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Abstract BBS4 is one of several proteins whose defects
cause Bardet-Biedl syndrome (BBS), a multi-systemic dis-
order, manifesting with marked obesity. BBS4 polymor-
phisms have been associated with common non-syndromic
morbid obesity. BBS4 obesity molecular mechanisms, and
the role of the BBS4 gene in adipocyte differentiation and
function are not entirely known. We now show that Bbs4
plays a direct and essential role in proliferation and adi-
pogenesis: silencing of Bbs4 in 3T3F442A preadipocytes
induced accelerated cell division and aberrant differentia-
tion, evident through morphologic studies (light, scanning
and transmission electron microscopy), metabolic analyses
(fat accumulation, fatty acid profile and lipolysis) and adipo-
genic markers transcripts (Cebpc, Ppary, aP2, ADRP, Per-
ilipin). Throughout adipogenesis and when challenged with
fat load, Bbs4 silenced cells accumulate significantly more
triglycerides than control adipocytes, albeit in smaller (yet
greater in number) droplets containing modified fatty acid
profiles. Thus, greater fat accumulation in the silenced cells
is a consequence of both a higher rate of adipocyte prolif-
eration and of aberrant differentiation leading to augmented
aberrant accumulation of fat per cell. Our findings suggest
that the BBS obesity might be partly due to a direct role of
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Introduction

Bardet-Biedl syndrome (BBS, MIM 209900) is a heteroge-
neous autosomal recessive disorder characterized by obesity,
pigmentary retinopathy, polydactyly, renal malformations,
mental retardation and hypogenitalism. A homozygous null
mutation in each of BBS genes (BBSI-17) is sufficient to
cause the entire BBS phenotype [1, 2]. Although BBS is
rare worldwide (<1/100,000), there is considerable interest
in BBS genes because components of the phenotype, such
as obesity, are common in the general population. The obe-
sity in BBS usually begins in early childhood and progresses
with age [2]. Obesity has been reported also in heterozygous
relatives of BBS patients, suggesting that BBS gene defects
might predispose to obesity in large cohorts [3]. Recently,
association of polymorphisms of BBS2, BBS4, and BBS6
with common obesity was reported [4] Several lines of evi-
dence show that BBS4 and other BBS genes have a role in
ciliary physiology [1, 2, 5-10]: in vitro studies showed that
BBS4 localizes to the centriolar satellites of centrosomes
and basal bodies and has a central role in recruiting cargo
to the centriolar satellites [6]. However, ciliary dysfunction
fails to explain BBS obesity. Furthermore, some newly dis-
covered BBS genes (BBS 9-12) do not show any intuitive
association with cilia [1]. Bbs2, Bbs4 and Bbs6 null mice all
develop most of the components of the human BBS pheno-
type including obesity [9-12]. However, to date, studies of
human BBS4 patients and null Bbs4 mice have not identified
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a specific mechanism and function of BBS4 in adipocytes.
BBS obesity could be attributed to abnormalities in body
composition, appetite and energy expenditure. However, the
resting metabolic rate in BBS patients is normal [13]. Sug-
gestions that BBS obesity may be related to dysfunction of
appetite regulation or to loss of specific hypothalamic neu-
rons involved in satiety, have not been substantiated with
experimental evidence. Recently, the contribution of hypo-
thalamic dysfunction was shown to partially contribute
to BBS obesity in Bbs2, Bbs4 null mice. However, despite
pair-feeding, both Bbs2 and Bbs4 null mice continued to
have increased adiposity compared with controls. Further-
more, Bbs null mice exhibit high circulating levels of leptin,
even at an early age before any difference in body weight
can be detected [14], which could be inductive of dysfunc-
tion of adipocytes. Recently it has been shown that, preobese
Bbs4 silenced mice responded to leptin and did not display
other phenotypes associated with defective leptin signaling.
This Indicates that cilia are not directly involved in leptin
responses and that a defect in the leptin signaling axis is not
the initiating event leading to hyperphagia and obesity asso-
ciated with cilia dysfunction [15]. These results indicate that
BBS obesity is not only a result of decreased satiety, but
might be mediated in part also by other mechanisms, such as
dysfunction or abnormalities of adipocytes. We have shown
previously that BBS genes are transiently expressed during
early adipogenesis [16]. This early expression was shown to
be involved in transient primary cilia mechanisms and adi-
pogenesis in BBS10 and 12 adipocytes [17]. These findings
indicate that both central and local/peripheral mechanisms
are involved in BBS obesity and that several different “obe-
sity” mechanisms are involved in different BBSs. Thus, fur-
ther studies are needed to elucidate the complete pathophysi-
ological mechanisms underlying obesity.

