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The  defining  characteristic  of  obesity  is  increased  adipose  tissue  (AT)  mass  following  chronic  positive
energy  supply.  AT  mass  is  determined  by  adipocyte  number  and  size,  which  reflect  proliferation  and
differentiation  of preadipocytes  and  hypertrophy  of pre-existing  adipocytes.  The  molecular  pathways
governing  AT  expansion  are incompletely  defined.  We  previously  reported  that  FGF-1  primes  proliferat-
ing  primary  human  preadipocytes  (phPA),  thereby  increasing  adipogenesis.  Here  we  examined  whether
ibroblast growth factor
dipocyte
dipogenesis
besity

FGF-1’s  adipogenic  actions  were  due  to  modulation  of  other  FGFs.  Treatment  of  phPA  with  FGF-1  reduced
FGF-2  mRNA/protein  by  80%. To  examine  a putative  functional  role  we  performed  siRNA  knockdown  stud-
ies.  Following  FGF-2  knockdown  preadipocyte  proliferation  was  decreased  and expression  of adipogenic
genes  (PPAR�,  G3PDH  and  adiponectin)  was  increased  at day  1 of  differentiation.  These  results  suggest
that  changes  in  endogenous  FGF-2  levels  contribute  to FGF-1’s  early  adipogenic  effects  and  highlight  the
complexity  of  the  paracrine  interplay  between  FGFs  within  human  AT.
. Introduction

The current obesity pandemic is having significant adverse con-
equences on the health and functionality of both individuals and
ealthcare systems worldwide. Obesity, characterized by excessive
ody fat (adipose tissue), occurs in a setting of positive energy
alance and is strongly associated with many chronic diseases

ncluding type 2 diabetes, cardiovascular disease and many can-
ers. Given the public health significance of disorders of adipose
issue mass, increased knowledge of the molecular and cellu-
ar mechanisms governing adipose tissue expansion is critical to
evelopment of effective strategies in prevention and treatment of
besity and its metabolic complications.

Both size and number of adipocytes underpins adipose tissue
ass. Initially hypertrophy of existing adipocytes is sufficient to
tore excess energy in the form of triglycerides but in the face of
ontinuing positive energy balance the system requires generation
f new adipocytes. This occurs via the complex process of adipo-
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genesis whereby multi-potent mesenchymal stromal cells within
adipose tissue undergo commitment to the adipocyte lineage and
proliferate to form a pool of preadipocytes which, upon further
stimulation, differentiate into new adipocytes.

Healthy adipose tissue maintains a balance between
preadipocyte differentiation and lipid storage within mature
adipocytes and impairment of this balance is an important factor
linking obesity to its metabolic sequelae (Medina-Gomez et al.,
2007; Sethi and Vidal-Puig, 2007; Spalding et al., 2008). Excessive
adipocyte hyperplasia and, conversely, excessive adipocyte hyper-
trophy in the absence of new adipocyte generation have each
been implicated in the aetiology of obesity and its complications
(Heilbronn et al., 2004; Kim et al., 2007; Spalding et al., 2008;
Lebeche et al., 1999; Li et al., 2000; Sherman et al., 1993). It is
possible that each of these processes may  be important in obesity
under different settings, such as individual genetic differences or
differences in developmental stages of obesity. Together, this high-
lights the importance of adipogenesis as a therapeutic target – for
either inhibition of excessive adipocyte number or for promotion
of the acquisition of new and metabolically healthy adipocytes.
Underpinning both approaches is the absolute requirement for
a comprehensive understanding of the molecular regulation of

adipogenesis.

