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Bardet-Biedl syndrome (BBS) is a rare pleiotropic inherited disorder known as a ciliopathy. Kidney disease
is a cardinal clinical feature; however, it is one of the less investigated traits. This study is a comprehensive
analysis of the literature aiming to collect available information providing mechanistic insights into the
pathogenesis of kidney disease by analyzing clinical and basic science studies focused on this issue. The
analysis revealed that the syndrome is either clinically and genetically heterogenous, with 24 genes
discovered to date, but with 3 genes (BBS1, BBS2, and BBS10) accounting for almost 50% of diagnoses;
genotype-phenotype correlation studies showed that patients with BBST mutations have a less severe
renal phenotype than the other 2 most common loci; in addition, truncating rather than missense muta-
tions are more likely to cause kidney disease. However, significant intrafamilial clinical variability has been
described, with no clear explanation to date. In mice kidneys, Bbs genes have relative low expression
levels, in contrast with other common affected organs, like the retina; surprisingly, Bbs1 is the only locus
with basal overexpression in the kidney. In vitro studies indicate that signalling pathways involved in
embryonic kidney development and repair are affected in the context of BBS depletion; in mice, kidney
disease does not have a full penetrance; when present, it resembles human phenotype and shows an age-
dependent progression. Data on the exact contribution of local versus systemic consequences of Bbs
dysfunction are scanty and further investigations are required to get firm conclusions.
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ardet—Biedl syndrome (BBS) is a rare inherited

disorder with an estimated incidence of 1 in
160,000 live births. Primary features include rod—cone
dystrophy, postaxial polydactyly, obesity, learning
disabilities, and renal anomalies.' Clinical variability
is high among patients, and several secondary features
have been described, such as behavioral abnormalities,
ataxia, hypertonia, orodental anomalies, heart defects,
and Hirschsprung disease.” The diagnosis is established
by clinical findings, based on criteria established by
Beales et al.” Considering that several clinical manifes-
tations occur over time, the clinical picture is rarely
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complete during infancy, making difficult to get an
early diagnosis. Beales et al. showed that the average
age at diagnosis was 9 years, while the mean age at
symptoms onset was 3 years.2 Typically, the natural
history is characterized by normal prenatal develop-
ment. When present, prenatal abnormalities consist of
polydactyly and less commonly genitourinary anoma-
lies.>* During infancy, speech delay, poor coordina-
tion, and other developmental delays are quite
common, and 70%-86% of patients develop obesity
by 3 years of age.” Visual impairment occurs much
earlier than nonsyndromic retinal degeneration condi-
tions; patients present with night blindness when
they are 5-10 years of age and show progressive visual
impairment during the following decades."” While
polydactyly/syndactyly, retinal dystrophy, and
obesity have a quite high penetrance, kidney dysfunc-
tion is much more variable. Functional renal abnormal-
ities range from urinary concentrating defect to end-
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stage renal disease (ESRD).” ° The largest BBS cohort
study has shown that 31% and 42% of pediatric and
adult subjects, respectively, had stage 2—5 chronic kid-
ney disease (CKD).]O Kidney structural abnormalities
were even more common and included cysts, fetal
lobulation,  calyceal clubbing/blunting, kidney
dysplasia, horseshoe kidneys, and vesicoureteral
reflux. ESRD has been described in 8% of patients.'
Children that reached ESRD did so before 5 years of
age, and children that developed any stage of CKD
were diagnosed before 10 years of age.m The others
may either develop CKD during adulthood or have sta-
ble kidney function. It is not excluded that kidney dis-
ease progression may be affected by the combination of
structural abnormalities and common risk factors, such
as obesity and hypertension, which are more common
in patients with BBS than in the general population.''

Genetics of BBS

Traditional linkage analysis conducted on Bedouin
families led to the identification of the first chromo-
somal disease locus (BBS2).'” Soon after, a second locus
(BBSI) was described, through a genome-wide scan of
31 North American families.'” Subsequent studies
identified the third and fourth loci (BBS3 and
BBS4).14'15 At least 6 loci were mapped when the first
BBS gene was discovered.'® Given the clinical analogies
between BBS and McKusick—Kaufman syndrome, the
investigators hypothesized that the gene causing
McKusick—Kaufman syndrome would also cause BBS.'°
Notably, several other BBS genes were later implicated
in other ciliopathies and vice versa; for example,
CEP290/NPHP6 mutations are associated with BBS and
other ciliopathies, such as Meckel-Gruber, Joubert,
Senior—Lecken, nephronophtisis, and Leber congenital
amaurosis syndromes.'' The advent of next-generation
sequencing has led to the discovery of an increasing
number of pathogenic loci; to date, up to 24 genes have
been described'”'” '? (Supplementary Table S1). BBSI,
BBS2, and BBSIO are the most commonly mutated
genes and account for almost 50% of diagnoses. Some
genes have greater ethnic specific frequency than
others and some genetic variants have shown cluste-
rization. In the Northern European population,
BBSIM390R and BBS10 C91LfsX5 are the most common
alleles, while Middle Eastern and North African in-
dividuals have a high frequency of BBS4, BBS5, and
TTC8 mutations.”” Traditionally, BBS is considered an
autosomal recessive condition; given the intrafamilial
clinical variability, an oligogenic inheritance has been
suggested.”' Zaghloul et al.”” provided some evidence
supporting the hypothesis that BBS could be inherited
as a multilocus disease.”” This hypothesis did not find
confirmation in subsequent studies,”’ and to date

1404

E Marchese et al.: Kidney Disease in BBS

homozygous mutations are considered sufficient to
determine the syndrome. Whether additional variants
may affect the severity of clinical presentation remains
a possibility.