3T3-F442A preadipocytes are the most studied model
of adipocyte differentiation, and are the basis for much of
our knowledge regarding molecular pathways in adipocyte
differentiation and proliferation [18-21]. We previously
reported that Bbs genes are expressed in adipocytes, and
that transcripts of the different Bbs genes have a unique
and temporal expression pattern during adipogenesis in
3T3-F442A cells [16]. We now characterize the direct
role of Bbs4 in differentiation and function of adipocytes,
through generation and analyses of adipocytes in which
Bbs4 transcription is silenced.

Materials and methods
Cell culture

3T3-F442A preadipocytes were maintained as a sub-con-
fluent monolayer under controlled conditions as described
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previously [18, 19] (Dulbecco’s modified Eagle’s medium
with 10 % bovine serum and 1 % penicillin streptomycin—
PS; 5 % CO, at 37 °C). For adipocyte differentiation, post-
confluent cells were switched to standard differentiation
medium, which consisted of: Dulbecco’s modified Eagle’s
medium with 10 % Fetal Serum and 1 % PS supplemented
with 0.5 mM 3-isobutyl-1-methylxanthine (Sigma, USA),
0.25 pM dexamethason (Sigma, USA) and 10 pg/ml Insu-
lin (Lilly, France) for three days. After three days, the
medium was replaced by differentiation medium without
supplementation and the medium was changed every sec-
ond day thereafter.

RNA isolation and reverse transcription (RT)

Total RNA was isolated (TRI Reagent kit, MRC, USA)
[20, 21]. RNA was quantified (UV absorption, 260 nm) and
its integrity was tested by electrophoresis. cDNA was syn-
thesized (reverse transcriptase, Bioline, USA).

Quantitative real time PCR (QPCR)

Transcript levels were determined by QPCR (ABI PRISM
7000, Applied Biosystems, USA). Gene specific primers
were designed using primer express software (Applied Bio-
systems, USA). Primer sequences available upon request.
PCR protocol: 50 °C 2 min, 95 °C 10 min followed by 40
cycles of 95 °C 15 s, 60 °C 1 min. For each sample, results
were controlled to transcript levels of glyceralehyde-
3-phosphte dehydrogenase (GAPDH).

Cell counting

Cells (preadipocytes) were seeded (7,000/well), maintained
in growth medium [18, 19] and counted daily until conflu-
ence (hemicytometer) after trypsinization and Trypan blue
staining.

Bbs4 RNA interference (RNAi)

Three constructs were designed to express short hair-
pin interfering RNA molecules (shiRNA) homologous
to the Bbs4 mRNA. The following sequences (Ambion)
were cloned into p.RANT-H1.1/neo vector (Genescript,
USA) using GenScript (5'—>3’): (1) Sense siRNA strand
GCAGUUCAACAAGGCACAATT Antisense siRNA
strand: UUGUGCCUUGUUGAACUGCTT (2) Sense
siRNA strand: GCAGCUAAAC UUAACCAGATT Anti-
sense siRNA strand: UCUGGUUAAGUUUAGCUGCTT
(3) Sense siRNA strand: CCUUGUAUUAAGAACC
UAGTT and Antisense siRNA strand: CUAGGUUAAUAC
AAGGTT. Cells (100,000 cells/well) were transfected
both with insert containing vector and with empty vector
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expressing only Green Florescent Protein (GFP). Trans-
fections were performed using Jet Pei transfection rea-
gent (Q-biogene, USA) in serum containing medium,
according to the manufacturer protocol. Forty-eight hours
after transfection, the medium was changed to selection
medium containing 1.5 mg/ml G418 (Gibco, USA). Two
weeks later G418 concentration was decreased to 1 mg/
ml and cells were grown at this concentration thereafter.
Cells expressing GFP were sorted using BD FACSVan-
tage SE. After sorting, cells were kept in medium con-
taining 1.5 mg/ml G418, 1 % PS and 200 pg/nl ampicil-
lin (Sigma, USA) for one week and then changed again
to 1 mg/ml G418. Cells were grown at this concentration
thereafter. Silencing of Bbs4 expression was verified by
QPCR. To establish silencing, cells were subject to FACS
sorting.