For the last few years we  have investigated human adipogenesis
and have identified FGF-1 as a novel and potent adipogenic fac-
tor secreted from adipose-derived microvascular endothelial cells
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Hutley et al., 2004). FGF-1 stimulates all stages of adipogenesis
ncluding preadipocyte proliferation, commitment and differentia-
ion (Hutley et al., 2004; Newell et al., 2006). Further we identified
GF receptor 1 (FGFR1) and signalling via the MAPK/ERK pathway as
ssential components in the adipogenic actions of FGF-1 in human
readipocytes (Widberg et al., 2009). These effects of FGF-1 are
pecific for this family, in contrast to a range of growth factors,
ncluding PDGF-AA, PDGF-BB and IGF-1, which also signal via tyro-
ine kinase receptors but are not adipogenic (Widberg et al., 2009).
mportantly, we also demonstrated that human adipogenesis can
e modulated in vitro by targeting FGF/FGFR signalling (Hutley
t al., 2004; Newell et al., 2006; Widberg et al., 2009). Preadipocytes
reated with recombinant FGF-1 during proliferation have a greatly
ncreased capacity for differentiation and adipocytes generated
rom this model express all examined genetic and metabolic mark-
rs of the mature phenotype including insulin sensitivity (Hutley
t al., 2004; Newell et al., 2006; Widberg et al., 2009). A paracrine
ole for the FGF system in the regulation of adipose tissue in vivo is
trongly suggested by expression of FGF ligands and their receptors
n this tissue and by reports demonstrating increased expression of
GF-1 in adipose tissue from obese individuals (Mejhert et al., 2010;
eichert-Kuliszewska et al., 1992). Together this data highlights the
GF-1 model of human adipogenesis as an important platform for
urther studies of this process particularly of the earliest commit-

ent stage about which little is currently understood.
One potential mechanism by which FGF-1 primes cells for

ifferentiation is by inducing alterations in gene expression.
e demonstrated that FGF-1 treatment of proliferating human

readipocytes (hPA) mediates altered expression of genes regulat-
ng adipogenesis, including the key adipogenic transcription factor,
PAR� (Newell et al., 2006; Widberg et al., 2009). In embryonic
evelopment FGF ligands are known to act in a paracrine fash-

on to modulate the expression of other FGF family members and
his co-regulation is an important mechanism in cell fate deci-
ions and developmental processes (Lebeche et al., 1999; Li et al.,
000; Sherman et al., 1993). Currently little is known concerning
he role of endogenous FGFs in adult physiology and, more specif-
cally, in human adipogenesis. The present work aims to identify
ffects of FGF-1 on preadipocyte expression of endogenous FGFs,
pecifically FGF-2 and FGF-10 which have each been implicated in
evelopment of white adipose tissue (Hutley et al., 2004; Krieger-
rauer and Kather, 1995; Neubauer et al., 2004; Prusty et al., 2002;
amasaki et al., 1999). Further, we aim to determine if modula-
ion of expression of these growth factors is a component of the

olecular regulation governing the complex process of adipogen-
sis which involves proliferation, commitment and differentiation
f preadipocytes.

. Materials and methods

.1. Cell culture and assessment of differentiation

.1.1. Primary human preadipocytes (phPA)
Subcutaneous adipose tissue biopsies were obtained from 5 male (average age

0  years [range 21–76], average BMI  25.8 kg/m2 [range 19–33]) and 12 female (aver-
ge age 43 years [range 25–71], average BMI  30.1 kg/m2 [range 19–55]) patients
ndergoing elective open-abdominal surgery. None of the patients had diabetes or
evere systemic illness and none were taking medications known to affect adipose
issue mass or metabolism. The protocol was approved by the Research Ethics Com-

ittees of the University of Queensland and the Princess Alexandra Hospital and
ll  patients gave their written informed consent. phPA were isolated from subcu-
aneous adipose tissue and cultured as previously described (Hutley et al., 2001b;

idberg et al., 2009). Cells were used for experiments at passage 2 after 8–12 weeks

ulture in serum-containing medium. Upon reaching confluence the cells were dif-
erentiated in a chemically defined serum-free medium as previously described
Hutley et al., 2004, 2001a). During the culture period phPA were treated ±1 ng/ml
GF-1 (R&D systems, Minneapolis, MN,  USA) and 90 �g/ml heparin (Sigma–Aldrich,
astle Hill, Victoria, Australia).
ndocrinology 339 (2011) 165– 171

2.1.2. SGBS preadipocytes
Simpson Golabi Behmel Syndrome (SGBS) preadipocytes (PA), a human subcuta-

neous PA cell strain, were isolated and characterized in 2001 (Wabitsch et al., 2001).
These cells were cultured and differentiated as previously described (Newell et al.,
2006; Widberg et al., 2009). As for the phPA, these cells were also treated ±1 ng/ml
FGF-1 (R&D systems, Minneapolis, MN,  USA) and 90 �g/ml heparin (Sigma–Aldrich,
Castle Hill, Victoria, Australia) during the culture period.

