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Running title: FXR controls adipose PPARSsponsiveness

The bile acid receptor Farnesoid X
Receptor (FXR) is expressed in adipose
tissue, but its function remains poorly
defined. Peroxisome proliferator-activated
receptor-y (PPARY) is a master regulator of
adipocyte differentiation and function. The
aim of this study was to analyze the role of
FXR in adipocyte function and to assess
whether it modulates PPARy action.
Therefore, we tested the responsiveness of
FXR-deficient mice (FXR™) and cells to the
PPARYy activator rosiglitazone. Our results
show that genetically obese FXR'/ob/ob
mice displayed a resistance to rosiglitazone
treatment. Invitro, rosiglitazone treatment
did not induce normal adipocyte
differentiation and lipid droplet formation
in FXR” mouse embryonic fibroblasts
(MEFs) and preadipocytes. Moreover, FXR
" MEFs displayed both an increased
lipolyss and a decreased de novo
lipogenesis, resulting in reduced
intracellular triglyceride content, even upon
PPARy activation. Retroviral-mediated
FXR re-expression in FXR” MEFs restored
the induction of adipogenic marker genes
during  rosiglitazone-forced  adipocyte
differentiation. The expresson of Wnt/B-
catenin pathway and target genes was
increased in FXR” adipose tissue and
MEFs. Moreover, the expression of several
endogenous inhibitors of this pathway was
decreased early during the adipocyte

differentiation of FXR” MEFs. These
findings demonstrate that FXR regulates
adipocyte differentiation and function by
regulating two counteracting pathways of
adipocyte differentiation, the PPARy and
Wnt/B-catenin pathways.

The nuclear receptor Farnesoid X Receptor
(FXR) is a transcription factor which belongs
to the nuclear receptor superfamily that is
endogenously activated by bile acids (BA) [1].
FXR was initially found to regulate BA
metabolism and to protect the liver from the
deleterious  effect of excessive BA
accumulation [2][3][4]. The phenotype of
FXR-deficient  (FXR) mice further
established a role for FXR in lipid metabolism
[5]. Recently, FXR was shown to be
implicated in the control of hepatic glucose
metabolism and peripheral insulin sensitivity
[6][71[8][9]. FXR modulates the fasting-
refeeding transition in mice [8] and genetic
murine models of diabetes display an increased
FXR expression [10]. While FXR-deficiency
was associated with peripheral insulin
resistance [6][7], activation of FXR by bile
acids [6] or specific synthetic agonists [7][9]
conversely improves glucose homeostasis in
rodent models of diabetes. Finally, FXR
appears to be involved in the regulation of
adaptive thermogenesis in response to fasting
or cold exposure [11].
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The primary role of adipose tissue is to storadipocyte differentiation [7][24]. FXR
energy in form of triglycerides (TG) in theexpression was found to be decreased in
adipocytes, which can be liberated as fattgdipose tissue of mouse models of dietary and
acids upon energy requirement. Adipose tissuygenetic obesity [7]. FXR expression is induced
is also an endocrine organ secreting hormondsring adipocyte differentiation in 3T3-L1
involved in metabolic homeostasis [12].cells and mouse embryonic fibroblasts (MEFs)
Preadipocyte differentiation into mature[7][24]. MEFs isolated from FXR mice
adipocytes is a finely tuned process that iEXR™ MEFs) display an impaired adipocyte
regulated by a complex network ofdifferentiation with a delay in the expression of
transcription factors. In this cascade, thadipogenic genes and a decreased lipid droplet
peroxisome proliferator-activated recepyor-size [7]. Additionally, FXR activation in 3T3-
(PPARy) [13] and CAAT/enhancer-binding L1 cells during adipocyte differentiation by
protein (C/EBP) [14] act as key regulators. SPecific synthetic agonists increases mRNA
Early regulators of preadipocyte differentiatioreXpression of adipogenic genes, as well as
are other members of the CAAT/enhancdpsulin signaling and insulin-stimulated
binding protein family, C/EB® and C/EB® glucose uptake [7][24]. o

[15], which induce the expression of PPARIN the present study, we provide vivo
and C/EB [16]. Amongst the extracellular evidence that FXR was necessary for a full
signaling pathways that regulate adipogenedi§SPonse to PPARactivation. We show that

is the Wnt pathway [17]. The non-canonicaPP€se FXR/oblob mice displayed an altered
and canonical Wnt signaling pathways, beinfeSPonse to PPARactivation by rosiglitazone.

respectively  B-catenin-independent angRetroviral re—expressi_on of_FXR in F)‘(R'
-dependent, are negative regulators JYEFs restored the adipogenic gene expression

adipogenesis [17]. In the absence of wrrogram in_ response to rogiglita;one._ The
proteins, B-catenin is localized in the delay in adlpogenlc_ d|fferen_t|at|0n in FXR
cytoplasm in a protein complex containind\AEFS was associated with a sustained