Correlation Between Genotype and Renal
Phenotype in Patients With BBS

The accurate estimation of genotype—phenotype cor-
relation requires large sample size,”* which limits the
possibilities to get firm conclusions in rare disorders.
This analysis of patients with BBS is further
hampered by high genetic heterogeneity. Some case
studies and a recent metanalysis have addressed this
issue. Kidney disease is undoubtedly highly wvari-
able.”””** Independent studies indicate that patients
with BBSI mutations have a mild renal (and extra-
renal) phenotype.”” ** The reason is unclear. The
high prevalence of the missense BBSIM390R, a
“hypomorphic” variant, may impact this finding;
however, in vitro studies suggest that the absence of
BBSI1 has a minimal effect on the formation and the
stability of the BBSome, the multiprotein complex
consisting of BBS1 and other BBS proteins.”
Conversely, some studies suggest that patients car-
rying mutations in chaperonin-like proteins, as BBS6,
BBS10, and BBSI2, have a more severe renal
phenotype. Imhoff et al.”' analyzed a French cohort
consisting of 33 patients with BBS, showing that
those harboring mutations in these 3 genes displayed
more severe kidney disease than patients with
BBSome component defects.”’ A subsequent study
conducted in 350 patients with BBS confirmed that
patients with BBSI10-mutated disease are more likely
to develop CKD than patients with BBSI-mutated
disease, especially in the presence of truncating
mutations.

A recent metanalysis has assembled the data of 85 of
the most relevant published articles describing both
the genotype and the phenotype of patients with BBS,
which has led to the creation of the largest cohort,
accounting for 899 individuals.”’ The study concluded
that: 1) renal anomalies have a higher incidence in
patients with BBS2, BBS7, and BBS9 (the core of the
BBSome) mutations compared with other BBSome
components (BBSI, BBS4, and BBS8/TTCS); 2) patients
with mutations in BBSI have a lower incidence of renal
anomalies than the other most common BBS genes,
namely BBS2 and BBSI10, and that this effect is inde-
pendent on the high incidence of the M390R variant;
and 3) patients with BBS3/ARL6 mutations have a low
rate of kidney disease and cognitive impairment. The
study also confirmed previous analyses suggesting that
truncating mutations are significantly correlated with
higher disease severity than missense mutations.

Kidney International Reports (2020) 5, 1403-1415
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BBS Expression Profiles in Organs and Tissues
Data on the spatiotemporal expression pattern of BBS
genes are scanty.

Recently, Patnaik et al.”* examined the expression
profile of Bbs genes in mouse at baseline and after
specific Bbs gene depletion.™ In this study, the authors
analyzed the relative mRNA abundance of either Bbsl,
Bbs2, Bbs4, Bbs5, Bbs7, Bbs8, Bbs9, or BBIP10/BbslS8,
which are known to form a complex named BBSome,
and of Bbs6, BbslO, and Bbsl2, encoding for
chaperonin-like proteins. Interestingly, BBSome com-
ponents were differentially expressed among tissues.
Their expression pattern was similar in the brain and
the kidney, showing no significant difference
compared with the internal standard, except for Bbsl,
the only overexpressed gene in the kidney. In contrast,
most BBSome components were overexpressed in the
retina.”” The expression levels of chaperonine-like Bbs
proteins were less variable across tissues. Bbsl0 and
Bbs6 were constant in all analyzed tissues, while Bbs12
showed lower expression in brain and kidney and
higher expression in the spleen, oviduct, and retina. In
mice lacking Bbs8, one of BBSome components, a sig-
nificant reduction of most BBSome mRNA levels was
observed in several organs, including the retina and
the heart. Interestingly, Bbs7 expression was down-
regulated in all tissues analyzed and it was the only
BBSome component downregulated in the kidney and
brain. In contrast, Bbs8 depletion had a minor effect on
the expression levels of chaperonin-like proteins. Of
note, Bbs8 depletion resulted in a similar behavior of
BBSome components in the kidney and brain and of
chaperonin-like transcripts in the brain and retina,
respectively. Knocking down Bbs6 in mice did not
have a significant effect on either BBSome and
chaperonin-like protein transcription. The overall
study indicated that Bbs genes show a relative low
expression in the kidney at baseline and that the
depletion of Bbs8 resulted in the downregulation of
other Bbs components in the retina but not in the
kidney.

