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Purpose: Bardet-Biedl syndrome is a pleiotropic multiple anomaly syn-
drome inherited in an autosomal recessive pattern. It is now known that this
disorder has locus heterogeneity, with causative mutations identified in as
many as 14 genes. The aim of this study was to derive locus-specific
recurrence risk estimates for family members of a proband affected with
Bardet-Biedl syndrome. Methods: Mutation data from 187 probands af-
fected with Bardet-Biedl syndrome were used. The authors counted the
relative proportion of families with mutations at each of 10 loci and
estimated locus-specific carrier rates for mutations using Hardy-Weinberg
principles and an aggregate population frequency of 1/100,000 for the
phenotype. Locus-specific recurrence risks were calculated for relatives of
an affected proband.Results: Locus-specific carrier frequencies range from
1/250 to 1/2200, and the risks for an offspring of the sibling of an affected
individual range from 1/1,500 to 1/13,000. The estimate of this risk derived
under a locus homogeneity model is 1/960. Conclusion: Variation of recur-
rence risks of this magnitude may have implications for genetic counseling of
families with affected individuals, in particular about prenatal testing and other
reproductive options. Similar analyses to determine locus-specific carrier fre-
quencies for other phenotypes with significant locus heterogeneity may
yield similarly relevant results. Genet Med 2010:12(10):623–627.
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The clinical entity of Bardet-Biedl syndrome (BBS) was
described nearly 90 years ago1 and comprises primarily of

polydactyly, obesity, pigmentary retinopathy, cognitive impair-
ment, and renal and genitourinary anomalies. In the past 9 years,
remarkable progress has been made in the elucidation of the
genetic etiology of this disorder2–13 and the underlying patho-
physiology of the primary cilium.14,15 These molecular discov-
eries are improving clinical care and may eventually provide
specific therapeutic opportunities for patients with BBS.

Clinical practitioners are increasingly called on to evaluate,
molecularly diagnose, and counsel individuals and families
affected by phenotypes suggestive of BBS. In our experience,
parents of children affected with BBS are quite concerned about
the risks for their unaffected offspring to have children with the

disorder, and they report that more distant relatives share this
concern (unpublished data). The discovery and elucidation of
the remarkable locus and allelic heterogeneity of BBS has
implications for clinical practice because it affects the calcula-
tion of risks for family members (other than the recurrence risk
for parents of a child affected with BBS, which in nearly all
cases is 1/4). Furthermore, the carrier frequency for a given
locus can be significantly lower than that predicted by the
frequency of the phenotype. Here, we report a survey of muta-
tions among BBS loci and derive recurrence risk figures for
relatives other than full siblings for 10 BBS loci.

MATERIALS AND METHODS

We outline here our approach to estimating gene-specific
carrier frequencies along with the data and calculations we used
to arrive at our estimates of recurrence risks for relatives of an
individual with BBS to have a child with BBS. We present this
approach using as examples the risks that would pertain to a
hypothetical first offspring of various relatives of a patient with
BBS, assuming that those individuals reproduced with an un-
related spouse. A number of assumptions were made for this
analysis. First, we assumed that BBS is inherited in an autoso-
mal recessive pattern (in agreement with Ross and Beales16).
This assumption implied that occurrences of oligogenic17 and
apparently digenic BBS18 are sufficiently rare that they can be
set aside for this analysis. Second, we estimated an overall
population occurrence rate of 1/100,000 for the BBS pheno-
type.14 We assumed that this number is relevant to a general
North American outbred population, descended primarily from
Europeans. It specifically excluded subgroups such as the Old
Order Amish (shown to have a high frequency of McKusick
Kaufman syndrome caused by mutations in MKKS19), the New-
foundland population (which also has a high prevalence of
MKKS mutations that cause BBS11,20), other groups who are of
geographically distinct origins, and groups or families with
known consanguinity. Third, we estimated the relative propor-
tion of mutant BBS alleles among the BBS loci by counting
probands who have been found to have two pathogenic alleles
in a single BBS gene. We reasoned that identifying mutant
alleles through affected probands was a conservative approach,
because the prior probability was very small that a patient with
BBS would have two rare variants in a single gene without that
gene being causative of the phenotype in that patient. Although
we cannot directly determine the actual prevalence of mutant
alleles from such an approach, we reasoned that this approach
would allow us to determine the relative contributions of BBS
loci to the overall frequency of mutant BBS alleles, which
would then allow us to estimate the relative contribution of each
locus to the overall prevalence of the disorder.