Axin and adenomatous polyposis coli (APCRctivation of WniB-catenin signaling. All
proteins which facilitate  B-catenin hese results provide evidence for a crucial role

phosphorylation and its subsequen‘t)f FXR in adipogenesis by promoting the

proteasomal degradation [18]. The binding of PARY ~ pathway and interfering  with
Wnt proteins to their receptors Frizzled (FZD)Vnt/B-catenin signaling.

and low-density lipoprotein-receptor related

protein-5 or -6 (LRP5/6) leads tB-catenin - EXPERIMENTAL PROCEDURES
protein stabilization. Hypophosphorylatgg Animals-Female and maleb/ob mice (B6.V-

catenin protein translocates into the nucle Iepobf/\]) from Charles Riverd(Sqir:\tP?(ubindles
and activates its target genes [19]. Thg'Seuf, France) were crossed with FXRan

-/- . .
activation of Wnt-catenin signalling leads to XR' C57BL6/J mice to obtain FXR/oblob

the repression of adipogenesis by blocking th nd FXR'/ob/ob mice. 12 week-old FXR

. . . Ob/ob female mice and their wild type
induction of PPAR and C/EBRE expression . _

L litt t =7 h d 12-h
[20]. On the other hand, PPARactivation ittermates (n=7/group) were housed on a

. light/12-h dark cycle with free access to water
leads to proteasomal-dependefff-catenin ;4 were treated with the PPARagonist

degradation by stimulating the activity Ofysgiglitazone (Avandia®, GlaxoSmithKline)
G_SKSB, ap-catenin k_mgse, and by interacting10mg/kg body weight) mixed with control
with phosphaB-catenin itself [20][21][22]. A djet (UAR AO3, Villemoison/Orge, France) for
finely regulated balance betweeBrcatenin 21 days.

activity and PPAR expression is thus requiredisolation and Culture of Mouse Embryonic
for proper adipocyte differentiation [23]. Fibroblasts (MEFs)-Mouse embryonic
We (7) and others (24) have shown that FXR #broblasts (MEFs) were derived from 13.5-
expressed in adipocyte where it modulatesay old FXR™ and FXR  embryos
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(C57BL6/N) [7]. MEFs were plated in 6-well homogenized for RNA isolation or fixed in 4%
plates at 300,000 cells/well. Adipocyteparaformaldehyde and stained with Oil Red O.
differentiation was initiated 2 days afterMeasurement of Triglyceride Content-Cellular
confluence with  AmnioMAX-C100 medium lipids were extracted with hexane/isopropanol
(Invitrogen), 7.5% AmnioMAX-C100 (3:2 vol:vol). Lipids were then dried with
supplement, 7.5% fetal bovine serum (FBS)itrogen gas, re-dissolved in isopropanol and
0.5mM 3-isobutyl-1-methylxanthine (IBMX), quantified using the TG PAP 1000 kit
1uM dexamethasone, 5ug/ml insulin. FroniBioMérieux,Marcy I'Etoilg France).
day 3-8, cells were incubated withLipolysis Assay-Lipolysis experiments were
AmMnioMAX-C100 medium with 5ug/ml performed at days 4 and 8 of MEF
insulin and 1uM rosiglitazone. At days 0, 4differentiation. Cells were washed with PBS
and 8, cells were used for lipid metabolisnand incubated with 300ul of Incubation
studies (lipolysis,de novo lipogenesis and Solution (Adipolysis Assay Kit, OB100,
triglyceride content) or lysed and homogenizeillipore) with 2% BSA or containing 10uM
for RNA isolation or fixed in 4% isoproterenol for 3h. Glycerol was measured in
paraformaldehyde and stained with Oil Red Qhe culture supernatant with Free Glycerol
All experiments were performed in triplicate. Assay Reagent (Adipolysis Assay Kit, OB100,
Preadipocyte  Isolation ~and  Culture- Millipore). Glycerol concentrations were
Preadipocytes were isolated from inguinal faiormalized to total cellular protein content. All
pads of 20 week-old FXRob/ob and their experiments were performed in triplicate.
FXR"*oblob littermates. Adipose tissue wasDe Novo Lipogenesis Assay-De  novo
isolated, dissociated mechanically and digestéigogenesis was evaluated by measuring
in Krebs buffer solution (118mM NacCl, 5mM incorporation of radiolabeled acetate precursor
KCI, 1.25mM CadCj, 1.2mM KH,PO,, 1.2mM into total cellular lipids. Cells were washed
MgSQ, 20mM NaHCQ, 2mM Na Pyruvate, and incubated with compounds for 48h in
10mM HEPES, 3% BSA, pH7.4) containingculture medium without FBS and with 3mg/ml
1.5mg/ml collagenase A (Roche Diagnosti@SA. Cells were then washed and incubated in
GmbH, Germany) for 1.5h in a shaking wateKrebs-Ringer buffer for 90min in the presence
bath at 37°C. After digestion, the maturexf 1uCi of [“Cl-acetate (Amersham, Saclay,
adipocytes were separated from the strom@rance). MEFs were washed and total cellular
vascular cells by centrifugation. The stromalipids were extracted twice with
vascular pellet containing the preadipocytesexane/isopropanol. The pooled organic
was treated with erythrocyte lysis solutiorfractions were transferred to scintillation vials,
(154mmol/l  NHCI, 10mmol/l  KHCQ, dried under nitrogen and assessed for
0.1mmol/l EDTA) for 5min at room radioactivity by liquid scintillation counting.
temperature and centrifuged. The preadipocy{&'C]-acetate incorporation was normalized to
containing pellet was cultured in PromoCell@otal cellular protein content.
Preadipocyte Growth Medium (PromoCell®Real Time Quantitative Reverse Transcription-
GmbH, Germany) at 37°C in a humidifiedPCR-Total RNA was isolated from white
95% air and 5% C@incubator. Cultures were adipose tissue using the acid guanidinium
grown to confluence (days (-2)). Two dayshiocyanate/phenol/chloroform method and
after confluence (day 0), the medium wafrom MEFs and differentiated preadipocytes
changed to Preadipocyte Differentiatiorusing the Trizol reagent (Invitrogen), and
Medium supplemented with 8ug/ml d-Biotin-subsequently ~ reverse-transcribed  using
4, 0.5pg/ml  bovine insulin, 400ng/mlMoloney Murine Leukemia Virus (MMLV)
dexamethasone, 44ug/ml IBMX, 9ng/ml L-(Applied Biosytems, Paris, France). cDNAs
thyroxine. From day 3-8, the medium wasvere quantified by quantitative polymerase
changed to Adipocyte Nutrition Medium andchain reaction (Quantitative PCR) on a
was supplemented with rosiglitazone (1uM)Mx4000 apparatus (Stratagene) using specific
At days 0, 4, and 8, cells were lysed an@rimers (Sup. tablel). mRNA levels were
subsequently normalized to those of
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cyclophilin. ACt was calculated as theparaformaldehyde, embedded in paraffin, cut
difference between the Ct of the gene ofnto 7-um sections, and stained with
interest and that of cyclophilin. hematoxylin. Cell size was determined using
Plasmid and Retrovirus Infection-The ImageJ software (Freeware; Rasband WS.
retrovirus was constructed using the F#8R Image J, US National Institutes of Health,
mouse cDNA. The sequences of the primemBethesda, Maryland,
used were: atacgcggastggtgatgagtttcaggg http://rsb.info.nih.gov/ij/).

