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Background: Bardet–Biedl syndrome is a complex heterogeneous ciliopathy caused by 
genetic mutations. Although establishing genotype–phenotype correlations has been challen-
ging, some regional variations have been previously reported. Due to its relative geographic 
isolation, Puerto Rico has a greater prevalence of Bardet–Biedl syndrome than do other 
regions. We sought to characterize the most frequent genotypic variations in a local cohort of 
Bardet–Biedl syndrome patients and report any genotypic–phenotypic trends.
Methods: Twenty-seven patients from an ophthalmology clinic in Puerto Rico with geneti-
cally confirmed Bardet–Biedl syndrome took a questionnaire inquiring about their most 
common symptoms. Ophthalmological information was obtained from patient records. The 
frequencies of the genotypic variations and symptoms were calculated.
Results: In the study population, BBS1 was the most prevalent mutated gene, followed by BBS7. 
In the BBS1 group, we found homozygotes for c.1169T>G (p.Met390Arg) and c.1645G>T (p. 
Glu549*), and compound heterozygotes for c.1169T>G (p.Met390Arg) and c.1645G>T (p. 
Glu549*), with one patient having c.1645G>T (p.Glu549*) and c.432+1G>A (splice donor). 
All the BBS7 patients were homozygous for c.632C>T (p.Thr211Ile). Compared to BBS7, we 
found that BBS1 patients generally had a milder ocular and systemic phenotype. However, when 
analyzing different BBS1 variants, patients with mutations in c.1645G>T (p.Glu549*), both 
compound heterozygous and homozygous, had more severe systemic phenotypes, overall.
Conclusion: Our study was the first detailed genotype–phenotype analysis of the Bardet– 
Biedl syndrome in Puerto Rico. Genetic mutations in BBS1 and BBS7 seem to be the most 
common culprits behind Bardet–Biedl syndrome in this population. Although patients 
diagnosed with BBS1 are likely to display milder systemic features, this was not the case 
with our BBS1 patients having the c.1645G>T (p.Glu549*) mutation. Further studies should 
focus on the c.1645G>T (p.Glu549*) mutation’s impact on the BBS1 gene and protein 
product.
Keywords: ciliopathy, compound heterozygotes, retinitis pigmentosa, polydactyly

Introduction
Bardet–Biedl syndrome (BBS) is the name given to a group of clinical features and 
manifestations arising from genetic mutations that induce widespread ciliopathy.1 It 
is an autosomal recessive condition, and so far, at least 24 different genes associated 
with it have been described.2 BBS diagnosis is clinical, and patients need to display 
either four primary features or three primary and two secondary features to be so 
diagnosed.3 Its primary features include retinal degeneration, polydactyly, truncal 
obesity, genital anomalies, renal dysfunction, and learning impairment.3 Its second-
ary features include diabetes mellitus, thyroid disease, hearing loss, heart disease, 
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hypertension, and liver disease, among other diseases, 
symptoms, and disorders.4,5 However, these criteria over-
looks the number of genetically diagnosed BBS patients 
who present with incomplete phenotypes.6 Genetic testing 
can confirm the diagnosis in 80% of patients.6,7

The majority of BBS patients have mutations in the 
genes responsible for the assembly of the BBSome protein 
aggregate, whose role is crucial for the proper functioning 
of the primary cilium found in most of the cells of the 
body.8 While BBS1, 2, 4, 5, 7, 8, 9, and 18 form the 
BBSome, only BBS2, 7, and 9 are said to compose the 
BBSome core, and thus, mutations in these genes are 
believed to have a more significant impact.2,8,9

The estimated BBS prevalence in Puerto Rico is 
1:62,000, which places the island among the locations 
with a relatively high BBS prevalence.10 There is no 
proper study evaluating the frequency of BBS variants in 
Puerto Rico. However, Mykytyn et al11 used five Puerto 
Rican families to identify and locate the BBS1 mutation, 
concluding that BBS1 is one of the primary genes behind 
BBS in the North American population. Therefore, BBS1 
could be one of the main culprits behind the disease in 
Puerto Rico.