To make an estimate of the distribution of alleles among the
BBS loci, we used data from three cohorts of patients: The Sick
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Children’s Hospital cohort in Toronto, the University of Iowa
Hospitals and Clinics cohort, and the National Human Genome
Research Institute (NHGRI) cohort in Maryland. We excluded
from this analysis cases in which it was known that the family was
of non-European geographic origin. The mutations were deter-
mined by standard methods in each of three research laboratories.
Briefly, DNA was isolated from peripheral blood leukocytes, poly-
merase chain reaction-amplified, and subjected to dideoxy termi-
nator sequencing. Although the approach varied somewhat in each
of the laboratories, the methods were similar in that each DNA
sample was sequenced for the more common genes first (e.g.,
BBS1 and BBS108,12) followed by additional sequencing of other
BBS genes until twomutations in a single gene were identified. For
the purpose of this study, sequence variants were designated as
mutations if two variants were found in one BBS gene, they were
not recognized as a common variant, and other analyses (e.g.,
evolutionary conservation, proper phase, etc.) supported the notion
that they were deleterious. Missense alterations were considered
deleterious based on amino acid conservation and absence in
controls, and each mutation was confirmed on a second polymer-
ase chain reaction product. Each proband was counted as a case;
other affected members of that family were not counted. MKS1 and
CEP290 were not analyzed in these cohorts because causation has
yet to be confirmed for these loci. We excluded TTC8 and TRIM32

as no cases with two mutations at these loci were identified in our
cohorts. We estimated the carrier rate and the chance that a given
individual in a hypothetical pedigree (Fig. 1) would be affected,
first assuming locus homogeneity and then under a model of locus
heterogeneity with unequal locus frequencies based on our muta-
tion data (reviewed by Sheffield and coworkers).14

We used Hardy-Weinberg principles, starting from the over-
all population prevalence of BBS and using the relative propor-
tions of affected probands at each of 10 loci to estimate the
mutant allele frequency for each locus. We then used the carrier
rates to calculate familial recurrence risks, using the mutant
allele frequency to estimate the likelihood that the married in,
unrelated parent was a carrier. Decimal values of carrier fre-
quency were transformed into fractions with two significant
digits in the denominator and these rounded fractions were used
to calculate specific recurrence risk estimates. The mutation
research studies were reviewed and approved by the research
ethics committees at the three participating institutions.

RESULTS

We calculated locus-specific risk estimates for each gene for
a relative of a patient with BBS and compared these estimates
to that derived from the locus homogeneity model. Table 1
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Fig. 1. Hypothetical pedigree of a family of a woman affected with BBS. Locus-specific risk estimates derived from the
carrier frequencies calculated in Table 1 for each first offspring of multiple possible matings are shown along with
estimates based on a locus homogeneity (LH) model.
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shows our carrier frequency calculations and the locus-specific
risk estimate calculations for individual IV-2 in Figure 1 (the
niece/nephew of an affected individual). These estimates are
expanded for other relatives in Figure 1.

Under a locus homogeneity model, we reasoned that q2 �
1/100,000, and therefore q � 0.0032; the carrier frequency
would then be estimated to be 2 pq � 0.0032 � 2 � 0.0063
(0.63% or 1/160). Thus, the risk for a full sibling of an affected
individual to have an affected child would be estimated to be
0.67 � 0.0063 � 0.25 � 0.0011, or approximately 1/960.

A total of 187 index cases were ascertained among the three
laboratories (Table 1). The data among the three laboratories
support prior data in that BBS1 and BBS10 were more com-
monly mutated than all other loci, comprising almost 70% of the
families. However, the Iowa cohort included more families with
BBS1 mutations than for BBS10. The risk for hypothetical
individual IV-2 associated with the other 10 loci ranged from
�1/1,500 for BBS1 to �1/13,000 for ARL6.

DISCUSSION

Our experiences in caring for families affected with BBS and
other disorders inherited in an autosomal recessive pattern sug-
gest to us that a change in recurrence risk of less than 2-fold is
unlikely to be clinically significant, especially when the risks
discussed fall well below 1/100. In this context, our experience
suggests that modifying, for example, the recurrence risk esti-
mates for the offspring of a sibling of an affected individual in
a family with ARL6 mutations from 1/960 to 1/13,000 is likely
to be clinically relevant. A risk modification of this magnitude
may be especially salient when relatives of affected individuals
present for genetic counseling and the consideration of carrier
testing is discussed. In contrast, these estimates may have little
impact for a family with an affected member with mutations in
BBS1 (a risk change from 1/960 [locus homogeneity] to 1/1500
[locus-specific]). Similarly, family members of individuals with
BBS10 mutations may or may not find the approximate halving
of their risk to be significant. In such cases, other factors,
such as the family’s lived experience with BBS, number of
affected children within a sibship, general views of disabil-
ity, etc., are likely to have a greater impact than this degree
of change in numerical risk.21 Regardless of the magnitude of
the risk, it should be presented in the context of the at-risk
couple’s background risk for all serious birth defects, which
ranges from 2 to 3%.

