). However, a plethora of physical rea-
gents is available because of the MENT and Best macular
dystrophy positional cloning efforts. Thus, several mega-
base-scale BAC/PAC contigs are available (Cooper et al.
1997; Guru et al. 1997; Kitamura et al. 1997), and por-
tions of the critical interval have been or are in the pro-
cess of being sequenced. Furthermore, the construction
of a radiation-hybrid map of the human genome, con-
taining >30,000 expressed sequence tags (ESTs) has
identified =100 ESTs overlapping the critical interval,
presenting many new candidate genes for analysis (De-
loukas et al. 1998).

Overall, our approach illustrates the need for sub-
stantial numbers of pedigrees, to refine the genetic in-
terval for rare genetically heterogeneous diseases, even
though the power that these pedigrees have for statis-
tically significant linkage may be low. It is difficult to
predict where the limit of genetic resolution is reached.
We were able to identify a critical interval of 1.8 Mb
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through events that occurred in 2 of 91 of our pedigrees.
We therefore envisage that, although genotyping of ad-
ditional pedigrees is essential to confirm our observa-
tions, reduction of the critical region to <1.0 Mb may
be limited because of the large number of families re-
quired for the analysis. Therefore, focusing on the phys-
ical analysis of the critical region may prove a more
efficient means to identify the defective gene.
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