and cttagaccctacacgtcactcagctgcgcata (thMlicroarray Analysis-Total RNA was prepared
initiation (atg) and stop (tag) codons ardrom epididymal adipose tissue of FXRand
underlined). The FXR coding sequence waBXR” mice and the subsequent steps were
cloned into the mammalian expression vectgerformed as described elsewhere [25].
pBabe-Puro (Invitrogen) in BamHI and SallAffymetrix raw data were normalized using
sites. Human embryonic kidney 293T modifiedhe RMA algorithm to obtain expression
packaging cells (Ecotropic Phoenix) werevalues in log2 [26]. Log2-transformed
cultured in Dulbecco's modified Eagle'sexpression values were fitted to a linear model
medium (DMEM) containing 10% FBS andaccording to Limma package
transiently transfected with a pBabe-puro-FXRhttp://www.bioconductor.ojf methods. A
chimera or a pBabe-puro vector alone amodel was established in order to identify
negative control. 48h after transfection, th@robesets significantly differentially expressed
viral supernatant was harvested and used between FXK* and FXR™ mice. False
infect the MEFs. Selection of MEFs which hadliscovery rate (FDR) correction was applied to
incorporated the retrovirus was done by addingike into account multiple testing hypotheses.
puromycine to the medium for 1 week. FXRSelection of relevant probe sets was based on a
expression was measured by quantitative PCRaean log2-expression value greater than 6.12
Treatment with sSFRP1 Recombinant Protein. in a least one of the two compared conditions,
Recombinant human sFRP1 was purchasedp-value < 18 and an absolute fold change
from R&D Systems (Minneapolis, MN). FXR value of 1.5. Function of all clustering of
" MEFs were differentiated in the presence aregulated genes was performed by Ingenuity
absence of recombinant sFRP1 (75 nmol/lPathway Analysisvfww.ingenuity.con.

added at day 0. Satistical Analysis-Statistical significance was
Western Blot-Total cellular MEFs protein was analyzed using the unpaired Student's t test.
extracted using a RIPA lysis buffer (50mMAIl values are reported as means + S.D. Values
Tris-HCI, 150mM NaCl, 1.0% (v/v) NP-40, with p<0.05 were considered significant.