Previous studies analyzed dynamic changes of Bbs
expression during different developmental stages in
mice. Bbs6 showed a prominent expression during
embryogenesis, especially in the heart, brain, retina,
limb buds, and neural tube. The analysis of protein
levels showed a detection in ciliated epithelial cells of
renal tubules, retina, and olfactory epithelia.”® Simi-
larly, Bbs4 protein was detectable during embryogen-
esis, at embryonic day 16, in the pericardium and in
the epidermal layer surrounding the digits, while in
adult mice it localized to the hippocampus and dentate
gyrus, the epithelial cells of bronchioles, the retina, and
chondrocytes.”” Nishimura et al.”® performed a
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Northern blot analysis showing that the Bbs2 expres-
sion profile was detectable early during mouse
embryogenesis; in adult mice it showed a variable
abundance among tissues, with a prevalence in the
heart, brain, kidney, testes, and eye. Similar findings
were described for Bbs8 expression, with high levels
during embryogenesis. At embryonic days 14 and 16 it
was detected in the telencephalon, the developing
ependymal cell layer, and the olfactory epithelium. In
adult mice, Bbs8 localized to maturing spermatids, the
retina, and bronchial epithelial cells.”” The wide
expression profile of Bbs in embryonic mice suggests a
role in organ development; in accordance with this
finding, several structural abnormalities, with a vari-
able penetrance, have been described in humans and
mice. However, it is hard to interpret whether organs
that are rarely affected, such as the heart, show a high
genetic expression in embryos.

Subcellular Localization of BBS Proteins

The physiological role of BBS proteins has remained
unclear for a long time. In 2003, Ansley et al.” for the
first time localized the product of BBS genes to ciliated
structures. In this study, they showed that Bbs8
localized to the connecting cilium of the retina and to
the columnar epithelial cells in the lung.39 One year
later, Kim et al.”’ showed that Bbs4 localized to the
centriolar satellites of centrosomes and basal bodies of
the primary cilia (PC) region; a similar localization was
later found for Bbs5, in mouse and Caenorhabditis ele-
gans.’ The centrosome is the main microtubule-
organizing center of mammalian cells. It is composed
of mother and daughter centrioles and of a surrounding
protein matrix. In proliferating cells, centrosomes co-
ordinate spindle pole formation and cytokinesis; in
quiescent cells, the centrosome migrates toward the cell
surface, where the mother centriole forms the basal
body, consisting of the nucleation site of the PC."'
However, the presence of a PC is incompatible with
cell division, presumably because the basal body must
be released from the cell surface to play its role in
mitosis. Since the first studies of Ansley et al.”® and
Kim et al.,”’ several BBS proteins have been localized to
the basal body of the PC.

MKKS/BBS6 was found at the PC level in different
mammalian cell lines, including human HeLa, murine
inner medullary collecting duct, and murine embry-
onic fibroblasts, with a cell cycle-dependent localiza-
tion.”” BBS2, BBS5, and BBSI3/MKSl showed
colocalization with basal body markers, as gamma-
tubulin.” Interestingly, several BBS proteins, espe-
cially BBSome components, such as BBS1, BBS4, and
BBS5, have also been detected along the PC.”’ As with
BBS6, other chaperonin-like BBS proteins, BBS10 and
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BBS12, showed centriolar/basal body localization in
different cell lines, while they have never been detec-
ted along the PC."* As ciliogenesis and the cell cycle are
intimately linked, it is not excluded that Bbs proteins
may play a role in mediating the cross-talk between
both biological processes and to ensure the correct
switch between them.

Further studies demonstrated an extra basal body
localization of BBS proteins. BBS8 and BBS9 showed a
cellular peripheral distribution resembling actin linear
filament in nonconfluent murine inner medullary col-
lecting duct cells, even though no colabeling with F-
actin was detected.”” Bbs2 localized to actin-rich
structures in developing hair cells in the cochlea and
epithelial cells of the choroid plexus.”® Recent studies
have shown a nuclear localization of BBS7 in murine
embryonic fibroblast cells.”” In addition, Bbs4 product
has been localized to the endoplasmic reticulum during
early adipogenensis differentiation, at either basal
condition and after stressing conditions.”® Taken
together, these studies indicate that BBS gene products
have also extra—basal body/centrosome localization,
suggesting possible extraciliary functions.

Putative Links Between BBS Defective Function
and Kidney Disease
Defective Trafficking of Ciliary Proteins
BBS proteins participate to primary cilia-related func-
tions. They have been shown to form 2 multiprotein
complexes: the chaperonin complex and the BBSome, as
stated above. The chaperonin complex together with
CCT/TRiC chaperonins mediate BBSome assembly.w
The latter is a highly conserved complex whose
main function is mediating vesicular trafficking of
membrane proteins to the PC. Studies conducted in
several BBS mouse models demonstrate that the
depletion of Bbs does not significantly impact PC for-
mation. In the retina, cilia formation is not impaired in
several BBS-mutant mice, even though over time a
progressive retinal degeneration with loss of photore-
ceptors has been described,” suggesting that they are
not required for global cilia assembly but are crucial for
the regulation of cilia maintenance and, possibly, for
the definition of PC ultrastructure. Also, in Bbs1"**%/
M3%R knock-in mice, a model mimicking the most
common BBSI mutation in humans, the outer segments
of photoreceptors are initially present and then
degenerate over time.’” Several studies addressed the
effect of Bbs depletion on PC formation along the renal
epithelium. Except for Bbs4 null mice, which display
shorter PCs that become longer over time, studies
conducted in several Bbs knockout (KO) mouse models
show that PC is generally present in renal epithelial
cells (Table 1).”"° Independent in wvitro studies,
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however, show that Bbsl0-, Bbs4-, Bbs6-, and Bbs9-
depleted cell models show a reduction of the number of
ciliated cells and of PC length.”*”*!