BBS is a pleiotropic disorder with an ample genetic 
heterogeneity and complex multigenetic etiologies.2 

Regional and ethnic genotypic and phenotypic variations 
have been previously suggested.12–19 Most of the studies 
that have explored genotype–phenotype relationships have 
failed to establish true correlations, yet certain trends have 
been observed. For instance, Castro-Sanchez et al19 found 
that, within their Spanish cohort, BBS1 patients seemed to 
display an overall milder ocular and systemic phenotype 
than did patients with BBS6, BBS10, or BBS12. In 
another study, this one by Deveault et al,18  BBS1 and 
BBS12 patients presented a less severe ocular and sys-
temic phenotype than BBS10 patients did. Although both 
studies agree on a milder BBS1 phenotype, Deveault char-
acterized BBS12 as having a milder BBS phenotype, as 
well, while Castro-Sanchez and her team found it to be 
linked to a more severe phenotype within their cohort.18,19 

Regarding visual dysfunction and ocular findings, it has 
been suggested that the ocular phenotype for BBS1 
patients who are homozygous for p.Met390Ar might not 
be as mild as is commonly reported.19–20

In a meta-analysis of 426 BBS patients, 
Niederlova et al2 found statistically significant differ-
ences between certain genotypes and phenotypes. They 

reported that their patients with BBS1 had a significantly 
lower disease burden than did those with BBS2 or BBS7 
and proposed that this could have been due to the poten-
tially hypomorphic nature of the type of mutation 
involved.2 In their study, patients with suspected com-
plete loss-of-function mutations, such as splicing defects 
or frameshifts, displayed more severe BBS phenotypes 
than did those with mutations that are generally consid-
ered to produce milder alterations in protein function, 
such as missense mutations. However, after further ana-
lysis, the lower frequency of symptoms in BBS1 seems 
to be ultimately linked to the BBS1 gene and not 
a specific type of mutation.2

Similarly, in a genotype-phenotype analysis of 25 Italian 
patients with either BBS1, BBS2, or BBS10, Esposito et al21 

reported a milder retinal dystrophy, renal impairment and 
audiovestibular phenotype in BBS1 patients.

Herein we will present a genotype–phenotype analysis 
of 27 Puerto Rican BBS patients with the BBS1 and BBS7 
mutations. We aim to illustrate the trends related to sys-
temic complications in this population, to guide preventive 
care and proper management.

Methods
Patients
Twenty-seven patients with a confirmed genetic BBS diag-
nosis, selected from a single ophthalmology clinic in 
Puerto Rico, were included in this cross-sectional study. 
Our group consisted of nine females and 18 males with an 
average age of 33 (± 13.5) years (range 13–65). The 
majority of the subjects met the clinical criteria required 
to confirm a BBS diagnosis.

Individuals had been previously screened for BBS 
mutations after confirmation of a clinical diagnosis or 
high clinical suspicion from the ophthalmologist. 
A folder storing the genetic results from each subject 
was accessed to create a list with all BBS cases. Patients 
were contacted over the phone and informed consent was 
gathered from each one or, when applicable, from their 
guardian(s), after explaining the purpose of our study and 
fully disclosing our process for data collection and man-
agement. Clinical data was extracted from the electronic 
medical records and questionnaires administered via phone 
calls. This investigation was approved by the Universidad 
Central del Caribe Medical School institutional review 
board; our work is compliant with the Health Insurance 
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Privacy and Accountability Act. The study adhered to the 
principles of the Declaration of Helsinki.

Genetic Testing
Results of genetic testing were available prior to study 
onset. Salivary samples had been collected and sent for 
analysis using a 248 gene inherited retinal disorders panel 
through full-gene sequencing and deletion/duplication ana-
lysis, including select non-coding variants, coding exons 
and 10–20 base pairs of adjacent intronic sequence 
(Invitae Corporation, San Francisco, California, USA).