0.5% (w/v) Sodium Deoxycholate, 1.0mM

EDTA, 0.1% (w/v) SDS and 0.01% (w/v) RESULTS

sodium azide, pH:7.4). Protein concentratiofr XR-deficiency results in a partial resistance
was determined by the Bradford method (Bioto PPARy activation in adipose tissue in vivo.

Rad protein assay). Protein samples wergp explore whether the FXR and PPAR
denatured by heating to 90°C in SDS-reducingathways interacin vivo, genetically obese
buffer and resolved by electrophoresis on 10%@b/ob) FXR” and FXR'* mice were treated
SDS-polyacrylamide ~ gels. After proteinwith rosiglitazone (10mg/kg/bw) for 21 days.
transfer, nitrocellulose membranes wer@s a positive control ofin vivo PPARy
incubated with a mouse monoclonal &ti- activation [27], mice from both genotypes
catenin antibody (# 610153, BD Transductiorjisplayed a comparable increase of brown
laboratoriesTM) for 3h and HRP-conjugatedydipose tissue mass (Fig.1A), a tissue that does
secondary antibody (DAKO A/S, Denmark)not express FXR [11][28]. As expected [7],
for 1h. Proteins were then visualised bwdipose tissue of FXR mice contained a
chemiluminescence USing an ECL detection kihrger proportion of small adipocy‘tes (average
(Amersham Biosciences, Orsay, France). diameter 78+ 21 pm) than FXKR' adipose

Adipocyte Sze Determination-Inguinal adipose g5 e (average diameter 026 pm) (Fig.1B
tissue was fixed in 4% neutral buffered
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and Supplementary Table 1). InterestinglyFXR™ MEFs exhibit a reduced lipid storage
whereas PPARactivation by rosiglitazone led capacity upon PPARy activation. The

to the appearance of a sub-population dfinctional consequences of the resistance to
smaller adipocytes in white adipose tissue ®#PARy activation was studied by comparing
FXR"" mice, likely due to the induction of the phenotype of FXR and FXR" MEFs
preadipocyte recruitment [29], this responseéifferentiated in the presence of rosiglitazone.
was not observed in FXRmice (Fig.1B&C The increase in triglyceride (TG) content at
and Supplementary Table 1). Moreover, thelay 8 of differentiation was significantly lower
induction of some PPARtarget genes like in FXR” MEFs compared to FXR MEFs
adiponectin and lipoprotein lipase (LPL) by(Fig.4A). This reduction in TG content can be
rosiglitazone was abolished in adipose tissube consequence of either an increase in TG
from FXR" compared to FXK mice degradation (lipolysis) and/or a decrease in TG
(Fig.2A). Whereas the induction of othersynthesis (lipogenesis). Therefore, basal fxnd
PPARy-target genes (CD36 and aP2) were alsairenergically (isoproterenol)-induced
reduced in FXR mice, the expression of lipolysis were assessed by measuring glycerol
adipogenic genes, such as C/EBPand release into the cell culture medium,
CIEBRB, were induced to the same level ifRosiglitazone-treated FXRMEFs displayed
both genotypes, and PPgRxpression itself @ enhanced lipolysis compared to

was not modified (Fig.2B). Most interestingly, MEFs under both basal conditions and gfter
the induction of genes involved in lipid drople@drenergic stimulation (Fig.4A) which was
formation, such as perilipin, ADRP and Fspstatistically —significant —at =~ day 4 of
27 by rosiglitazone was totally abolished irflifferentiation. — Analysis of 'fCl-acetate
FXR” compared to FXE' mice, whereas S3- incorporation demonstrated a significant
12 expression was not affected (Fig.2C). Thegiecrease of fatty acid synthesisie (novo
data demonstrate that FXR is necessary Hpogenesis) in rosiglitazone-treated FXR
ensure the full response to PPA&ctivation in  compared to FX#_ MEFs at days 4 and 8 of
adipose tissue. differentiation (Fig.4A). Moreover, PPAR
FXR-deficiency results in an impaired activated FXR MEFs also exhibited an

responsiveness to PPARy activation in mouse abnormal m(_)rphology_ with lipid drople_ts of
embryonic fibroblasts (MEFs) in vitro. To Smaller — size  (Fig.4B).  Accordingly,
study whether FXR modulates adipocytéo&gIltazone-treate(.:i FXR MEFs _s_howed
PPARy responsiveness in a ceII—autonomoug
manner, mouse embryonic fibroblasts (MEFs
were isolated from FX®K and FXR~ embryos

enes at day 4, such as perilipin, ADRP, S3-
2, three members of the PAT protein family

d diff tiated int di ith [30], and_FSP_—_Z? [31], a mem_ber of 'the
a ferentiated Into adipocytes wi 0frrecently identified CIDE protein family

without rosiglitazoneand the expression of = . o . :
adipocyte  differentiation  markers was(F'9'4C)' While perilipin gene expression did

measured. As expected [7], FXRIEFs were not differ between the two genotypes at day 8,
resistant to adipocyte differentiation with g *DRP and S3-12 gene expression was still
lower expression of C/ERR PPARy and aP2 §|gn|f|cantly reduced (Fig.4C). _T_hese resqlts
at day 4 of differentiation in the absence opndicate that FXR plays a critical role in

o : o developing a full lipid storage capacity during
r03|g_||tazone (Fig.3). Upon PPARactivation adipocyte differentiation by controlling the
the induction of C/EB®, PPAR/ and aP2

following  rosiglitazone  treatment  wa PPARy-mediated formation of lipid droplets.