Many transmembrane proteins, including the G
protein—coupled receptors Smoothened (Smo) and
GPR161, involved in the sonic hedgehog signalling
(Shh), require a functional BBsome for correct PC tar-
geting.®” In cultured cells, the transcriptional output of
the Shh pathway is in fact reduced’’ and Smo levels in
cilia are frankly decreased”’ in cases of BBSome defi-
ciency. Accordingly, Bbs gene depletion in mice
resulted in cilia accumulation of Smo and Patched 1,
the sonic hedgehog receptors, and showed a decreased
Shh response.”’ Shh signalling is a developmental
pathway that plays a pivotal role in kidney organo-
genesis,”’ and the deletion of Shh leads to several
structural abnormalities.”” Recent studies have shown
that the pathway is reactivated in adult mice after
kidney injury.66 The signalling is also impaired in
conditions of IFT27/Bbsl9 and LZTFL1/BbS17
deficiency.”’

Whether BBS proteins are required for the correct
PC targeting of polycystins is unclear. Polycystins 1
and 2 are transmembrane proteins triggering intracel-
lular signalling pathways in response to fluid flow
changes.”® The proteins are the product of the major
genes causing autosomal dominant polycystic kidney
disease, the most common inherited renal cystic dis-
order. Su et al.”” showed that BBS1, BBS4, BBS5, and
BBS8 interact with PC1, and that BBS1 depletion led to
polycystin mislocalization. In contrast, Zhang et al.”
showed that while BBS7 is required for several pro-
teins targeting the PC membrane, as dopamine D1 re-
ceptor, it is not for polycystins, opening a debate on
the role of BBS proteins in their PC trafficking. This is
only in part surprising. While autosomal dominant
polycystic kidney disease and BBS share some simi-
larities, given that are both associated with a
dysfunctional PC, these disorders have several differ-
ences. Autosomal dominant polycystic kidney disease
is characterized by a typical cystic phenotype, with
progressive enlarging kidneys leading to ESRD in
adulthood; extrarenal disorders are generally much less
significant than kidney disease. BBS is, instead, more
similar to syndromic developmental disorders, as Se-
nior—Lecken, Joubert, and Meckel-Gruber syndromes,
with a less severe renal cystic phenotype and a more
common fibrocystic kidney phenotype.”’ Of note,
syndromic recessive ciliopathies, such as BBS, show
abnormal trafficking from and toward the PC, resulting
in impaired PC structure, composition, and signalling.
PC removal from kidney tubules resembled these last
disorders, showing a cystic phenotype progressing
with a slower rate than the Pkdl model. Surprisingly,
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Table 1. Renal and extrarenal phenotypes of murine models of Bardet-Biedl syndrome

Murine models

Bbs4~/~ mice

Bbs4~’~ mice

Bbs2~/~ mice

Bbs6~"~ mice

Bbs4~/~ mice

Bbs2~’~ mice

Bbs] M390R/M390R
mice

Bbs7~/~ mice

Bbs3~/~ mice

Bbs127/~ mice

Bppil0~/~ mice

Bbs10~/~ mice

Bbs10™; Cadh16-

Cre*’~

Extrarenal phenotypes

Obesity, refinal degeneration, and hypertension

Obesity, metabolic syndrome, anosmia,
perinatal lethality, male infertility,
hydrometrocolpos, and neural fube defects
Obesity, refinal degeneration, liver lipids
accumulation, and male infertility

Obesity with hyperphagia and decrease of
locomotory activity, hypertension, anosmia,
male inferfility, and social dominance defects

Previously described by Mykytyn ef al.°'
Previously described by Nishimura ef a/.>®

Obesity, elevated blood levels of leptin, refinal
degeneration, male inferfility, veniriculomegaly,
thinning of cerebral corfex, reduction in size of
the corpus stfriatum and hippocampus, and high
heart rates without hypertension
Obesity, hyperlepfinemia, refinal degeneration,
venfriculomegaly, thinning of cerebral cortex,
and reduction in size of the corpus sfriafum and
hippocampus
Increase of fat mass without overt obesity, retinal
degeneration, hydrocephalus, hypertension, and
high heart rates
Obesity with hyperphagia, hyperleptinemia,
enhanced insulin sensitivity, and retinal
degeneration
Obesity with hyperphagia, refinal degeneration,
and male infertility
Obesity, hyperleptinemia, hyperphagia, and
refinal degeneration

Absent for molecular strategy

Major renal histologic features
Not described

Tubular cystic lesions (data not shown)

