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Fibroblast growth factors (FGFs) are important intercel-
lular signaling molecules in developmental processes.
Here, we show that FGF10 is secreted by cultured prea-
dipocytes and that prevention of FGF10 signaling inhib-
its the expression of C/EBPP and the subsequent dif-
ferentiation of these cells. An active form of C/EBPB
rescued differentiation of the cells in which FGF10 sig-
naling was blocked. Development of white adipose tis-
sue and the expression of C/EBP in this tissue of FGF10
knockout mice were markedly reduced, and the ability
of embryonic fibroblasts derived from FGF10 knockout
mice to differentiate into adipocytes was impaired.
Therefore, FGF10 plays an important role in adipogen-
esis, at least partly by contributing to the expression of
C/EBP@ through an autocrine/paracrine mechanism.
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Adipose tissue contributes to regulation of energy bal-
ance, not only by serving as a reservoir of triglycerides
but also by secreting circulating factors that affect food
intake or metabolism (Hwang et al. 1997; Rosen and
Spiegelman 2000; Fruebis et al. 2001; Steppan et al.
2001). Mature adipocytes do not undergo cell division;
the number of these cells is therefore thought to increase
as a result of the proliferation of preadipocytes and their
subsequent differentiation into mature adipocytes. Vari-
ous factors secreted by adipocytes or preadipocytes have
been identified (Hwang et al. 1997; Rosen and Spiegel-
man 2000; MacDougald and Mandrup 2002), some of
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which, such as tumor necrosis factor-a (Petrunschke and
Hauner 1994), Pref-1 (Smas et al. 1997), and Wnt-10b
(Ross et al. 2000), regulate adipogenesis by inhibiting the
differentiation of these cells. Although factors that pro-
mote the proliferation or differentiation of preadipocytes
have also been shown to be secreted by such cells iso-
lated from obese humans (Lau et al. 1987) or by mature
rat adipocytes (Schillabeer et al. 1989), the nature of
these factors has remained unclear.

The fibroblast growth factor (FGF) family comprises at
least 23 proteins (Yamashita et al. 2000; Ornitz and Itoh
2001) that function in an autocrine or paracrine manner
and play important roles in the development, mainte-
nance, and repair of tissues (Goldfarb 1996; Ornitz and
Itoh 2001). FGF10 was initially identified in rat embryos
by homology-based polymerase chain reaction (PCR; Ya-
masaki et al. 1996). Disruption of the FGF10 gene re-
sulted in complete absence of limb bud formation and
severe defects in the branching morphogenesis of the
lung (Min et al. 1998; Sekine et al. 1999), indicating that
FGF10 is important for development of these organs. On
the other hand, we have previously shown that, among
the major adult tissues, transcripts of the FGF10 gene are
most abundant in adipose tissue (Yamasaki et al. 1999).
Brown adipose tissue (BAT) and white adipose tissue
(WAT) constitute the two principal types of adipose tis-
sue and perform distinct functions (Hwang et al. 1997;
Rosen and Spiegelman 2000). The expression of FGF10 is
restricted to WAT. In particular, FGF10 mRNA is pre-
sent in the vascular-stromal fraction of WAT (Yamasaki
et al. 1999), a major component of which is adipocyte
precursors. These observations prompted us to investi-
gate the role of FGF10 in adipogenesis, and here we re-
port that this signaling molecule plays a crucial role in
the development of WAT via regulating differentiation
of preadipocytes.

Results and Discussion

Exposure of 3T3-L1 preadipocytes, a well-characterized
model for studying the differentiation of white adipo-
cytes, to insulin, dexamethasone (DEX), and isobutyl-
methylxanthine (IBMX) resulted in the differentiation of
most of the cells into mature adipocytes within 8 d. The
amount of FGF10 mRNA increased during such treat-
ment, becoming maximal at 2 d and returning to basal
values by 6 d, whereas the mRNA for peroxisome pro-
liferator-activated receptor vy (PPARv), a transcription
factor essential for adipocyte differentiation, was appar-
ent within 2 d and increased in abundance thereafter
(Fig. 1A). The amount of FGF10 protein, both in cell
lysates and in the culture medium, was also increased at
2. d, and had returned to basal levels by 8 d, after induc-
tion of differentiation of 3T3-L1 cells (Fig. 1B). A similar
temporal profile of FGF10 mRNA abundance was ob-
served when vascular-stromal cells derived from mouse
epididymal adipose tissue were treated with insulin,
dexamethasone, and IBMX (Fig. 1C). These results indi-
cated that FGFI10 is transiently expressed and secreted
into the culture medium during differentiation of prea-
dipocytes.

Antibodies specific to FGF10 (FGF10ADb), but not con-
trol immunoglobulin (IgG), inhibited activation of sig-
naling molecules such as MAP kinase or p70S6 kinase in
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Figure 1.

3T3-L1 preadipocytes induced by FGF10 (data not
shown), indicating that the preadipocytes express an FGF
receptor (FGFR) isoform that interacts with FGF10 and
that these antibodies prevent the signal evoked by
FGF10 by neutralizing the ligand. Addition of FGF10ADb,
but not control IgG, to the induction medium inhibited
the differentiation-associated lipid accumulation as well
as expression of adipocyte-marker proteins such as
CCAAT/enhancer-binding protein C/EBPa, PPARYy,
adipsin, and aP2, whereas expression of CREB, a tran-
scription factor involved in differentiation of preadipo-
cytes, was not affected by these antibodies at 8 d after
induction of differentiation in 3T3-L1 cells (Fig. 2A,B).
The FGFRs are encoded by four closely related genes
with each isoform possessing distinct affinities for dif-
ferent ligands (Powers et al. 2000). A C-terminally trun-
cated mutant of FGFR-1 (FGFR-1TR) has been shown to
inhibit signal transduction by virtually all FGFR iso-
forms by dimerizing with them and blocking trans-phos-
phorylation (Ueno et al. 1992). Adenovirus-mediated
expression of FGFR-1TR in 3T3-L1 preadipocytes
prevented activity of MAP kinase or p70S6 kinase in-
duced by FGFI10 (data not shown). Expression of FGFR-
1TR by an adenovirus vector in 3T3-L1 preadipocytes
also prevented lipid accumulation (Fig. 2C) as well as the
expression of C/EBPa and PPARy (data not shown). In-
fection of the cells with an adenovirus vector encoding
B-galactosidase affected neither lipid accumulation (Fig.
2C) nor expression of adipocyte-marker proteins (data