S - . . . .
drastically reduced at day 4, and to a IesseFXR preadipocytes  display  impaired

r ) .
: « adipocyte differentiation upon PPARy

extent at day 8, in FXR compared to FXg  891Poc) .

MEFs (Fig.3). These results show that FXR activation. To dgtermme _whether .FXR'

MEFs are resistant to PPARctivation which deficiency also impairs primary adipocyte

is unable to induce the complete adipogen%'ﬁerent'atlon upon PPAR activation,
differentiation program in these cells. preadipocytes were isolated from the stromal
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fraction of inguinal adipose tissue of FXR MEFs restores the capacity of MEFs to
Joblob and FXR™/ob/ob littermates and differentiate into adipocytes upon rosiglitazone
differentiated into adipocytes in the presenceeatment.

of rosiglitazone. C/EBP and C/EB mRNA FXR-deficiency results in a dysregulation of
levels were clearly lower at day 4 and 8 othe Wht/#catenin pathway in adipose tissue
differentiation in FXR™ compared to FXR" and adipocytes. To unravel the mechanisms
cells, whereas the reduction of PPA&d aP2 underlying the impaired adipocyte
expression reached significance only at day differentiation linked to FXR-deficiency, a
(Fig.5A). As in differentiated MEFs, 8-day- microarray analysis was performed in white
differentiated  rosiglitazone-treated FXR adipose tissue from FXRversus FXR" mice
adipocytes exhibited an abnormal morphologyo identify pathways with altered expression
with smaller lipid droplets compared to FXR (data not shown). One of those identified is the
cells (Fig.5B). This phenotype was associateéd/nt/-catenin signaling pathway known to
with a transiently reduced expression of thenhibit adipocyte differentiation at least in part
perilipin and FSP-27 genes at day 4, whiley inhibiting PPAR activity [19]. Indeed,
ADRP and S3-12 gene expression was nN@iRNA levels ofB-catenin were increased in
affected (Fig.5C). Surprisingly, FSP-27 mRNAgadipose tissue of FXRvs FXR' obese mice
levels were found to be increased at day 8 {Fig.7A). In accordance with an increased
FXR” adipocytes. Altogether, these resultynyg-catenin signaling, mRNA levels of
show that FXR' preadipocytes display altered, RP5 and Axin2 [18], both target genes and
adipocyte differentiation even when PPAR  components of the Wift/catenin pathway, and
activated. the target genes cyclin D1 and c-Myc [32][33],
Re-introduction of FXR in FXR" MEFS were higher in adipose tissue of FXR
restores the expression of adipogenic and lipid  compared to FXK" mice (Fig.7A).