These risk calculations may also be relevant for patients
affected with BBS. Although many affected individuals may
encounter social or medical (e.g., hypogenitalism and sperma-
tozoa abnormalities in males and genitourinary malformations
in females) impediments to reproduction, affected individuals
have had children and it is possible that they might have
concerns about the risk of having a child affected with BBS. In
fact, there has been one report in the literature of successful
reproduction22 and one female patient in the NHGRI cohort has
reproduced (unpublished data). Thus, we estimated the risks for
offspring of an affected individual under both the locus homo-
geneity and locus-specific model in Figure 1.

These estimates are subject to several limitations in the data
presented and the analysis performed here. First, the methods
used to estimate relative prevalence are limited by the number
of cases evaluated at the three centers, referral and ascertain-
ment biases, and the possible existence of families with muta-
tions that are difficult to detect by standard methods (which may
be unevenly distributed across the loci). The limitation of the
number of cases is especially relevant with respect to the rare

loci. Although we are confident that BBS1 and BBS10 mutations
are much more commonly found in patients with BBS than are
mutations in the other loci, the magnitude of this difference is
imprecise. For example, only one case of a family with an ARL6
mutation was identified. The addition of one additional family
with mutations at this locus would significantly change the risks
for that locus. Thus, more cases are needed and periodic reas-
sessment of the relative contribution of each locus to the pro-
portion of mutant alleles is warranted. Second, our method of
case finding (using cases with two recognizable mutations)
would miss families with atypical mutations, which again may
be unevenly distributed across the loci, distorting the recurrence
risks. These risk calculations are less relevant for persons who
are of non-European origin for two reasons. Our sample sets did
not include a sufficient number of cases of persons in those
groups and for some groups (e.g., the Bedouins), their recur-
rence risks are influenced little by locus heterogeneity but more
by the degree of consanguinity of the spouses.

The data reported here do not have utility in the risk assess-
ment for a couple within a BBS family regarding their risk for
having an affected child before molecular testing is performed;
and the risk calculations presented here require a molecular
diagnosis. For patients who require a recurrence risk before
molecular testing, we recommend using risks based on the
common loci. As BBS1 and BBS10 are the most frequent loci
and their carrier frequencies do not differ dramatically (1/250
for BBS1 and 1/290 for BBS10), we suggest that in situations
where risks need to be estimated before testing, basing recur-
rence risk estimates on the carrier frequency associated with
BBS1 mutations is likely to be most clinically relevant and
approach the highest degree of accuracy for many families,
while it over-estimates risk for a minority of families. This is
preferable to using the locus homogeneity risk because this will
falsely elevate the risk for relatives other than the affected
individual’s full siblings.

Our analysis does not have utility for couples from families
where the individual affected with BBS has tested negative for
BBS mutations at the known loci. To our knowledge, molecular
testing for BBS mutations in the United States is commercially
available for only three loci (BBS1, BBS2, and BBS10). Recur-
rence risk estimates based on the locus homogeneity model for
families who undergo commercially available testing that fails
to find mutations would be likely to over estimate their risk. We
suggest that in these cases, referral to a research group for
clinically validated sequencing of the remaining genes may be
warranted. The advent of affordable whole genome and exome
sequencing will dramatically change this situation. Such tech-
nologies will allow for rapid and complete interrogation of all
genes and will require more sophisticated risk estimations that
incorporate factors such as compound heterozygosity and po-
tential modifiers.

Despite the limitations of our analysis, it is clear that the
locus-specific recurrence risk for having an affected child for
relatives of individuals affected with BBS (other than those
within the full sibship of the affected individual) is lower than
that which would be estimated from the aggregate prevalence or
incidence rates of the phenotype. For the two common loci, the
magnitude of that difference is modest, and for the rare ones, it
is large and likely clinically relevant. Similar analyses to deter-
mine locus-specific carrier frequencies for other phenotypes
with significant locus heterogeneity (e.g., nonsyndromic auto-
somal recessive hearing loss23) may yield similarly relevant
results. Finally, we note in Table 1 that these estimates predict
a 2.67-fold higher aggregate carrier frequency for the multilocus
model (1.7%) when compared with the estimate based on locus
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homogeneity (0.63%). This high aggregate carrier frequency
suggests to us the coexistence of a heterozygous, or third
mutation in a second BBS gene is not a rare event in patients
with BBS.
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