2.2. Real-time RT-PCR

Total RNA was obtained using RNeasy kits (Qiagen, Doncaster, Victoria,
Australia) and concentration and quality determined using a spectrophotometer
(Nanodrop ND-1000, Biolab, Clayton, Victoria, Australia). Total RNA (500 ng–1 �g)
was  reverse transcribed using random hexamers (Promega, Annandale, NSW,
Australia) and Superscript III reverse transcriptase according to manufacturer’s
instructions (Invitrogen). The primers used in this study are available on request and
were designed using Primer 3 software and purchased from Sigma–Aldrich (Castle
Hill, Australia). Real time RT-PCR was performed as previously described (Widberg
et al., 2009).

2.3. Western blot analysis

Western blot analysis was carried out as previously described (Su et al., 2009).
All blots were visualised using the LICOR Odyssey system. The following primary
antibodies were used: FGF-10 (C17), FGF-2 (H131), Lamin A/C (636) from Santa
Cruz Biotechnology and �-tubulin (Sigma–Aldrich).

2.4. FGF-2 immunoassay

hPA were grown to confluence in the presence of 90 �g/ml heparin and in the
presence or the absence of 1 ng/ml FGF-1 in six well plates. Cells were incubated in
1  ml  of serum-containing medium (10% FBS) for 24 h and the medium collected, sup-
plemented with protease inhibitors (1 �g/ml aprotinin, 1 �g/ml antipain, 1 �g/ml
pepstatin, 1.5 �g/ml leupeptin, 0.5 mM AEBSF), and stored at −80 ◦C until required.
Cells were harvested in buffer containing 20 mM HEPES, 1% Triton X-100, 150 mM
NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM Na4PO7, 10 mM NaF and protease inhibitors
(Complete Mini, Roche Diagnostics, Germany) and total protein for each sample
determined by BCA assay. FGF-2 secretion into the medium was determined using
the  Quantikine human FGF basic immunoassay kit (R&D systems) according to
manufacturer’s instructions. As a background control for the medium, a sample
supplemented with 10% FBS was also measured. The concentration of FGF-2 in each
media sample was determined by comparison with a standard curve and corrected
for  cell number by normalising to the total protein of the whole cell lysate for each
sample.

2.5. Subcellular fractionation

Cells were subjected to subcellular fractionation using established methods,
essentially as described previously (Behrmann et al., 2004; Whitehead et al., 2001).

2.6.  Immunofluorescence microscopy

Confluent hPA were grown in the presence or the absence of 90 �g/ml heparin
and 1 ng/ml FGF-1 on glass coverslips and immunofluorescence analysis carried out
as  previously described (Widberg et al., 2009).

2.7. FGF-2 knockdown

Small-interfering RNA (siRNA) designed and validated to target FGF-2 and
scrambled control (AllStars Negative control siRNA) was from Qiagen (sequences
available on request). In preliminary experiments similar results were obtained with
three independent siRNAs. The siRNA yielding the most effective FGF-2 knockdown
was used for subsequent studies. SGBS PA were seeded on six-well plates at 50–80%
confluence in serum-containing medium without antibiotics. Transfections were
carried out 24 h later using NanoJuice Transfection Reagents according to the manu-
facturer’s instructions (Novagen). Knock-down was  assessed 72 h post-transfection
by real-time RT-PCR for FGF-2 mRNA. Transfected cells were then either plated for
SYTO 60 (cell number) assay or cultured in serum-containing medium for an addi-
tional 3 days prior to induction of differentiation. At differentiation day 1, 7 and 14
cells were harvested for subsequent experiments.