droplet genes and increases the number of The expression of regulators and components
differentiated adipocyte clusters. To determine of the \WntB-catenin pathway was also
whether the altered adipocyte differentiatioynalyzed during the differentiation of FXR
observed in rosiglitazone-treated FXRIEFS g~ EXR- MEEs  into adipocytes.
was strictly FXR-dependent, FXR wasinterestingly, the expression of the secreted
exogenously (re-)expressed in FkRanO_l frizzled-related proteins (sFRP) 1 and 5,
FXR™ MEFs using a retrovirus encodingnegative regulators of the Wnt pathway, was
FXRa3, which, together with FX&4, is |ower in FXR" MEFs during early adipocyte
expressed in MEF cells (data not shownkifferentiation, at day 2 and day 1 respectively
Infected cells were subsequently subjected {fig.7B). In parallel, western blot analysis
adipogenic differentiation in the presence Oghowed thap-catenin protein expression was
rosiglitazone. Retroviral infection led to apigher in FXR™ MEFs with a peak at day 4
pronounced mRNA expression of FMR in  compared to FXK' MEFs (Fig.7C). In
FXR" MEFs during adipocyte differentiation, accordance with an increased Whtfatenin
with a 3-fold higher expression at day &jgnaling, the expression of LRP5, Axin2,
compared to FXR' MEFs infected with cyclin D1 and c-Myc, four target genes of this
empty  retrovirus (data not  shown). pathway, was increased in FXRompared to
Importantly, re-introduction of FXR resulted inpxr** MEFs (Fig.7D). Moreover, restoration
an increased number of differentiatedf FXR expression in FXR MEFs using the
adipocyte clusters (Fig.6A) and a restoration gfypq3 encoding retrovirus resulted in a
PPARy and aP2 expression at day 8, wheregfcrease of-catenin protein expression (Fig.
neither the expression of C/EBRor C/EBRX  7E) along with the improvement of adipocyte
was affected in FXR MEFs (Fig.6B). (ifferentiation (Fig.6B). Moreover, MRNA
Moreover, the expression of all lipid droplelexpression of the Wnt/Batenin pathway
genes was significantly increased at day §enes c-Myc, Axin2 and LRP5 decreased upon
(Fig.6C). Thus, re-expression of FXR in FXR ExR reintroduction in FXR MEFs (Fig.7E).
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To further assess whether the anti-adipogenéells was already detectable at day 2 and 4,
effect of FXR-deficiency is mediated by thewhile the functional consequences reflected in
activation of the Wnf-catenin signaling lipid droplet morphology were observed later
pathway, we investigated whether the secreted day 8 of differentiation. This alteration of
Wnt antagonist sFRP1 could reverse thiadipocyte  differentiation induced by
effect. The elevated B-catenin protein rosiglitazone was strictly FXR-dependent since
expression in FXR compared to FXR" FXR re-introduction improved differentiation
MEFs was reduced upon incubation wittof FXR™ MEFs with an increased expression
recombinant sFRP1  protein  (Fig.8A).of adipogenic markers, such as PRARNd
Concomitantly, sFRP1 treatment of FXR aP2, and an increased number of differentiated
MEFs increased the expression of adipogengell clusters. Intriguingly, C/EBP and
markers, such as PPARNd aP2 (Fig.8B). C/EBP3 mRNA expression was not restored.
These results demonstrate that the /nt/ We have currently no explanation for the lack
catenin pathway, which inhibits adipocyteof response of these two genes.
differentiation and PPAR function, is Rosiglitazone-treated FXRMEFs displayed
activated in FXR-deficient adipocytés vivo an alteration of triglyceride storage that was
and in vitro and that restoration of FXR correlated with a combination of a decrease of
expression inhibits the Wnt signaling pathwayde novo lipogenesis and an increase of
lipolysis. In parallel, the expression of
DISCUSSION lipogenic genes was decreased in FXREFs
The results of this study identify a role for thedata not shown). This result is in agreement
nuclear receptor FXR as a modulator of th@ith those obtained in the 3T3-L1 cell line
PPAR/ and Wnt signaling pathways inshowing an increase of lipogenic gene
adipocyte  differentiation. FXR mice expression after treatment with FXR agonists
displayed an impaired response to PRAR[24].
activation and FXR MEFs were resistant to FXR™ MEFs exhibited an increase of both
the induction of adipogenic differentiation bybasal andp-adrenergically-induced lipolysis.
PPARy activation. Our results show that lipigHowever, the extent off-adrenergically-
storage is impaired in FXRMEFs even after medlatedllnductlon was S|_m|Iar between FXR
PPARy activation due to decreasatt novo ad FXR™ MEFs suggesting that downstream
lipogenesis and increased lipolysis. Microarra@thways are not influenced by FXR.
analysis of adipose tissue from ESRand owever, thg_e_xpressmn of lipid droplet genes
FXR™ mice allowed us to identify that FXR-SUch as perilipin, ADRP, S3-12 and FSP-27,

deficiency alters mMRNA expression of gene¥/hich play a role in lipid droplet formation
implicated in the Wnf-catenin signaling @nd lipolysis, is altered Reven after PPAR
pathway. FXR adipose tissue and FXR &ctivation.  Since, FXR MEFs and
MEFs exhibited an over-activation of thePreadipocytes present a decreased lipid droplet
Wnt/B-catenin signaling pathway, an inhibitorSi2€: it yvould be interesting to determlne_the
of adipocyte differentiation and PPAR localisation of the ATGL and HSL proteins
function. These results demonstrate that FX e(;‘ored and afterB-(ajtdrenerglc sﬂmulﬁtlon.

is critical for full adipocyte differentiation by hdeed, a recent study p_roposest ‘?tt ese .tWO
promoting PPAR activation and interfering enzymes are preferentially associated with
with the Wntp-catenin signaling pathways.  small lipid droplets [34], and thus could
our study shows that FXR-deficiency led tocontrlbute to the increase of lipolysis in FXR
impaired adipocyte differentiation of MEFs, a Ipocytes. . . . .

well as preadipocytes isolated from the strom icroarray analysis of white adipose tissue of

+/+ - .
fraction of FXR" adipose tissue, with a clearr XR~ and FXR™ mice showed that
FXR-deflmency is associated with impaired

ateration of lipid droplet gene expression afte . f | d fth
differentiation in the presence of rosiglitazoneEXPression of regulators and components of the