Inflammatory infiliration and multiple
cysfs on hematoxylin and eosin
staining of 5-mo-old mice
Not described

Inflammatory infiltration in 12-wk-old
mice and lafer onset of glomerular cysts
Inflammatory infiliration with no cysts in

12-wk-old and 40-wk-old mice
Absence of renal cysts (data not
shown)

No cystic lesions on histologic analysis

Not described

No defectable siructural abnormalities
on toluidine blue staining in 16-wk-old
mice
Not described

Reduction of glomerular basement
membrane thickness, absence of
primary and secondary podocyte
sfructures, and intracytoplasmic

inclusions in 12-wk-old mice

No abnormalities on TEM analysis in
12-week-old mice

Renal tubular epithelial cells’ PC

The PC is present but has different
length than control mice (shorter since
day 7 of culture but longer between
days 7 and 10) on
immunocyfochemistry and TEM
analysis
Not described

The PC is present but appears fapered
compared with WT on TEM analysis

The PC is normal in number and size
on TEM analysis in young mice

Not described
Not described

Not described

Normal in number and size on
immunofluorescence studies

Normal in number and size on
immunofluorescence studies

Not described

Not described

Normal in number and size on TEM
analysis

Normal in number and size on TEM
analysis

Reference(s)
Mokrzan et al.°° and Mykytyn ef al.°!

Eichers ef a/.%

Nishimura ef a/.>®

Fath et al.%®

Guo et al.®*

Guo ef al.®*

Davis ef al.>®

Zhang ef al.*®

Zhang et al.®’

Marion ef al.%®

Loktev and Jackson®®

Cognard ef al.%°

Cognard ef al.%°

PC, primary cilia; TEM, transmission electron microscopy; WT, wild type.
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Table 2. List of biological functions of Bardet-Biedl syndrome proteins
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Biological functions of
BBS proteins

Ciliary trafficking

Endosomal frafficking

Cytoskeleton
organization

Cell division

Regulation of
profeasomal activity

ER stress response

Regulation of gene
expression

Description
BBS1, BBS4, BBS5, and BBS7 mediate the frafficking of several GPCRs, including Smo and GPR161, fo the PC;
BBS1 and BBS3 target polycysfin 1 and 2 to the PC
BBST and BBS4 are required for delivering Notch receptor to the plasma membrane via endosomal frafficking

BBS4, BBS6 and BBSS regulafe acfin polymerization by modulation of RhoA acfivity; BBIP10/ BBS18 is required for cytoplasmic  Hemnandez-Hernandez ef al.*®
MT polymerization and acetylation

BBS4 and BBS6 depletion cause cytokinesis defects and produce multinucleate/multicentrosomal cells
BBS4 interacts with the proteosomal subunit RPN10BBS11/TRIM32, an E3 ubiquitin ligase promoting several target degradation

BBS4 is localized fo the ER and participates in UPR activation through regulation of ATF6e. and IRETo

BBS7 enters the nucleus and interacts with the chromatin remodeler RNF2, regulating the transcription of its target genes; BBS1—
6 and BBS9-11 possess NESs, suggesting a possible nuclear localization in mammalian cells

Reference(s)
Zhang et al,*° Berbari et al.,®?
and Su ef al.®
Leitch ef al.”'
and Loktev ef al.”?
Kim ef a5’

Zhang et al.*°
and Gerdes ef al.”®
Anosov and Birk*®

Gascue ef al.*’

ER, endoplasmic reticulum; GPCR, G protein—coupled receptor; MT, microtubule; NES, nuclear export signal; UPR, unfolding protein response.

PC abrogation in Pkdl and Pkd2 models blocked cyst
growth, suggesting a multimodal pathogenesis of cystic
disorders, which is presumably distinct between
autosomal dominant polycystic kidney disease and
other ciliopathies.70

Defective Extraciliary Trafficking and Proteosomal
Activities

Recently, some studies have demonstrated extraciliary
roles of BBS proteins, including cytoplasmic trafficking
and proteasomal activities (Table 2).71 7 Interestingly,
either Shh, Notch, and Wnt signalling are evolution-
arily conserved signal transductions required for
several embryonic organ developments in animals and
are all regulated via proteasomal regulation.”*”” The
aberration of these pathways in BBS models may be at
least in part the result of proteosomal defects. Leitch
et al.”' showed that Bbsl and Bbs4 are required for
delivering Notch receptors to the plasma membrane via
endosomal trafficking. During embryonic kidney
development, Notch establishes proximal tubular
epithelial cell fate and cell type specification in the
renal collecting system. In the adult kidney, Notch has
low expression levels at steady state, while it is
increased in several pathologic conditions.”® After
binding its ligand, Notch receptor undergoes proteo-
lytic clivage and the Notch intracellular domain
translocates to the nucleus to regulate the transcription
of downstream targets. Inactive Notch receptor un-
dergoes endosomal sorting for either degradation or
recycling to the plasma membrane.”” In their study,
Leitch et al.”' showed that loss of Bbsl or Bbs4 resulted
in the upregulation of Notch signalling both in trans-
genic zebrafish Notch receptor cell line and in human
cultured cells. The disruption of Bbsl and Bbs4 led to
the reduction of Notch receptor localization to the
plasma membrane and to the PC, with a dramatic
accumulation in late endosomes that overwhelmed
lysosome capacity, leading to incomplete degradation.
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The impaired receptor recycling to the membrane,
without disrupting endocytosis, resulted in increased
accumulation to late endosomes, from where active
intracellular domain may be produced, eventually
increasing the signalling.71