Clinical Evaluation
Eligible patients were contacted by telephone about parti-
cipating in this study; those who expressed their willing-
ness to do so were scheduled for an interview, at which 
they would answer a questionnaire. The questionnaire 
inquired about pertinent BBS systemic and ocular charac-
teristics. Genital anomaly was defined as micropenis or 
hypogonadism, truncal obesity as a waist-to-hip ratio 
greater than 0.9 for men and greater than 0.85 for 
women, renal anomalies as any structural aberrations or 
functional insufficiencies, and learning impairment as the 
need for special education during primary or secondary 
level education. Clinical and ophthalmologic data, includ-
ing presenting signs and symptoms and diagnostic images 
and studies, were collected from the participating patient’s 
medical records, when such records were available.

Results
Mutational Analysis
All the subjects carried two pathogenic mutations in one 
of the previously identified BBS causative genes. 
Specifically, 23 patients had BBS1 (85%), while four 
patients had BBS7 (15%) (Table 1). Of the 27 patients 
included, three had an additional heterozygous muta-
tional variant of unclear significance. VUS c.396G>C 
(p.Gln123His) (BBS9) was found in patient three; VUS 
c.1463A>G (p.lys488Arg) (BBS10), in patient 24; and 
Gain (exons 1–2) (BBS9), in patient 26. Within the 
BBS1 group, 16 patients (70%) were homozygous for 
either the c.1169T>G (p.Met390Arg) (48%) or the 
c.1645G>T (p.Glu549*) (22%) mutation. The remaining 
BBS1 patients were compound heterozygotes, with six 
patients harboring mutations c.1169T>G (p.Met390Arg) 
and c.1645G>T (p.Glu549*) and one patient with 
c.1645G>T (p.Glu549*) and c.432+1G>A (splice 

donor). All the BBS7 patients were homozygous for 
the c.632C>T (p.Thr211Ile) mutation.

Phenotypes
We could not establish a clear genotype–phenotype corre-
lation in either the BBS1 or BBS7 groups due to the 
limited sample size. A list of the observed clinical features 
is provided in Table 2.

Most of our patients reported that visual deterioration 
(ie, night blindness and peripheral vision loss) was the first 
manifestation of BBS that they detected. As has been seen 
in previous studies,19 the patients in our study who were 
homozygous for p.Met390Arg had a relatively later symp-
tom onset, with a mean age of 21 years. Interestingly, all 
the patients with at least one p.Glu549* allele experienced 
an earlier onset of visual symptoms (mean age of 8 years) 
than did any of the patients who were homozygous for p. 
Met390Arg; however, one should refrain from drawing 
any conclusions from this fact, considering the small sam-
ple size.

Collectively, retinitis pigmentosa, polydactyly, learning 
impairment, and truncal obesity were the four most com-
mon features (Table 3). Retinitis pigmentosa was present 
in every single subject. Learning impairment, the second 
most frequent primary feature, was reported in all the 
BBS7 patients and 82% of the BBS1 patients. It is worth 
noting that of the BBS1 patients, 64% of those who were 
homozygous for p.Met390Arg had a learning impairment, 
while such impairments were reported in 100% of the p. 
Glu549* homozygotes and the compound heterozygotes 
with p.Met390Arg and p.Glu549*. Truncal obesity was 
present in 77% of all the patients. It had a similar fre-
quency across BBS1 subtypes and was observed in three 
BBS7 patients. Polydactyly was discovered in 62% of all 
the BBS patients and was identified in all the BBS7 
patients and in 59% of the BBS1 patients. Within the 
BBS1 group, polydactyly was less frequently found in 
those who were homozygous for p.Met390Arg (36%), 
while it was seen in 80% of the p.Glu549* homozygotes 
and compound heterozygotes.