This alteration of mMRNA expression in FXR Wnt/B—c_atenin signaling . pathway [35].
Interestingly the expression of sFRP5, an
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inhibitor of the WntB-catenin signaling [32] and by suppressing C/EBRand p21 gene
pathway, was down-regulatédvivo (datanot  expression [41]. These results suggest that
shown) and in vitro in FXR™ MEFs. FXR interferes with the activation of the
Conversely, B-catenin, a gene implicated inwnt/3-catenin signaling pathway to promote
inhibition of adipocyte differentiation andadipocyte differentiation. This interference
adipose tissue formation [35][36][37], was upcould be mediated by a decreaseBafatenin
regulated in adipose tissue of FXRuice. This protein stability via a feedback regulation
observation is consistent with studies showingffecting the expression and protein level of
that there is an increase Pfcatenin in the Axin2 or LRP5 owia the induction of GSK®
intestine of FXR mice [38]. the kinase that phosphorylates theatenin
sFRP5 mRNA levels correlate with adiposityprotein_

[39]. Thus, the observed decrease of sFRR¥nother argument for the modulation of the
mMRNA expression is in agreement with thgynt/3-catenin signaling pathway is the
deSC/”ptl(_)n of lower adipose tissue mass ifbservation that FXR-deficiency results in an
FXR™ mice [7]. Moreover, the expression Ofinpaired responsiveness to PPARctivation
sFRP1, which, when over-expressed, inducgg itro and in vivo. First, FXR-deficiency

spontaneous adipocyte differentiation [40]gjtered PPAR expression in MEFs and FXR
was decreased in FXRVEFs. mRNA levels re.introduction in FXR MEFs increased
of sFRP1 and sFRPS were decreasgdrNA expression of PPAR Moreover, FXR
respectively at day 2 and day 1 of MEF$ \EFs displayed a resistance to the induction
differentiation, which correlates with theof adipocyte differentiation by rosiglitazone
increasecp-catenin protein levels especially atreatment. In the same line, FXRb/ob mice
day 4 of FXR® MEF differentiation  exhipited an impaired responsiveness to
Moreover, incubation ofFXR™ MEFs with ppaAR, activation reflected by altered
SFRP1  decreasedp-catenin protein and expression of several PPARtarget genes,
increased expression of adipogenic genggcluding lipid droplet genes. These results
These results show that FXR acts at an eaHyrther corroborate the existence of a cross-talk
stage of the adipogenic program, at least ietween FXR and PPARactivities, as has
part by controlling the expression of negativgeen proposed in hepatocytes where FXR
regulators of Wnfi-catenin signaling pathway. jncreases PPAR expression, thereby
Several lines of evidence indicate that th@egylating the antifibrotic activity of FXR in
Wnt/B-catenin signaling pathway is increasedodent liver [42].

in FXR" adipose tissue and MEF cells. Thep summary, FXR is necessary for a proper
expression of the receptor LRP5, the regulatqvésponse to PPARactivation, suggesting a
of B-catenin stability and phosphorylationcross-talk between FXR and PPAR
Axin2, and the target genes of the V@at/ Moreover, FXR contributes to the induction of
catenin signaling pathway cyclin D1 and cadipocyte differentiation by interfering with
Myc, were up-regulated in the absence ahe Wnt/Bcatenin signaling pathway. These
FXR. Cyclin D1 and c-Myc both inhibit results identify a critical role for FXR in
adipocyte differentiation by decreasing PRARadipose tissue to ensure the accurate and
activity  through histone deacetylasecomplete course of adipocyte differentiation.
recruitment on the promoter of its target genes
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FIGURE LEGENDS
Figure 1.Obese FXR™/ob/ob mice are resistant to the effects of PPARy activation on
adipocyte recruitment. A. Increase of brown adipose tissue (BAT) mass in FX¥Rd FXR'/
ob/ob mice after rosiglitazone (RSG) treatmeBt.Adipocyte size distribution in adipose tissue
of FXR" and FXR"*/ob/ob mice treated or not with RSG. 200 adipocytes were studied per
section. Adipocyte size was measured using ImageNorphology of white adipocytes of FXR
" and FXR"*/ob/ob mice (n=3/group) treated with RSG (10mg/kg). Small adipocytes recruited
after RSG treatment are indicated by the arrow.

Figure 2 FXR-deficiency altersthe expression profile of white adipose tissue genes following
rosiglitazone treatment. MRNA expression of PPARarget genesA(), adipogenic transcription

factor genesK) and lipid droplet gene<Cjj in white adipose tissue of FXRand FXR'"/ob/ob

mice after rosiglitazone treatment. MRNA levels were measured by quantitative PCR. Values are
normalized to the expression of cyclophilin and are expressed relative to contrdl F}eR.

The results are presented as means + S.D.