BBS3 encodes the small Arf-like guanosine triphos-
phatase Arl6, which mediates BBSome recruitment to
membranes via BBS1 interaction. This process precedes
BBSome sorting of specific cargoes to cilia.”’ BBS3
modulates Wnt signalling.”® The latter consists of a f3-
catenin—dependent (the canonical Wnt pathway) and 2
B—catenin—independent (the noncanonical Wnt/planar
cell polarity [PCP| pathway and the calcium signalling
pathway) signalling pathways. The canonical and PCP
signalling pathways are the best studied in the context
of kidney development and disease. Both pathways
regulate kidney morphogenesis and are involved in
kidney repair.””® To date the relationship between
Wnt pathways and PC dysfunction in cystogenesis is
controversial.”'**” The first evidence of a possible link
between BBS and Wnt signalling aberration arises from
the observation that knocking down Bbsl, Bbs4, and
Mkks resulted in a hyperactive Wnt response in
cultured mammalian cells. Gerdes et al.”” showed that
Bbs proteins regulate Wnt signalling by selective pro-
teolysis of Wnt components. They demonstrated that at
baseline, Bbs4 interacted with RPN10, a proteosomal
subunit, and modulated P-catenin degradation. So,
when Bbs4 is depleted this interaction fails and a sta-
bilization of cytosolic B-catenin is observed.”’ Inter-
estingly, depletion of Bbsl, Bbs4, and Bbs6 in mice
recapitulated several phenotypic manifestations of PCP
mutant mice, such as neural tube defects, perturbation
of cochlear stereociliary bundles, and disruption of
convergent extension movements.®’ In addition, Wiens
et al.”® showed that overexpression of BBS3/arl6 in
inner medullary collecting duct cells improved cilia
resorption followed by hyperactive Wnt response. An
additional piece of evidence indicating a role of BBS

Kidney International Reports (2020) 5, 1403-1415
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proteins in proteosomal activities is the finding that
BBS11/TRIM32 is an E3 ubiquitin ligase, promoting
degradation of several targets.84

Aberrant Cytoskeleton Regulation and Cell Division
Actin cytoskeleton regulation has been shown to be
crucial in kidney development; its defect has been
associated with the pathogenesis of kidney dysplasia
and cysts formation, common abnormalities in patients
with BBS.**° BBS4, BBS6, and BBS8 have been shown
to regulate actin polymerization. In primary kidney
cells, when these proteins are absent or their levels are
reduced, actin cytoskeleton appears disorganized, with
an increased amount of focal adhesions and a colocali-
zation of BBS8 and BBS9 with vinculin. Down-
regulation of BBS4 and BBS6 also affected cilia, which
appear shortened.”’” Accordingly, BBIP10/BBSI8, a
recently discovered BBSome subunit, is required for
cytoplasmic microtubule polymerization and acetyla-
tion. Interestingly, BBIP10 interacts physically with
HDAC6 and promotes microtubule acetylation by
inhibiting HDAC6 activity in a BBSome-independent
manner.”” Recently, Guo et al.®’ reported that fibro-
blast cells derived from mice and humans harboring
the BBS1™”*® variant displayed defects in migration
and wound healing, suggesting that BBsome may have
a role in cell motility and tissue repair.

CCDC28B (MGC1203) was identified as a second site
modifier of BBS, encoding a protein of unknown
function. Depletion of Ccdc28b in zebrafish resulted in
defective ciliogenesis and recapitulated several clinical
manifestations of patients with BBS, including renal
dysfunction. Recently, Cardenas-Rodriguez et al.*
showed that CCDC28B regulate cilia length through
interaction with SN1, a subunit of mammalian target of
rapamycin complex 2 (mTORC2), by affecting its as-
sembly/stability. Given that mTORC2 is involved actin
regulation (and as a consequence in cell morphology
and polarity), while BBS participate to the PCP
pathway, the authors argue whether impaired mTORC2
signalling could exacerbate a PCP-dependent pheno-
type.*® In addition, indirect data suggest a connection
between BBS and mTOR signalling; the kidney cystic
phenotype in a zebrafish model of BBS was rescued by
culturing embryos with the mTOR signalling inhibitor
rapamycin.89

Ciliogenesis and cell cycle are intimately linked, and
in fact cilia mutant cells commonly show abnormal cell
division, with defective mitotic spindle formation.”
BBS6 knockdown in COS-7 cells resulted in impaired
cytokinesis, with cells that remained attached to one
another by thin cellular bridges. Similarly, the loss of
Bbs4 resulted in binucleate or multinucleate cells,
suggesting that BBS4 is required for cell division.
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Impaired Transcriptional Regulation

Recent evidence suggests that BBS proteins have a role
in transcriptional regulation. Consistent with this,
several BBS proteins are predicted to possess nuclear
export signals, suggesting their possible detection in
the nuclei of mammalian cells.”””" The effective nuclear
localization has been proven only for BBS7. In addition,
BBS1, BBS2, BBS4, BBS5, BBS6, BBS7, BBS8, and BBS10
interact with RNF2, a chromatin remodeler of the pol-
ycomb group, suggesting their role in the regulation of
gene expression. Depletion of BBS4 and BBS7 result in
an increase of RNF2 protein levels."’