2.8. SYTO 60 assay

Cell number was assessed using SYTO 60 (Invitrogen) assay as previously
described (Widberg et al., 2009; Su et al., 2009).
2.9. Assessment of differentiation

Lipid accumulation was assessed morphologically using phase contrast
microscopy (100× magnification) (Nikon Eclipse TE300). Differentiation was also
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Fig. 1. Effects of FGF-1 on expression of FGF-10 and FGF-2 in primary human
preadipocytes. Subcutaneous phPA were grown to confluence in serum-containing
medium supplemented with 90 �g/ml heparin and in the presence or the absence
of  1 ng/ml FGF-1. (A and B) Total RNA was extracted and expression of FGF-10 (A)
and  FGF-2 (B) was determined by qRT-PCR. (C and D) Western blot analysis of FGF-
10  (C) and FGF-2 (D) protein. Recombinant human protein was  used as a positive
control and �-tubulin was used as a loading control. (E) Graph showing quantitation
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Fig. 2. Subcellular distribution of FGF-2 in primary human preadipocytes. Subcuta-
neous phPA were grown to confluence in the presence or the absence of 90 �g/ml
heparin and 1 ng/ml FGF-1. (A) Western blot showing the distribution of FGF-2 in
the  Cytosolic (Cyt) and nuclear (N) fractions. Blots for tubulin (cytosolic marker) and
lamin A/C (nuclear marker) demonstrate the stringency of the fractionation protocol.
f  FGF-2 isoform expression. (F) FGF-2 secretion was measured by immunoassay.
esults represent the mean ± SEM of samples derived from 3 individuals (A and C)
r  5 individuals (B, D, E and F) (*p < 0.05).

ssessed using real-time RT-PCR for expression of adipogenic markers and enzy-
atic assay of glycerol 3-phosphate dehydrogenase (G3PDH) activity as previously

escribed (Hutley et al., 2001b; Widberg et al., 2009). Results for enzyme activity
re  expressed as mU per cm2 of culture area as described in Newell et al. (2006).

.10. Statistical analyses

Statistical analyses were performed using the following tests as appropriate:
tudent’s t-test in Microsoft Excel 2002 Data Package (this analysis was  used unless
therwise stated); one-way ANOVA (repeated measures) for differences across
xperimental groups in conjunction with Tukey’s post hoc test to compare dif-
erences between the respective treatment groups in GraphPad Prism 4.02. Data
re expressed as means ± SEM. p-Values ≤0.05 were considered to be statistically
ignificant.

. Results

.1. Effects of FGF-1 on expression of FGF-10 and FGF-2 at
onfluence

In confluent phPA in response to exogenous FGF-1 treatment,
GF-10 mRNA was increased approximately 20-fold compared to
no FGF-1’ control (p < 0.05) (Fig. 1A) and, conversely, FGF-2 mRNA
howed a 5-fold decrease (p < 0.05) (Fig. 1B). We  were unable to
stablish whether differences in FGF-10 mRNA were recapitulated
t the protein level with FGF-10 protein levels being undetectable
(B) Immunofluorescence microscopy showing the subcellular localisation of FGF-2.
Cells  were counterstained with the nuclear stain DAPI. Images are representative of
samples derived from 3 individuals.

by western blot, although recombinant human FGF-10 protein was
readily detected (Fig. 1C). In contrast, the FGF-1-induced decrease
in FGF-2 mRNA was also observed at the protein level (Fig. 1D).
Confluent phPA expressed the 18 kDa low molecular weight iso-
form as well as two  high molecular weight isoforms of 22 kDa (or
22.5 kDa) and 24 kDa (Fig. 1D) which are produced by use of alter-
native translation start sites (Florkiewicz and Sommer, 1989; Prats
et al., 1989). Consistent with mRNA expression, FGF-1-treated phPA
exhibited decreased levels of all three FGF-2 isoforms in compari-
son with non-FGF-1 treated controls (Fig. 1D). Quantitation of the
FGF-2 isoforms demonstrated that expression of all three isoforms
was reduced by an average 4 to 5-fold in cells exposed to FGF-1
(Fig. 1E).