Generation of over expression Bbs4 cells

The full length cDNA of Bbs4 was generated by PCR using
primers containing BamHI and EcoRI restriction sites.
The BBS4 ¢cDNA was amplified using the bio-x-act short
kit (Bioline, USA). PCR products were separated on 1 %
gel agarose and excised with the Accuprep gel purification
kit (Bioneer, USA) according to the manufacturer's proto-
col. The Bbs4 coding sequence was then ligated into the
pGEM-T easy vector (Promega, USA), using the pGEM-
T easy system I (Promega, USA), according to the manu-
facturer's protocol. The vector was then transformed to
competent E. coli of the DH5a strain (Invitrogen, USA).
Following overnight growth and purification by theAccu-
prep plasmid extraction kit (Bioneer, USA), chosen plas-
mids were sequenced for the verification. Following veri-
fication, the Bbs4 cds was cloned into expression vectors:
pEF4/Hisc (Invitrogen, USA) using the same kits indicated
above. Chosen pEF4/Hisc plasmids were purified using
the Accuprep plasmid extraction kit (Bioneer, USA), and
sequenced. Sequence results were analyzed using the Chro-
mas software and compared and verified using the BLAST
computer program (NIH). For over expression of Bbs4,
3T3-F442A preadipocytes were transfected both with the
pEF4/Hisc vector containing the Bbs4 cds and with the
pEF4/Hisc empty vector. Twenty-four hours before trans-
fection, cells were re-plated in six well plates (Corning,
USA). Transfections were performed using TransIT-LT1
transfection reagent (Mirus, USA). Forty-eight hours after
transfection the medium was changed to selection medium
containing 0.8 mg/ml Zeocin (Invitrogen, USA). Medium
was changed every other day. Two weeks later, Zeocin
concentration was decreased to 0.4 mg/ml and cells were
grown at this concentration thereafter. Over expression was
verified by QPCR.

Oil red O (ORO) staining

Cells were fixed with 20 % formaldehyde (Sigma, USA)
for 20 min and then stained with ORO for 30 min, fol-
lowed by washing with PBS. Cells were examined micro-
scopically and photographed. For fat quantization, ORO
was extracted with isopropanol and quantified as described
[22]. TG accumulation was expressed as OD/ 1#107° cells.

Quantification of accelerated TG accumulation

Cells were loaded with oleic acid 1,800 uM + 5 pg/ml
insulin for 14 h. Cells were stained with ORO and quanti-
ties as described above.

Lipolysis assay

For basal and stimulated lipolysis, adipocytes were serum
starved overnight and incubated in the presence or absence
of Epinephrine for the indicated time. Glycerol release was
measured using the free glycerol reagent kit (Sigma). Glyc-
erol levels were normalized with total cellular protein.

Scanning electron microscopy (SEM)

Cells were prepared for SEM, as in Kuri-Harcuch et al.
[23]. Briefly, cells were grown on cover slips, washed twice
in PBS for 10 min. and fixed for 2 h with 2.5 % glutaralde-
hyde (EMS, USA) in cacodylate buffer pH 7.2 (TED pella,
USA), containing 1 mg/ml ruthenium red (Gurr, UK). Cells
were then washed twice with the same buffer and post-
fixed for 2 h with 1 % OsO, plus 1 mg/ml ruthenium red
and washed again in the same buffer for 10 min. Cells were
gradually dehydrated with increasing EtOH concentrations
and then placed in different hexamethyldisilzane (HMDS,
EMS, USA): EtOH ratios and left in a chemical hood to
dry or, alternatively, were dried by critical point drying
(CPD). Cells were then mounted to SEM tubes and coated
with 10 nm gold and examined in a JEOL JSM 5610LV
microscope.

Transmission electron microscopy (TEM)

Cells were fixed and post-fixed as for SEM. After dehydra-
tion, cells were placed in propilin oxide and araldite solu-
tion for 1 h, transferred to bimcapsule and centrifuged sev-
eral times in different ratios of propilin oxide and araldite
solution. Then, cells were kept 60 °C 24 h for polymeri-
zation. Samples were cut using LEICA ULTRACUT UCT
ultra microtome. Sections were contrasted with Uranyl
acetate and lead citrate, placed on grids and viewed using a
Jeol Jem 1230 microscope.
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FA extraction

FA extraction was performed as described [24]. Briefly,
lipids were extracted from cells with hexane/isopro-
panol 3:2 vol/vol, containing 5 mg/100 ml butylated
hydroxytoluene and 0.5 mg/100 ml heneicosanoic acid
(21:0; Sigma, USA), as an internal standard. FA were
converted to fatty acid methyl esters (FAMEs) by heat-
ing with 14 % boron trifluoride in methanol (Sigma,
USA) and separated on capillary columns in an HP 5890
Series II GC equipped with a flame ionization detector.
Peak areas were integrated and plotted with the aid of
the Varian Star Integrator computer package. Individual
FAMEs were identified by comparing retention times
with authentic standards. The amount of individual FA
was expressed as the weight percentage of total identified
FAs (mean + SD).