Genital and renal anomalies were more frequently seen 
in patients with BBS7 (50%) than in those with BBS1 
(27%). As with learning impairment, these features were 
less frequently observed in BBS1 patients who were 
homozygous for p.Met390Ar. The genital anomalies con-
sisted mainly of hypogonadism and micropenis. The renal 
anomalies included congenital polycystic kidney disease, 
chronic kidney disease, and renal insufficiency.
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Of the secondary characteristics, hypertension was the 
most common, with a frequency of 54% in the entire BBS 
group. Diabetes mellitus (DM) was observed in 32% of the 
BBS1 patients. In comparison, none of the BBS7 patients 
presented with DM. Cardiac problems were present in two 
patients with BBS1 (9%) and in one patient with BBS7 
(25%) and included a small myocardial infarction, severe 
mitral valve defect that needed surgery and a pulmonary 
vein malformation.

Several systemic complications were also assessed. 
Hypertriglyceridemia was one of the most frequent com-
plications (54%). It was present in all the BBS7 patients, 
while it had a frequency of around 50% in the BBS1 
patients. Asthma, specifically of childhood-onset, was 
the second most frequent systemic complication (46%), 
being present in all the BBS7 patients and being more 
frequently seen in BBS1 compound heterozygotes (60%) 

than in BBS1 patients who were homozygous for the p. 
Met390Arg mutation (27%). Liver disease was also pre-
sent, with a total frequency of 38%; it was present in half 
of the patients with BBS7, 60% of those who were homo-
zygous for the p.Glu549* mutation, and 36% of those who 
were homozygous for the p.Met390Arg mutation. Liver 
conditions consisted primarily of early-onset fatty liver 
disease, while one patient had liver cysts.

Interestingly, six of our patients presented with skeletal 
anomalies (scoliosis, tibia vara, and bent feet). In addition, 
auditory problems were observed in five patients (all five 
had BBS1), while three patients experienced menstrual 
anomalies, two patients had had childhood epilepsy, and 
one patient had Hirschsprung’s disease.

All the patients presented with retinal changes consis-
tent with retinitis pigmentosa. In terms of visual acuity, 
85% of the examined eyes (40) had a best-corrected visual 

Table 1 List of Identified BBS Mutations

Case Variant Additional BBS Mutations

BBS1
6 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)

8 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)

10 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)
14 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)

15 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)

16 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)
20 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)

22 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)
24 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg) Heterozygous VUS c.1463A>G (p.lys488Arg) in BBS10

25 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)§

26 c.1169T>G (p.Met390Arg) + c.1169T>G (p.Met390Arg)§ Heterozygous VUS Gain (exons 1–2) in BBS9
1 c.1645G>T (p.Glu549*) + c.1645G>T (p.Glu549*)

2 c.1645G>T (p.Glu549*) + c.1645G>T (p.Glu549*)‡

5 c.1645G>T (p.Glu549*) + c.1645G>T (p.Glu549*)
13 c.1645G>T (p.Glu549*) + c.1645G>T (p.Glu549*)

27 c.1645G>T (p.Glu549*) + c.1645G>T (p.Glu549*)‡

7 c.1169T>G (p.Met390Arg) + c.1645G>T (p.Glu549*)
9 c.1169T>G (p.Met390Arg) + c.1645G>T (p.Glu549*)

11 c.1169T>G (p.Met390Arg) + c.1645G>T (p.Glu549*)

17 c.1169T>G (p.Met390Arg) + c.1645G>T (p.Glu549*)
18 c.1169T>G (p.Met390Arg) + c.1645G>T (p.Glu549*)

21 c.1169T>G (p.Met390Arg) + c.1645G>T (p.Glu549*)

23 c.1645G>T (p.Glu549*) + c.432+1G>A (splice donor)

BBS7
3 c.632C>T (p.Thr211Ile) + c.632C>T (p.Thr211Ile) Heterozygous VUS c.396G>C (p.Gln123His) in BBS9
4 c.632C>T (p.Thr211Ile) + c.632C>T (p.Thr211Ile)

12 c.632C>T (p.Thr211Ile) + c.632C>T (p.Thr211Ile)

19 c.632C>T (p.Thr211Ile) + c.632C>T (p.Thr211Ile)

Notes: § are siblings, and ‡ are also siblings. 
Abbreviations: BBS, Bardet-Biedl syndrome; VUS, variant of uncertain significance.
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acuity of 20/200 or worse. Cataracts were found in two 
BBS7 patients (50%), and one BBS1 patient (7%).