Figure 3.FXR” MEFsareresistant to PPARYy activation. mRNA levels of adipogenic genes of

4- and 8-day-differentiated FXRand FXR™™ MEFs in the presence or absence of 1 uM
rosiglitazone (RSG) were measured by quantitative PCR. Values are normalized to the expression
of cyclophilin and are expressed relative to those at day 0, which are arbitrarily set to 1. These
results are representative of three experiments and are presented as means + S.D.

Figure 4.FXR-deficiency alters triglyceride storage, lipolysis, de novo lipogenesis and the
expression of lipid droplet genes in MEFs during differentiation to adipocytes. A.

10
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Triglyceride (TG) content in FXRand FXR™ MEFs at day 0, 4 and 8 of differentiation treated

with 1 pM rosiglitazone; lipolysis was measured in FX&d FXR'* MEFs at day 0, 4 and 8 as
glycerol release under basal and stimulated (isoproterenol: 1ISO) conddengvo lipogenesis

in FXR"™ and FXR"" MEFs at day 0, 4 and 8 of differentiation. The lesare representative of

three experiments and are presented as means B SQuantification of the lipid droplet size of
8-day-differentiated FXR and FXR** MEFs.C. mRNA expression of genes coding for lipid
droplet proteins in FXR and FXR™ MEFs during differentiation measured by quanti&fCR.

Values are normalized to the expression of cyclophilin and are expressed relative to those at day
0, which are arbitrarily set to 1. The results are representative of three experiments and are
presented as means = S.D.

Figure 5. FXR-deficiency impairs PPARy-induced differentiation and lipid droplet
formation of primary preadipocytes. A, C. Expression of adipogenic marker (A) and lipid
droplet protein (C) genes in FXRcompared to FXE' preadipocytes treated with 1 pM
rosiglitazone. Preadipocytes were isolated from white adipose tissue of obe$folxiRand
FXR"*/ob/ob mice. mRNA levels were measured by quantitative PCR. ValseSD|) are
normalized to the expression of cyclophilin and are expressed relative to those at day 0, which are
arbitrarily set to 1B. Smaller size of lipid droplets in FXRcompared to FXR' preadipocytes.
Representative Oil Red O staining of FXRand FXR'* preadipocytes at day 0 and 8 of
differentiation (20x magnification).

Figure 6. Re-expression of FXR reverses the impaired adipocyte differentiation of
rosiglitazone-treated FXR” MEFs. FXR”™ MEFs were infected with a retrovirus coding for
FXRa3 or the empty vector, subjected to adipogenic differentiation and treated with 1 uM
rosiglitazoneA. Increased number of differentiated cell clusters after FXR retroviral infection of
rosiglitazone-treated FXR MEFs. Representative Oil Red O staining of FXBnd FXR'"
MEFs at day 8 of differentiation (20x magnificatioB).C. mRNA levels of adipogenic markers

(B) and lipid droplet protein Q) genes in empty retrovirus- and FXR retrovirus-infected
rosiglitazone-treated FXRMEFs measured by quantitative PCR. Empty retroviraesfected
FXR™ MEFs were used as reference. Values are normalizezydlophilin mRNA and are
expressed relative to those at day 0, which are arbitrarily set to 1. The results are representative of
three experiments and are presented as means + S.D.

Figure 7.Upregulation of the Wnt/p-catenin signaling pathway in adipose tissue of FXR™

/ob/ob mice and FXR" MEFs. A. mRNA expression of-catenin, LRP5, c-Myc, Axin2 and
Cyclin D1 in inguinal adipose tissue of FXRand FXR'*/ob/ob mice. mRNA levels were
measured by quantitative PCR. Values are normalized to the expression of cyclophilin and are
expressed relative to FXR mice, which are arbitrarily set to 1. The results presented as
means + S.DB. mRNA expression of SFRP1 and sFRP5 during differentiation of FaiRi

FXR™ MEFs treated with 1 pM rosiglitazon€. p-catenin protein levels during FXRand

FXR"™ MEF differentiationD. mRNA levels of Wni§-catenin target genes during differentiation

of FXR" and FXR"* MEFs.E. (top) B-catenin protein levels, (bottom) mRNA levels of gyl

Axin2 and LRP5 in FXK' and FXR" MEFs transfected for 2 days with empty of FXR reimes

as indicated. mMRNA levels were measured by quantitative PCR. Values are normalized to the
expression of cyclophilin and are expressed relative to those at day 0, which are arbitrarily set to
1. The results are representative of two experiments and are presented as means = S.D.

Figure 8.Secreted Frizzled-Related Protein 1 (sSFRP1) reduces p-catenin protein (A) and
increases PPARy and aP2 gene expression in FXR” MEFs. FXR”™ MEFs were differentiated

in the presence or absence of recombinant sFRP1 (75 nrolffycatenin protein levelsB.

MRNA levels of adipogenic genes measured by quantitative PCR. Values are normalized to the

11
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expression of cyclophilin and are expressed relative to those in"FXFEFs, which are
arbitrarily set to 1. These results are presented as means + S.D.
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