Statistical analysis

Data are expressed as mean + SE. The mRNA expression
level data were analyzed using one-way ANOVA. Results
were considered significantly different if P < 0.05. FA pro-
file data were analyzed by an unpaired, two-tailed ¢ test,
with Bonferroni’s adjustment. Results were considered sig-
nificantly different at P < 0.002.

Results

Silencing of Bbs4 results in enhanced preadipocytes
proliferation

3T3-F442A preadipocytes were transfected (stable trans-
fection) with three Bbs4 siRNA constructs. Transfection
with the third construct was most efficient in silencing
Bbs4 (100 % silencing in GFP-expressed cells; data not
shown). GFP-expressing cells in which Bbs4 was silenced,
were sorted using BD FACSVantage SE. Bbs4 expression
was verified by QPCR.

Bbs4 silenced preadipocytes demonstrated a prolifera-
tion rate that was significantly greater (double) compared
to control preadipocytes (transfected with the empty plas-
mid). The proliferation rate was studied in the preadi-
pocyte proliferate stage (0-3 days post seeding), prior
to entrance to the mitotic clonal expansion and early
differentiation stages (Fig. 1a). In order to establish the
Bbs4 effect, we generated overexpression Bbs4 adipo-
cytes (3T3F442A) and study proliferation. We found that
overexpression Bbs4 adipocytes proliferated significantly
less than control (transfected with the empty plasmid)
(Fig. 1b).
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Fig. 1 a Proliferation of Bbs4 silenced preadipocytes. Bbs4 silenced
and control cells (transfected with empty p.RANT-H1.1/Neo vector)
were cultured in 24 well plates. b Proliferation of overexpression Bbs4
preadipocytes cells were counted, as described in materials and meth-
ods. Results are expressed as mean =+ SE of three independent experi-
ments. Points sharing a superscript are significantly different (P < 0.05)

Bbs4 modulates expression of molecular markers
of adipocyte differentiation

Differentiation of preadipocyte cells to fully differentiated
adipocytes is a well-characterized sequential and gradual
process. The temporal expression of known molecular
markers can specify the progress of differentiation. The
mRNA expression profiles of major transcription fac-
tors and functional genes known to act in adipogenesis
were determined during the adipogenesis process in Bbs4
silenced preadipocytes versus control cells.

Early adipogenic markers

C/ebpa expression levels in silenced Bbs4 cells were sig-
nificantly (P < 0.05) lower throughout differentiation com-
pared to control cells (decrease of at least 2.3-fold at day
4, reaching 11.5-fold at day 8). C/ebpa transcripts peaked
at day 8 (6-fold and 72-fold, relative to day 0) in Bbs4
silenced and control cells, respectively (Fig. 2a).
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Fig. 2 Adipogenic markers in Bbs4 silenced adipocytes during differ-
entiation. Differentiation was induced in preadipocytes as described
in materials and methods. Total RNA was isolated from cells at 1-day
intervals throughout differentiation and subjected to QPCR. Statistical
analysis of QPCR was carried out using the (2-A ACt) method, calcu-
lating the change in mRNA levels relative to day 0, and is expressed

Ppary expression levels in silenced Bbs4 cells were
significantly lower (P < 0.05) compared to control cells
throughout differentiation (decrease of at least 1.3-fold
at day 3, reaching 14.4-fold at day 8). Ppary transcripts
peaked at day 3 and 8 (22-fold and 76-fold increase relative
to day 0) in Bbs4 silenced and control cells, respectively
(Fig. 2b).

as fold change. a C/ebpa b Ppary ¢ aP2 D. ADRP E. Perilipin.
Results are expressed as mean + SE of 3-5 independent experiments.
Bbs4 silenced (white bars); control cells (black bars). Columns with
a superscript are significantly different (P < 0.05). Any bars without
visible SE had SE less than the smallest unit on the graph