Discussion
BBS prevalence in Puerto Rico is estimated to be around 1 in 
62,000 people, which more closely resembles the preva-
lences of places with limited population mobility and high 
consanguinity.10,22 BBS1 was the most commonly mutated 
gene in our cohort, which was expected, given previous 
findings in genetic studies utilizing the Puerto Rican 
population.11 As has been previously observed,11 the major-
ity of our BBS1 cases were homozygous for a mutation in 
c.1169T>G (p.Met390Arg), yet we also had homozygous 
patients with the c.1645G>T (p.Glu549*) mutation, which 
results in a nonsense mutation. BBS1 compound heterozy-
gotes were also observed with mutations c.1169T>G (p. 
Met390Arg) and c.1645G>T (p.Glu549*), and c.1645G>T 
(p.Glu549*) with c.432+1G>A (splice donor).

Attempts to establish a genotype–phenotype correla-
tion of the various BBS subtypes have been challenging 
due to the high heterogeneity displayed by the disease and 
the relatively small cohorts from which phenotypical data 
has been gathered.12–19 Nevertheless, we sought to collect 
detailed clinical information from our Puerto Rican BBS 
cohort, since it has been suggested that the island might 
have one of the highest BBS prevalences, globally.

Although our sample size did not allow us to confirm 
a clear genotype–phenotype relationship, we did observe 
some tendencies worthy of mention. Within the group of 
BBS1 patients, we documented an overall less severe 
systemic phenotype in the p.(Met390Arg) homozygotes 
than the phenotypes that were seen in the p.(Glu549*) 
homozygotes and the compound heterozygotes. Visual 
symptoms had an earlier onset for homozygotes and com-
pound heterozygotes of the p.(Glu549*) mutation than for 
p.(Met390Arg) homozygotes. However, the BBS1 p. 

Table 3 Frequencies of BBS-Associated Characteristics in Our Patient Sample

Clinical Feature BBS1 (n = 22) BBS7 (n = 4)

Homozygous Compound Heterozygous Total of 
BBS1 (n = 

23)¤

c.632C>T (p. 
Thr211Ile) 

Homozygotes
c.1169T>G (p. 

Met390Arg) (n = 
11)

c.1645G>T (p. 
Glu549*) (n 

= 5)

c.1169T>G (p.Met390Arg), 
c.1645G>T (p.Glu549*) (n = 6)

BCVA
20/100 or better 12.5% (2/16) 25% (2/8) 25% (2/8) 19% (6/32) 0

20/200 or worse 87.5% (14/16) 75% (6/8) 75% (6/8) 81% (26/32) 100% (6/6)

Cataracts 0 25% 1/4 0 7% (1/15) 50% (2/4)

CF

RP 100% (11/11) 100% (5/5) 100% (6/6) 100% (23/23) 100% (4/4)
PD 36% (4/11) 80% (4/5) 80% (4/5) 59% (13/22)† 100% (4/4)

TO 82% (9/11) 80% (4/5) 80% (4/5) 82% (18/22) 75% (3/4)

CI 64% (7/11) 100% (5/5) 100% (5/5) 82% (18/22) 100% (4/4)
GA 9% (1/11) 60% (3/5) 40% (2/5) 27% (6/22) 50% (2/4)

RA 9% (1/11) 40% (2/5) 40% (2/5) 27% (6/22) 50% (2/4)

DM 27% (3/11) 60% (3/5) 20% (1/5) 32% (7/22) 0
HTN 73% (8/11) 20% (1/5) 40% (2/5) 50% (11/22) 75% (3/4)