3.2. Effects of FGF-1 on FGF-2 Secretion

The amount of FGF-2 secreted into the medium by phPA was
determined by immunoassay (Fig. 1E). Consistent with the negative
effect of FGF-1 exposure on FGF-2 message and protein expres-
sion there was also a significant FGF-1-induced reduction in FGF-2
secretion from these cells compared to cells cultured in the absence
of FGF-1 (average 47.1 pg/ml/mg versus 315.2 pg/ml/mg protein,
respectively; p < 0.05) (Fig. 1F). Together, these results demonstrate
that treatment with exogenous FGF-1 reduces the expression as
well as intracellular and extracellular levels of all three FGF-2 iso-
forms.

3.3. Effects of FGF-1 on subcellular localisation of FGF-2 in
confluent phPA

In order to determine the subcellular localisation of FGF-2 iso-
forms in phPA and to determine if FGF-1 treatment resulted in
altered localisation, subcellular fractionation was  carried out and
the cytosolic and nuclear fractions were subjected to western blot
analysis. Blotting with other markers for specific subcellular com-
partments (ß-tubulin for the cytosol and Lamin A/C for the nucleus)
confirmed the fidelity of the fractions (Fig. 2A). All three FGF-
2 isoforms were primarily localised to the nucleus. As observed
previously, FGF-1 treatment decreased expression of all FGF-2 iso-
forms and this effect was most apparent in the nuclear fraction
(Fig. 2A). The subcellular localisation of FGF-2 was also examined
by immunofluorescence microscopy. In cells which had not been

exposed to FGF-1, there was  strong nuclear staining of FGF-2. How-
ever, in clear contrast, FGF-2 nuclear staining was dramatically
decreased in FGF-1-treated phPA (Fig. 2B) with no obvious shift in
localisation detected. Overall, these findings demonstrate that the
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Fig. 3. Effects of FGF-2 knockdown on proliferation of SGBS preadipocytes. SGBS PA
were grown to confluence in the presence or the absence of 90 �g/ml heparin and
1  ng/ml FGF-1. (A) Total RNA was extracted from cells at the indicated timepoints and
the expression of FGF-2 was determined by qRT-PCR. Results are the mean ± SEM
of  4 independent experiments (*p < 0.05 comparing −/+ FGF-1 treated cells at the
respective timepoint). The levels of FGF-2 mRNA (B) and protein (C and D) were
determined by qRT-PCR and western blot 72 h after transfection with scrambled
(Scr)-siRNA or FGF-2-siRNA. Data are representative of 3 independent experiments
68 L.J. Hutley et al. / Molecular and Cel

ajority of intracellular FGF-2 protein is nuclear and that exoge-
ous FGF-1 reduces this nuclear pool of FGF-2.

.4. FGF-2 expression during differentiation

As phPA differentiate with limited efficiency in the absence of
GF-1 treatment we next characterized FGF-2 expression during
ifferentiation of the widely used SGBS PA. These cells were orig-

nally derived from the stromal fraction of subcutaneous adipose
issue of an infant with SGBS (Wabitsch et al., 2001) and unlike
ther human PA, SGBS cells maintain a high capacity for differentia-
ion over many generations resulting in their widespread use (Bour
t al., 2007; Hossain et al., 2010; Newell et al., 2006). We  have pre-
iously characterized SGBS PA and found them to be metabolically
imilar to phPA, particularly with regards response to FGF-1 and
ubsequent regulatory events during adipogenesis (Newell et al.,
006; Widberg et al., 2009). The subcellular distribution of FGF-

 in the SGBS PA was predominantly nuclear (data not shown),
onsistent with our observations in the phPA. FGF-2 mRNA expres-
ion was significantly lower in FGF-1-treated SGBS PA compared
o ‘no FGF-1’ controls (3- to 5-fold decrease cf control; p < 0.01)
uring the critical period of proliferation and commitment lead-

ng up to confluence (Fig. 3A; day −3 to day 0). Upon induction
f differentiation (Diff) at day 0, FGF-2 expression was decreased
n both −/+ FGF-1 treatment groups to similar, low levels by Diff
ay 3 (Fig. 3A). This low level of FGF-2 expression was maintained
hrough the mid-stages of differentiation and began to rise as the
ells attained a mature adipocyte phenotype (cells are considered
ature adipocytes by day 14). This increase was more pronounced

n the FGF-1-treated cells (Fig. 3A). These data suggest that the
eduction in FGF-2 mRNA during the early stage of differentiation is

 general characteristic of the adipogenic program which prompted
s to hypothesise that this reduction may  represent an integral part
f adipogenesis which is, in turn, enhanced by FGF-1 treatment.