Late adipogenic markers

The aP2 expression levels in silenced Bbs4 cells were
significantly lower (P < 0.05) throughout differentiation
compared to control cells. The aP2 transcripts peaked at
day 8 (4.9-fold and 102-fold increase relative to day 0) in
silenced Bbs4 and control cells, respectively (Fig. 2c).
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Adipocyte differentiation-related protein (ADRP) tran-
scripts peaked at day 5 and day 3, with 3.4-fold and four-
fold increase relative to day 0, in silenced Bbs4 and control
cells, respectively. Expression levels of ADRP were signifi-
cantly (P < 0.05) higher in silenced Bbs4 cells compared to
controls, later in adipogenesis (Fig. 2d). In contrast, Per-
ilipin expression levels were significantly lower (P < 0.05)
in silenced Bbs4 cells compared to control cells through-
out differentiation (decrease of at least 3.6-fold at day 4,
reaching maximal 15.5-fold change at day 8). Perilipin
transcripts peaked at day 10 and day 8, with 147-fold and
1,298-fold increase relative to day O in silenced Bbs4 and
control cells, respectively (Fig. 2e).

Silencing of Bbs4 results in formation of multiple small
lipid droplets, accelerated TG accumulation and altered TG
FA profile

Comprehensive phenotypic changes occur throughout the
differentiation process of adipocytes. During adipogenesis,
the preadipocyte converts to a spherical shape, accumu-
lates lipid droplets, and progressively acquires the morpho-
logical and biochemical characteristics of the mature white
adipocyte.

Fat storage

No triglyceride (TG) accumulation was observed in preadi-
pocytes at day O in both silenced Bbs4 and control cells.
In both cell lines, TG accumulation was observed at day
4, became significant on day 7 and increased thereafter.
The TG accumulation pattern in control cells was in typi-
cal large, round shaped droplets. The pattern and amount
of TG accumulation in the silenced Bbs4 cells were signifi-
cantly different: the lipid droplets were smaller and scat-
tered in a dotted pattern throughout the cytoplasm (Fig. 3).
To further characterize fat accumulation, cells were chal-
lenged with fatty acids (FAs). Significant (P < 0.05) dif-
ferences were found in fat accumulation between unchal-
lenged and challenged adipocytes in both cell types (200
% and 400 %, respectively). However, remarkably, silenced
Bbs4 cells accumulated significantly (P < 0.05) more fat
(200 %; Fig. 4).

Lipolysis

Fully differentiated silenced Bbs4 cells exhibited signifi-
cantly reduced lipolysis indicated by the release of glyc-
erol, compared to control cells (control cells 600 % higher
than silenced cells). Upon stimulation (Epinephrine) con-
trol cells significantly elevated lipolysis rate (by 1,300 %
compared to unstimulated). However, silenced Bbs4 cells
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exhibited no significant lipolysis elevation upon stimulation
compared to lipolysis in unstimulated state (Fig. 4).

Fatty acid (FA) profile of Bbs4 silenced adipocytes

The FA profile of differentiated silenced Bbs4 and con-
trol cells was significantly different. Specifically, the con-
centrations of 18:1n-9 and 20:1n-9 were significantly
(P < 0.00001) higher in the silenced Bbs4 cells (150 % and
300 %, respectively) compared to control cells. Stearoyl-
CoA desaturase (Scdl) expression levels were significantly
elevated (250 %) in the transition from preadipocytes (day
0) to fully differentiated control adipocytes (day 10). In
contrast, Scdl expression in fully differentiated silenced
Bbs4 cells failed to elevate and was similar to its levels in
preadipocytes (Fig. 5).

Silencing of Bbs4 results in phenotypic modifications

Analysis by light (phase) microscopy revealed that unlike
the typical, mature spherical shape of fully differentiated
control adipocytes, fully differentiated silenced Bbs4 cells
maintained a fibroblast-like cell shape (Fig. 6a, left photo).

Scanning electron microscopy

SEM images of fully differentiated adipocytes (day 8), fur-
ther demonstrated the different cell shape of fully differen-
tiated silenced Bbs4 cells compared to the typical, mature
control adipocytes: silenced Bbs4 cells had significantly
different morphology, resembling a fibroblast phenotype.
Control cells demonstrated a network of ECM fibrils,
bridging the intracellular space with small granules asso-
ciated to them. In contrast, silenced Bbs4 cells, remaining
fibroblast-like, did not form a rich and complex ECM. The
structure of the ECM was different as fibrils were shorter
and thicker (Fig. 6b,c).