HC 45% (5/11) 60% (3/5) 0 41% (9/22) 75% (3/4)

HTG 55% (6/11) 40% (2/5) 50% (2/4) 52% (11/21) 100% (4/4)
CA 9% (1/11) 0 20% (1/5) 9% (2/22) 25% (1/4)

HP 18% (2/11) 0 20% (1/5) 14% (3/22) 0

TD 18% (2/11) 40% (2/5) 0 18% (4/22) 25% (1/4)
LD 36% (4/11) 60% (3/5) 20% (1/5) 36% (8/22) 50% (2/4)

Asthma 27% (3/11) 40% (2/5) 60% (3/5) 36% (8/22) 100% (4/4)

Notes: ¤Including patient 23, who was compound heterozygous for c.1645G>T (p.Glu549*) and c.432+1G>A (splice donor). †Excluding patient 17, for whom we have no 
systemic data, n = 22. 
Abbreviations: CF, clinical features; BCVA, best corrected visual acuity.
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(Met390Arg) homozygotes had worse visual acuity than 
did the patients with the other BBS1 subtypes.

Regarding BBS7, all of our patients carried homozy-
gous mutations in p.(Thr211Ile) and had more severe 
ocular and systemic phenotypes than did the patients 
with BBS1, as a whole. This finding is consistent with 
previous research,2 in which it has been suggested that the 
BBS7 phenotype severity results from the intrinsic role 
that the BBS7 protein plays as part of the BBSome core. 
Hence, the phenotypical difference might be accounted for 
by the particular functions of each protein group.2,23 Yet, 
there are studies were BBS7 patients present mild 
phenotypes.24

Compared to BBS2, BBS7, and BBS9, BBS1 has been 
associated with a low occurrence of renal anomalies.2 

Conforming to these findings, we observed renal anoma-
lies in 50% of our patients with BBS7, while it was seen in 
only 27% of the patients with BBS1. It is worth noting that 
when analyzing specific BBS1 mutations, renal anomalies 
were much more frequent in individuals who were homo-
zygous for the p.(Glu549*) mutation and in compound 
heterozygotes with the p.(Glu549*) and p.(Met390Arg) 
mutations. This tendency leads us to believe that the type 
of mutation within a specific BBS variant might have an 
impact on phenotype severity. However, further analyses 
are needed if we want to fully explore this observation. 
Interestingly, although we cannot draw formal conclu-
sions, because of the small sample size, the frequencies 
of all the primary characteristics of BBS were similar in 
BBS7 and BBS1 patients, with both possessing at least one 
p.(Glu549*) mutation.

Previous studies23 suggest that BBS might have 
a triallelic mode of inheritance, which might explain why 
some patients carrying an additional heterozygous BBS 
mutation end up with a more severe phenotype. Of note, 
the subject displaying the largest number of BBS charac-
teristics in our study was harboring three BBS mutations. 
Nonetheless, one of the patients who also had an addi-
tional mutation did not meet the criteria for a clinical 
diagnosis of BBS.

Additionally, a significant number reported having had 
childhood asthma, skeletal issues such as scoliosis, and 
hearing problems. Childhood epilepsy and Hirschsprung’s 
disease were also reported.

Some major limitations in our study are the low num-
ber of patients and the use of a phone questionnaire for 
data collection.

Conclusion
In conclusion, our study provides the first detailed genotype– 
phenotype analysis of the Bardet–Biedl syndrome in Puerto 
Rico. The tendencies observed should encourage the prompt 
medical management and careful health monitoring of patients 
with the p.(Glu549*) BBS1 mutation, since they tend to 
develop a worse systemic phenotype—similar to what is 
seen with BBS7—and usually have an earlier onset of ocular 
symptoms. Furthermore, by comparing the clinical character-
istics of p.(Glu549*) homozygotes, (Met390Arg) homozy-
gotes, and compound heterozygotes, our investigation brings 
attention to the possible phenotypical differences between 
BBS1 variants.
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