.5. Knockdown of FGF-2 in SGBS PA

To investigate the above RNA interference techniques were
sed. FGF2 mRNA and protein levels were determined 72 h after
ransfection of SGBS PA with scrambled (control) siRNA or FGF-

 siRNA. Results demonstrated significant knockdown of FGF-2
RNA (Fig. 3B) and protein (Fig. 3C). Interestingly, whilst all three

GF-2 isoforms were decreased by treatment with FGF-2 siRNA the
xtent of knockdown ranged from 50% (22 kDa) to 90% (18 kDa)
Fig. 3D) which probably reflects differences in the properties of
he three isoforms.

.6. Effect of FGF-2 knockdown on SGBS PA proliferation

An important early stage in the adipogenic process is the pro-
iferation of preadipocytes. We  have previously reported that this
s a critical period in FGF-1’s pro-adipogenic actions (Hutley et al.,
004; Newell et al., 2006; Widberg et al., 2009). The effect of FGF-2
nockdown on SGBS proliferation was determined after four days
f proliferation using the SYTO 60 assay. There was  a 30% decrease
n cell number following knockdown of FGF-2 compared to control
ells (p < 0.05) demonstrating that reduction of endogenous FGF-2
ecreased proliferation.

.7. Effect of FGF-2 knockdown on SGBS PA differentiation

We previously reported that FGF-1 increased expression of sev-

ral adipocyte markers (compared to non-FGF-1-treated controls)
rom early time-points both pre- and post-induction of differen-
iation (Hutley et al., 2004; Newell et al., 2006; Widberg et al.,
009). In the present study we wished to determine if knockdown
(mean ± SEM) (*p < 0.05). (E) Proliferation of cells treated with scrambled-siRNA or
FGF-2-siRNA was determined using the Syto60 assay. Results are the mean ± SEM
of  3 independent experiments (*p < 0.05).

of FGF-2 in FGF-1 naïve cells would replicate this effect on adipocyte
gene expression. Using the same siRNA techniques as above, FGF-2
was knocked down in SGBS PA and differentiation induced when
the cells reached confluence (differentiation day 0), approximately
3–5 days post-transfection. Total RNA was harvested on day 1, 7
and 14 of the differentiation period. At Diff day 1 real-time RT-
PCR analysis of adipogenic markers demonstrated a significant
increase in expression of PPAR� as well as glycerol-3-phosphate
dehydrogenase (G3PDH) and adiponectin (all p < 0.05) (Fig. 4A–C,
respectively). However, this increased expression was  not observed
at day 7 or day 14, with a trend toward reduced expression of all
three markers at day 14 (Fig. 4A–C). Phase contrast microscopy
revealed marked lipid accumulation at day 7 and day 14 which was
comparable between cells treated with either scrambled or FGF-2

siRNA (Fig. 4D). Finally, the effect of FGF-2 knockdown on G3PDH
activity was assessed in mature adipocytes harvested on day 14.
Again, there were no significant differences in the levels of G3PDH
activity (Fig. 4E).
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Fig. 4. Effects of FGF-2 knockdown on differentiation of SGBS preadipocytes. SGBS
PA  were transfected with scrambled or FGF-2-siRNA 4 days prior to induction of dif-
ferentiation. Total RNA was extracted from cells at the indicated timepoints and the
expression of (A) PPAR�, (B) G3PDH and (C) adiponectin were determined by qRT-
PCR. Results from 4 independent experiments are presented as the mean (±SEM)
percentage of expression observed in cells treated with FGF-2-siRNA cf cells treated
with scrambled siRNA which were set at 100% (represented by the broken line)
(*p  < 0.05 comparing −/+ FGF-1 treated cells at the respective timepoint). (D) SGBS
cells were transfected with siRNA as described above and photomicrographs show-
ing  lipid accumulation were taken on day 1, 7 and 14. (E) SGBS cells were transfected
with siRNA as described above and G3PDH activity was measured in cells harvested
o
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. Discussion