Transmission electron microscopy

TEM analysis of intracellular organelles of differentiated
adipocytes demonstrated that while control cells contained
many large lipid droplets (a main characteristic of the
mature adipocyte), the majority of silenced Bbs4 cells con-
tained small droplets. Two other visible differences appear
to distinguish the silenced Bbs4 cells: the silenced cells
contained an exceptionally large amount of lysosomes and
autophagic vacuoles, and they appeared to contain more,
larger in size, swellings in the ER. Large populations of
autophagic vacuoles, which seem to contain cytoplasmic
organelles in various states of autolysis, were described
in differentiating 3T3-L1 cells as early as 1980. These
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Fig. 3 Fat accumulation pattern in Bbs4 silenced adipocytes. Differ-
entiation was induced as described in materials and methods. a Fully
differentiated cells (day 11) were subjected to ORO staining (left—
Bbs4 silenced, right—control) and are shown at x 10 magnification.
b Cells were subjected to ORO staining at different time intervals

vacuoles may reflect the dramatic remodeling that accom-
panies differentiation (Fig. 6d, e).

Discussion

Obesity is caused by both adipocyte hypertrophy and
hyperplasia [25-28]. In our study, silenced Bbs4 preadipo-
cytes showed accelerated proliferation rates [double] com-
pared to control cells. Furthermore, overexpression Bbs4
cells showed a reduced proliferation rate compared to nor-
mal cells, further establishing the proliferative involvement
of Bbs4 in adipocytes. While the involvement of BBS4 in
adipocyte proliferation has not been previously demon-
strated, our findings are in line with other manifestations of
BBS: polycystic kidneys, polydactyly and liver anomalies,

SiBbs4 control

throughout differentiation and shown at x40 magnification (upper
panel- Bbs4 silenced cells, lower panel-control cells). ¢ Photographs
(no magnification) of cell culture wells of adipocytes in different days
of differentiation (upper—SiBbs4, lower—control adipocytes)

the only features that are present at birth in BBS, involve
excessive epithelial cell proliferation [29, 30]. Adipocyte
hyperplasia results from the recruitment of new adipocytes
from precursor cells in adipose tissue and proliferation
and differentiation of preadipocytes. Although preadipo-
cyte proliferation occurs primarily prior to differentiation,
human studies indicate that partially differentiated cells
remain capable of replication [27, 32]. Thus, obesity could
be induced by an increase in the number of small adipo-
cytes rather than in adipocyte volume, as has been shown
in genetic and diet-induced obesity [26, 31, 33]. Bbs4 null
mice are born smaller than normal littermates and develop
obesity later in life [10]. This delay, put together with our
data, suggest that the absence of functional BBS4 might
induce accelerated preadipocyte hyperplasia that occurs
primarily prior to differentiation and throughout adulthood.
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Fig. 4 Accelerated fat accumulation of Bbs4 silenced adipocytes.
Cells were differentiated as described in materials and methods, until
day 7. a Photographs (no magnification) of Bbs4 silenced and control
cells with and without OI (oleic acid 1,800 uM + 5 pg/ml insulin)
treatment. Bbs4 silenced cells after OI treatments (day 7). Micro-
graphs were taken at x20 magnification. b Quantitative analysis of
the effect of OI treatment on TG accumulation in Bbs4 silenced cells

Such hyperplasia might elevate substantially the potential
of TG accumulation later on.

Adipogenesis is characterized by chronological and tem-
poral changes in the expression of numerous genes, primar-
ily at the transcriptional level [34]. C/EBPa and PPARYy are
essential pleiotropic transcriptional activators that coor-
dinately target expression of many adipogenic genes that
characterize the mature adipocyte phenotype [35, 36]. Sim-
ilar to control cells, silenced Bbs4 cells expressed C/ebpo
and Ppary early in the adipogenic program [C/ebpa rose
after Ppary induction], indicating a normal and expected
transcript chronology [35]. However, expression levels
of C/ebpa and Ppary in silenced Bbs4 cells were signifi-
cantly low, suggesting a suppressed or delayed capabil-
ity to differentiate into typical mature adipocytes, as was
demonstrated in the histological studies. Additionally, the
reduction of both transcripts could be due to the strong
interactions between PPARy and C/EBPa, which co-reg-
ulate each other’s expression [35-38]. PPARY also exerts
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versus control adipocytes. Values are given as mean £ SD of three
independent experiments. ¢ Micrographs (at x20 magnification) of
Bbs4 silenced and control cells with OI. d Differentiated (day8) Bbs4
silenced (left) and control (right) cells were on analyzed for glycerol
release as described in materials and methods. Values are given as
mean &+ SD (n = 3)