These findings provide several possible molecular
aberrations that may participate in the pathogenesis of
kidney disease in BBS (Figure 1); however, their exact
contribution is currently unknown.

Major Experimental Models of BBS: Focusing
on Kidney Disease

Transgenic mice offer the striking opportunity to study
the effect of genetic mutations in a systemic and real-
istic context.”” To date several mice models recapitu-
lating most human BBS clinical features, especially
cardinal features, have been developed (Table 1).
However, some features show variable expression. This
is the case with polydactyly, one of the most common
findings in patients with BBS,” since it has never been
described in mice models of disease.

In 2004, Mykytyn et al.’’ described a Bbs4 KO
mouse model showing major human features. The mice
were smaller than their littermates up to 3 weeks of age;
they became obese when adults. The renal phenotype
consisted of cysts that developed at 6 months of age
without specific tubular segment localization. At
microscopic levels, PC in both trachea and cultured
kidney epithelial cells was present but showed
different lengths when compared with control mice.”’

Eichers et al.”” characterized another Bbs4 KO
model (Bbs47/ ~), confirming the presence of obesity
and retinal dystrophy. At 6 months of age, mice
displayed cystic kidney, predominantly at tubular
rather than glomerular levels. Of note, not all
newborn Bbs4 /™ mice displayed a complete pheno-
type, in accordance with the interfamilial variability
observed in patients.”

Bbs2~/~ mice characterized by Nishimura et al.”
developed obesity and retinal degeneration and males
failed to synthesize spermatozoa flagella. Polycystic
kidney disease was described as a not fully penetrant
feature in this model. When present, mutant mice
displayed bilateral multicystic kidneys with cysts in
the urinary space surrounding glomeruli.”®

In 2005, Fath et al.”’ described the phenotype of
Mkks/Bbs6 KO mice, showing that it closely resembled
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Figure 1. Putative abnormal signalling pathways contributing to the pathogenesis of kidney disease in Bardet-Biedl syndrome (BBS). (a) Sonic
hedgehog (Shh) signalling: upon binding of Hh to Patched1 (Ptch1), Smoothened (Smo) is released from Ptch1 and accumulates in the primary
cilia (PC). In the PC, Smo induces translocation of Gli activated (GliA) proteins to the tip of the PC by intraflagellar transport. The BBSome, via
BBS3/arl6, regulates ciliary trafficking of Gli proteins. GliAs translocate to the nucleus and regulates the transcription of several Shh target
genes. Notch signalling: Notch receptor undergoes endosomal sorting for either degradation or recycling to the plasma membrane. Plasma
membrane recycling requires BBS1 and BBS4. After binding its ligand, Notch receptor undergoes clivation and the Notch intracellular domain
(NICD) translocates to the nucleus and regulates the transcription of downstream targets. Mammalian target of rapamycin (mTOR) signalling:
CCDC28B interacts with several BBSome components. It is a positive regulator of mTorc2 activity by binding directly SN1 and affecting mTorc2
assembly/stability. Rapamycin treatment inhibited mTOR signalling and rescued renal cystic phenotype in a BBS zebrafish model. (b) Wnt
signalling: several Wnt signalling components localize to the basal body of the kidney PC, including inversin, dishevelled, and Fat4. Knockdown

of several BBS results in overactivation of WNT signaling.

the phenotype of previously described mice. However,
the phenotype was less severe and retinal degeneration
appeared later. Polydactyly and kidney defects were
not described. The PC of kidney epithelial cells were
normal in density and size.”’

In 2010, Guo et al.”* compared renal histology of
different BBS mouse models. The extrarenal phenotype
was similar, except that hypertension was absent in
Bbs2™/~ mice and present in Bbs4 '~ mice. Histologic
analysis revealed that while Bbs2~/~ mice had minor
inflammatory infiltration, Bbs4 /~ mice exhibited age-
dependent glomerular cysts. Interestingly, calorie
restriction prevented the onset of both obesity and
kidney abnormalities, suggesting that systemic rather
than local BBS defects influence renal disease.”’ Davis
et al.” generated a BbsI™****/M**R knock-in mouse
model. Mice displayed obesity, retinal degeneration,
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male infertility, and decreased olfaction. There was no
evidence of any renal abnormality. Obesity was asso-
ciated with increase of food intake, elevated blood
levels of leptin, and decreased locomotor activity.55

Bbs7 KO mice showed most phenotypic aspects of
human disease, including obesity, retinal degeneration,
ventriculomegaly, thinning of the cerebral cortex, and
reduction of hippocampus and corpus striatum. They
did not show renal cysts or polydactyly.”