We  previously identified a novel role of FGF-1 as a potent reg-
lator of human adipogenesis (Hutley et al., 2004). This factor

s produced in adipose tissue and acts in a paracrine manner to
nhance all aspects of the adipogenic program including prolif-
ration and adipose commitment of multi-potent mesenchymal
tromal cells (preadipocytes) (Hutley et al., 2004, 2001a; Newell
t al., 2006). Proliferation and commitment to the adipocyte lin-
age of these cells is integral to the generation of new adipocytes,
owever, little is understood of this developmental phase. We
ave demonstrated the importance of signalling via FGFR1 and
ctivation of the MAPK/ERK pathway and reported that inhibi-
ion of this signalling attenuates human adipocyte development
n vitro (Newell et al., 2006; Widberg et al., 2009). FGF ligands
re known to regulate cellular development in other organs,

t least in part, through paracrine interactions leading to co-
egulation of expression of other FGF family members (Lebeche
t al., 1999; Li et al., 2000; Sherman et al., 1993). In the current
aper we aimed to further explore the molecular mechanisms
ndocrinology 339 (2011) 165– 171 169

mediating the demonstrated adipogenic effects of FGF-1 and
focused on a putative role of other, endogenous FGFs in these
effects.

Both FGF-2 and FGF-10 are expressed in white adipose tissue
(WAT) and have each been implicated in the adipogenic process
with murine knock-out studies demonstrating modulation of WAT
development in both models. In vitro studies have also determined
effects of exogenous application of these factors on adipogenesis.
Data demonstrates a role for FGF-10 in preadipocyte proliferation,
however, no effect on differentiation in response to exogenous
FGF-10 was  determined (Yamasaki et al., 1999). Exogenous FGF-2
has also been shown to promote preadipocyte proliferation whilst
studies examining differentiation have yielded inconsistent results
(Hutley et al., 2004; Krieger-Brauer and Kather, 1995; Neubauer
et al., 2004; Prusty et al., 2002). Nothing is yet known of the expres-
sion of these factors during human adipocyte development and
whether regulation of expression is part of the complex machinery
coordinating this process.

The current work determined that FGF-1 treatment of
preadipocytes results in modulation of mRNA expression of both
FGF-2 and FGF-10. FGF-2 mRNA and protein were significantly
decreased by FGF-1 during the pre-confluent and confluent stages
and prior to induction of differentiation. This developmental stage
is particularly important for cell fate decisions and commitment
to specific lineages both of which are known to be regulated by
FGF signalling (Patel and McFarlane, 2000; Dusterhoft and Pette,
1999; Harada et al., 2002; Moody, 2004; Dvorak et al., 2005). The
finding of decreased FGF-2 expression during this temporal devel-
opment suggests a putative role for this factor as a regulator of
the earliest stages of the adipogenic process. Conversely FGF-10
mRNA increased upon FGF-1 treatment, however, this change in
expression was not confirmed at the protein level. Also, FGF-10
signals specifically via the IIIb isoform of FGFR2 (Yeh et al., 2003)
and we  have previously observed that only the IIIc isoforms of
FGF receptors are expressed in human preadipocytes (unpublished
observations). This observation is consistent with reports that cells
of mesenchymal origin (which includes preadipocytes) express the
IIIc isoforms of FGF receptors (Ornitz et al., 1996; Orr-Urtreger
et al., 1993). In light of the above, subsequent studies focused on
a putative regulatory role for FGF-2 in differentiation of human
preadipocytes.

In response to FGF-1, the expression of all FGF-2 isoforms
decreased and this correlated with reduced FGF-2 secretion from
the cells. This decreased expression in response to treatment with
‘adipogenic’ FGF-1 is suggestive of a negative role for FGF-2 in adi-
pogenesis. Support for a putative negative role of FGF-2 in this
process is provided by the strong correlation between high FGF-2
expression in non-FGF-1-treated primary preadipocytes and their
limited capacity to differentiate in vitro.