an anti-mitotic action in pre-adipocytes and other cell types
[39]; thus, the suppressed levels of Ppary could contribute
to the accelerated proliferation of silenced Bbs4 cells.
Comparable to early adipogenic transcript levels, the
levels of late transcripts [aP2 and Perilipin] were down
regulated in Bbs4 silenced cells. Both aP2 and Perilipin,
are involved in fat metabolism [40, 41]; thus, their low
transcript levels could contribute to the abnormal, more
preadipocyte-like lipid accumulation in Bbs4 silenced cells.
Furthermore, aP2 and Perilipin are transcriptional targets
of PPARYy [42, 43]. Thus, the low expression of Ppar in the
silenced Bbs4 cells possibly underlies the lower expression
of those target genes. Perilipin is a key component of adi-
pocyte lipid droplets stabilization [44]. Perillipin expres-
sion is significantly elevated in mature adipocytes, as was
demonstrated in control cells. A co-player in lipid droplet
surface proteins is ADRP, which is widely co-expressed
in differentiating fat cells and is mainly associated with
smaller lipid droplets [44, 45]. Normally, as differentiation
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Summary of fatty acid profile

Fig. 5 Fatty acid profile and Scd! mRNA levels in Bbs4 silenced adi-
pocytes. Differentiation was induced in preadipocytes as described in
materials and methods. Fatty acid profile was analyzed at day 8 of dif-
ferentiation as described in materials and methods. Results expressed
as mean £ SD of three independent experiments. Scd/ mRNA levels:

proceeds and lipid droplets become larger, the composition
of proteins surrounding the lipid droplets changes: perilipin
levels are up-regulated and ADRP levels are down-regu-
lated [around day 3], as was well demonstrated in differ-
entiated control adipocytes. In contrast, Bbs4 silenced cells
demonstrated ADRP up-regulation accompanied with con-
tinuous low expression of Perilipin, indicating that ADRP
replaced perilipin, as was previously shown in Perilipin-
null mice [44].

Morphological SEM examinations revealed that unlike
the expected striking alteration to spherical shape and accu-
mulation of lipid droplets characteristic of differentiated
adipocytes, Bbs4 silenced cells did not round up, and main-
tained the fibroblastic appearance of preadipocytes.

Normally, differentiated adipocytes organize in vivo into
small lobules, and their extracellular matrix [ECM] forms
a network of reticular thin fibers as well as granular mate-
rial over the cell surface, interconnecting cells [46], as was
found in our control differentiated adipocytes. The fibrillar
network of ECM is not observed before adipocyte differ-
entiation takes place [47]. In contrast, differentiated Bbs4
silenced cell maintained the preadipogenic ECM structure,
featuring small amounts of ECM components on top of
their cell surface, and matrix that was composed mainly of
a granular aggregated and not fibrillar network.

A prominent feature of mature fully differentiated adi-
pocytes is the extensive amount of assembly of TG lipid

Control Si t-test
Fatty acid mean SE mean SE
14:0 2.15 1.24 2.07 019 | 05040
16:0 2601 063| 2374 009 | 0.0048 012 -
16:1n.9 9.05 212 400 009 | 00175 B control
18:0 11.14 112 1291 028 | 00469 01 4
13:1n.9 1375 063| 2079 039 | *0.0000 _§ OSiBbsd
13:2n-6 292 012 310 005s| 00522 ¢ 0081
13306 0.19 0.13 0.25 000 | 04278 g. -
13:3n.3 0.05 0.01 0.06 000 | 04086 g
200 0.37 0.06 035 001 | 06378 = o4 .
20:1n9 0.25 0.03 0.79 001 | *00000
20206 0.59 0.00 1.64 001 | 0.0000 0.02 -
20306 1.46 0.10 1.87 002| 00030
20:4n-6 1262 1.0 7.35 0.14 | *00020 0 T '
20303 0.08 0.01 0.06 000| 00134 0 10
2:0 0.18 0.06 0.36 013 | 0.1241 Differentiation (day)
2:1 2.88 0.16 2.20 004 | *00023
2:4n6 0.69 0.07 0.51 002| 00101
22:5n3 272 033 3.66 0.16 | 00058
2:6n3 3.07 0.32 3.02 007 | 07622

total RNA was isolated and subjected to QPCR. Results are expressed
as mean =+ SE of three independent experiments. Bbs4 silenced (white
bars); control cells (black bars). Columns with a superscript are sig-
nificantly different (P < 0.05)

droplets bordered by the ER and associated with microp-
eroxisomes and mitochondria. These organelles all share
enzymes involved in lipid biosynthesis, accumulation and
metabolism. It is worth noting, that microperoxisomes are
more numerous in differentiated adipocytes than in any
other cell type studied thus far. Additionally, fully differ-
entiated adipocytes contain large amounts of autophagic
vacuoles, which might reflect dramatic remodeling [48,
49]. All of those features were detected in control and
Bbs4 silenced cells (TEM analysis). However, Bbs4
silenced cells contained an exceptionally large amount of
lysosomes/auotphagy vacuoles/peroxisomes, and contain
more, larger in size, swellings in the ER. These differences
might indicate an important biochemical and functional dif-
ference in lipid metabolism between the silenced and con-
trol cells.