A Bbs3 KO mouse model developed some unique
features: increased fat mass without overt obesity and
hydrocephalus. Motile cilia of the ependymal cell layer
lining the cerebral ventricles were reduced in number.
Instead, PC from kidney, eye, and pancreas appeared
normal in size, number, and structure. In addition,
kidney development was not affected.”’ In 2012,
Marion et al.”® generated a BbsI2 KO mouse model.
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Mutant mice appeared smaller at birth compared with
wild-type mice but became obese later in life. Retinal
degeneration and structural renal abnormalities were
both detectable in adulthood. Hyperleptinemia,
another trait in common with humans,’”* was
observed.”®

Cognard et al.” generated either constitutive and
kidney-specific BbSI0 KO mice, the only kidney-
specific BBS mouse model described in the literature.
Interestingly, total Bbs10~/~ mice displayed obesity,
hyperleptinemia, and retinal degeneration. Electron
microscopy analysis revealed a significant decrease of
glomerular basement membrane thickness, with a lack
of primary and secondary podocyte structures. Cilia of
kidney epithelial cells were detected, suggesting that
BBS10 is not required for primary cilia biogenesis. In
addition, tubular epithelial cells were correctly polar-
ized, but showed large intracytoplasmic inclusions of
unknown significance. No cysts were detected. Func-
tional analysis revealed polyuria and hyposthenuria.”
Kidney-specific Bbs10 KO mice did not exhibit struc-
tural and/or functional kidney defects, suggesting that
systemic rather than local factors affect kidney func-
tion.”” Finally, Loktev et al.”® described the phenotype
of BBPI10/BBS18 null mice; obesity, hyperphagia,
retinal degeneration, and male sterility recapitulated
most human findings. No information on kidney
structure have been provided. In addition, a high
percentage of these mice did not survive until
weaning.59

In the last decades, zebrafish has become a key
model for studying organ development and disease and
to test new therapeutic approaches, given the low cost,
rapid development, embryonic transparency, easy
manipulation, and large fecundity rates.”® Several ad-
vances in kidney-related ciliopathies have been derived
from zebrafish studies.”’ Nevertheless, major studies on
zebrafish BBS models focused on developmental
extrarenal defects, in particular the morphogenesis of
the Kupffer vesicle, a ciliated organ essential for the
establishment of left-right symmetry,98 while rela-
tively few studies investigated kidney phenotypes.
The latter has been described in at least 4 BBS models.
BBS4, BBS6, and BBS8 knockdown resulted in kidney
cysts formation.® Interestingly, rapamycin and rosco-
vitine restored structural and functional kidney
anomalies, providing the first application of preclinical
treatment of kidney disease in zebrafish models of BBS.
Recently, Aldahmesh et al.”” generated a zebrafish
BBS19 (IFT27) model, recapitulating most BBS pheno-
types, including cystic kidney disease, that was
described in 36.1% of morphants, confirming the
absence of a full penetrance of kidney disease, similarly
to mice models.

60
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Conclusions

BBS is a pleiotropic disorder and kidney disease is
among the cardinal features; however, CKD severity
is variable, with some patients showing only mild
urine concentrating defects and others severe CKD
requiring dialysis or kidney transplant. Both the
rarity and the genetic heterogeneity of the disease
make difficult to get firm conclusions in term of
genotype—phenotype correlation; a recent metanal-
ysis suggests that patients with BBSI mutations have
a less severe renal phenotype than patients carrying
mutations in the BBSome core components and in the
most common BBS2 and BBSIO genes. Interestingly,
BBS genes have a relative low expression level in the
kidney compared with the retina. Whether genetic
expression may increase in specific stressing condi-
tion remains a possibility, demonstrated for some BBS
loci. Independent studies have shown that BBS pro-
teins participate to PC signalling, with a partial role
in overall PC formation and a crucial role in the
trafficking of ciliary proteins. Interestingly, extrac-
iliary functions have been shown and several sig-
nalling pathways involved in embryonic kidney
development and kidney repair are impaired in BBS-
depleted cell models.'”” The exact contribution of
these aberrations into the pathogenesis of kidney
disease requires further analysis. In vivo studies
suggest that kidney disease shows a not full pene-
trance; when present, kidney abnormalities resemble
defects observed in patients. These findings suggest
that factor(s) in addition to the biallelic BBS muta-
tions might be required for cysts formation and other
abnormalities. Whether comorbidities and/or addi-
tional genetic variants may serve as a “second hit”
phenomenon cannot be excluded. Little information
is available on the contribution of local versus sys-
temic factors in determining the onset and the pro-
gression of kidney disease because most animal
models are constitutive-total KO models.'”" Interest-
ingly, 2 studies indicate that systemic factors, i.e.
obesity and total rather than kidney-specific Bbsl0
deficiency, are associated with more significant kid-
ney impairment.87 In conclusion, intensive in-
vestigations have elucidated the major functions of
BBS proteins and have provided some clues to put
forward hypotheses on the pathogenesis of kidney
dysfunction; further studies are still needed to better
address the exact pathomechanism underlying kid-
ney disease.
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