Initially this potential negative role of FGF-2 was an unexpected
finding as we,  and others, have previously demonstrated a pro-
adipogenic role of this factor (Hutley et al., 2004; Prusty et al.,
2002). However, such observations were made with exogenously
applied recombinant FGF-2 which exists solely as the 18 kDa iso-
form, and therefore the intracellular action of the FGF-2 isoforms
in the nucleus (in particular the 22 and 24 kDa isoforms) may  be of
particular interest (Quarto et al., 2005).

Further work examined whether inhibition of FGF-2 expression
altered aspects of the adipogenic program. We  demonstrated that
silencing FGF-2 expression resulted in a decrease in phPA prolifer-
ation suggesting that FGF-2 may  contribute to the regulation of
cell cycle in phPA as has been shown in many other cell types

(Kisiday et al., 2010; Neary et al., 2005). We  did not investigate
an effect of FGF-2 knockdown on proliferation following induc-
tion of differentiation, termed mitotic clonal expansion (MCE), as
we have previously shown that phPAs (Newell et al., 2006) and
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GBS cells (unpublished observations) do not go through MCE  dur-
ng differentiation. The gene silencing studies also demonstrated
hat decreased FGF-2 expression resulted in significant increases
n expression of a number of genes known to be central to the
dipogenic process. This increased expression, including that of
PAR�, the central regulator of adipogenesis, signifies increased
ommitment to the adipocyte lineage and mirrors the affects of
GF-1 treatment (Hutley et al., 2004; Newell et al., 2006; Widberg
t al., 2009). Taken together the above findings suggest that the
odulation of FGF-2 expression observed in response to FGF-1 may

e an important mechanism in the potent adipogenic actions of
GF-1. One possibility is that the FGF-1-induced decrease in FGF-2
s important for cell cycle exit and growth arrest thus allowing the
ells to commit to adipose conversion (Ailhaud et al., 1990; Cho
nd Jefcoate, 2004; Dani et al., 1990; Morrison and Farmer, 1999).
lthough this appears somewhat paradoxical, evidence indicates

hat nuclear FGF-2, in combination with FGFR-1, plays an important
ole in regulating transition from proliferation to differentiation
n various cell types (Stachowiak et al., 1997, 2007; Dunham-Ems
t al., 2009). We  previously demonstrated that one of the effects
f FGF-1 was to promote extrusion of FGFR-1 from the nucleus in
onfluent cells (Widberg et al., 2009). Thus, it is tempting to spec-
late that the FGF-1-induced decrease in nuclear FGF-2 underpins
he translocation of FGFR-1 from the nucleus and that this combi-
ation of events contributes to the growth arrest and commitment
o the adipocyte lineage, as reflected by increased expression of
dipocyte markers. Further studies are required to investigate this
ossibility.

The above work demonstrates a novel regulatory role for
ndogenous FGF-2 in the early stages of proliferation and com-
itment of human preadipocytes. However, these effects were not
aintained in the latter stages of the adipogenic program. Indeed,

y day 14 there was a trend toward reduced expression of the
dipogenic markers and no obvious difference in lipid accumu-
ation or G3PDH activity. Collectively these observations suggest
hat FGF-2’s role in the adipogenic process may  be relatively com-
lex, with tight temporal regulation of its expression a prerequisite
or efficient differentiation. It is noteworthy that FGF-2 expression
ncreased in the final stages of differentiation (see Fig. 3A) and this
levation was particularly marked in FGF-1 treated cells. Thus, it is
empting to speculate that this late increase in FGF-2 contributes
o the final maturation of the adipocyte.

In conclusion, this work identifies a novel role for endogenous
GF-2 in regulation of human adipogenesis. This factor is a pos-
tive regulator of human PA proliferation and negative regulator
f adipocyte commitment (demonstrated by increased expression
f adipogenic markers at the earliest differentiation timepoints
n response to FGF-2 knockdown). Further, these effects of FGF-

 knockdown mimic  the adipogenic effects of exogenous FGF-1
uggesting that regulation of FGF-2 expression is an important
omponent of the potent adipogenic actions of FGF-1. Further
ork is required to determine the extent of the role played by

his factor in co-ordinating or modulating the temporal conver-
ion of these multi-potent stromal cells into mature adipocytes
nd how endogenous expression of this factor fits into the com-
lex network of regulatory events regulating adipocyte number in
umans.
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