Differentiated adipocytes normally accumulate extensive
amounts of TG concentrated in round large lipid droplets
[50, 51], as was demonstrated in the control cells. In con-
trast, in Bbs4 silenced cells, lipids were diffusely distrib-
uted within the cells, resembling fat distribution of 3T3-LI
cells in early differentiation stages [52]. Challenging adipo-
cytes with excessive FA caused significant incorporation of
FA into TG in both Bbs4 silenced and control cells. How-
ever, Bbs4 silenced cells exhibited augmented ability to
accumulate TG compared to control cells. However, SiBbs4
cells showed significantly reduced lipolysis compared to
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control

Fig. 6 Phenotypic characterization of Bbs4 silenced adipocytes,
differentiated (day8) Bbs4 silenced (left) and control (right) cells. a
Phases micrographs—x40 magnification. b SEM: scale bar equals
10 pm in all micrographs (JEOL JSM 5610LV microscope). ¢ SEM:
scale bar equals 2 wm (JEOL JSM 5610LV microscope). d, e. TEM:
N nucleus, L lipid droplet, M mitochondria, ER endoplasmic reticu-
lum, G Golgi apparatus. Scale bar equals 5,000 nm in micrographs

control cells. Interestingly, primary alterations in the abil-
ity to mobilize lipids stored in adipose tissue could occur
in obesity. Obesity is characterized by decreased catecho-
lamine-induced lipolysis [53]. This reduction demonstrated
in our study could indicate a reduced sensitivity for signals
related to induction of lipolysis, which can result in accel-
erated fat accumulation as seen in our silenced cells.

The FA profile in differentiated adipocytes is charac-
terized by predominance of 16:1n-9, 16:0, 18:1n-9, and
18:0 FAs [54, 55], as was demonstrated here in both Bbs4
silenced and control cells. However, the desaturation index
of C16:0 and C18:0 was significantly modified in Bbs4
silenced cells compared to control cells. The alteration in
saturated to monounsaturated FA ratio has been implicated
in a variety of disease states including morbid obesity [56,
57]. Furthermore, differentiated adipocytes are capable of
considerable rates of synthesis of FAs de novo, particularly
to the synthesis of oleic acid (18:1n-9), which was elevated
significantly in Bbs4 cells. SCD1 expression is known to

@ Springer

control

(Jeol Jem 1230 microscope). e Bbs4 silenced cells (B) shown as an
enlarged area of the micrograph (A) and is marked by squares, dem-
onstrating multiple ER swellings. N nucleus, M mitochondria, Lys lys-
osome. Multiple lysosomes and ER swellings are marked by arrows.
Scale bar equals 5,000 nm in left micrograph and 1,000 nm in right
micrograph (Jeol Jem 1230 microscope)

be significantly augmented in fully differentiated adipo-
cytes, as was demonstrated in control adipocytes. In con-
trast, Bbs4 silenced cells failed to elevate Scdl levels, this
finding has to be further elucidated. This could suggest that
mechanisms or enzymes other than Scd/might mediate, at
least in part, the Bbs4—dependent changes in FA profile,
and the altered fat accumulation in those cells.

While it has been suggested that BBS-associated obesity
might be in part due to decreased satiety, the full mecha-
nism underlying obesity in human BBS patients and null
Bbs4 mice is still not fully elucidated. We propose that
Bbs4 plays a direct and important role in normal develop-
ment of adipocytes. Our data show that Bbs4 plays a role
in both cellular differentiation and proliferation: silenced
Bbs4 results in adipocyte hyperplasia coupled with dys-
regulation of adipogenesis. The silenced cells accumulate
significantly more TG than the normal adipocytes, albeit
in smaller [yet greater in number] droplets. Thus, greater
fat accumulation in the silenced cells is a consequence of
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both a higher rate of adipocyte proliferation and of aug-
mented accumulation of fat per cell. BBS4 polymorphisms
have been associated with common non-syndromic morbid
obesity; thus, our findings unravel a possible role of BBS4
in physiological and pathophysiological mechanisms that
underlie adipose tissue formation relevant to obesity and its
related diseases in wider populations.
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