- _:‘ C

A Cotiol CfEEIPu
PPARy
—

DIM + IgG DIiM +Fl FGF1 DAb

Adlpsin-.-_-
CHEB“‘:

// DIM: - + + +
IgG: ~ ="¢ <

- - -+

FGF10ADb :

i

FGF10 mRNA
(% of maximum)

Time course of the expression of FGF10 during differentiation of preadipocytes.
(A,B) 3T3-L1 cells or (C) stromal-vascular cells from mouse epididymal adipose tissue incu-
bated for the indicated times after the onset of exposure to inducers of differentiation were
subjected to Northern blot analysis for FGF10 or PPARYy (A), or to immunoblot analysis for
FGF10 (B), or to real-time RT-PCR analysis to determine FGF10 mRNA (C). The data in A
and B are representative of three experiments, those in C of two experiments.

Control DIM

DIM+ f-gal DIM + FGFR-1TR

FGF10 and adipogenesis

not shown). These results indicated
that FGF10 participates in differentia-
tion of preadipocytes through an auto-
crine/paracrine mechanism.

During preadipocyte differentiation,
the expression of C/EBPB and C/EBP3
isoforms is induced early and tran-
siently; the subsequent increase in the
expression of C/EBPa and PPARY, in
turn, results in the activation of a va-
riety of adipocyte-specific genes
(Hwang et al. 1997; Rosen and Spiegel-
man 2000). Among these transcription
factors, C/EBPB is thought to play a
major role at an early stage of differen-
tiation (Cao et al. 1991; Yeh et al.
1995; Wu et al. 1996). Addition of FGF10Ab to the in-
duction medium (Fig. 3A) or expression of FGFR-1TR
(data not shown) inhibited the expression of C/EBPB
mRNA and protein, which normally become maximal at
2 d after differentiation of 3T3-L1 cells, indicating that
FGF10 contributes to the expression of C/EBP@ at this
stage of differentiation. However, the onset of expression
of the C/EBPB gene precedes that of the FGF10 gene;
whereas C/EBPB mRNA was detected at 6 h, FGF10
mRNA was not apparent until 12 h after the induction of
differentiation (Fig. 3B), suggesting that FGF10 is not re-
quired for the induction of C/EBPB, but, rather, contrib-
utes to maintain the expression of C/EBPB at a relatively
late phase of differentiation. Indeed, addition of
FGF10AD to the induction medium did not affect the
abundance of C/EBPB protein at 6 h postinduction, at
which stage FGF10 was not induced; however, the abun-
dance of C/EBPB protein at 24 and 48 h postinduction
was markedly reduced (Fig. 3C). Moreover, when
FGF10AD was added to the medium at 6 h postinduction,
a similar decrease in the abundance of C/EBP protein at
24 and 48 h was observed (Fig. 3C). Ectopic expression of
an active form of C/EBPB (LAP, p34) induced the expres-
sion of PPARy and C/EBPa proteins as well as lipid ac-
cumulation in cells in which FGF10 signaling was
blocked either by FGF10Ab (Fig. 4) or FGFR-1TR (data
not shown), indicating that expression of C/EBPp res-
cued differentiation of the cells. Together, these data
suggest that, although C/EBPB is induced via an FGF10-
independent mechanism, FGF10 is
necessary for maintaining the abun-
dance of C/EBPB and consequently
contributes to the progress of the
adipocyte differentiation program in
3T3-L1 cells.

To elucidate the physiological im-
pact of FGF10 action in adipogenesis
in vivo, we investigated the devel-
opment of adipose tissue in mice
lacking the FGF10 gene (Sekine et
al. 1999). We first examined the
temporal expression profile of the
FGF10 gene in wild-type mouse em-
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Figure 2. Effects of FGF10Ab or FGFR-1TR on adipocyte differentiation. 3T3-L1 cells were
incubated in the absence (Control) or presence of inducers of differentiation (DIM), FGF10Ab, or
control IgG (20 pg/mL), as indicated, and were harvested after 8 d. (A) The cells were stained
with oil red O or (B) subjected to immunoblot analysis with antibodies to C/EBPa, to PPARY, to
aP2, to adipsin, or to CREB. (C) 3T3-L1 cells infected or not with adenovirus vectors encoding
FGFR-1TR or B-galactosidase (B-gal) were incubated in the absence (Control) or presence of
inducers of differentiation (DIM) and were stained (after 8 d) with oil red O. Data are represen-
tative of three experiments.

bryos. In contrast to the expression
profile during the differentiation of
3T3-L1 cells, the onset of expression
of the FGF10 gene precedes that of
the C/EBPB gene during mouse em-
bryogenesis. Whereas FGF10 mRNA
was detected in subcutaneous WAT
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Figure 3. Effects of FGF10Ab on the expression of C/EBPB. (A)
3T3-L1 cells were incubated in the absence or presence of inducers
of differentiation (DIM), and the indicated concentration of
FGF10ADb or control IgG. The abundance of C/EBPB mRNA and
protein, and CREB protein at 2 d postinduction is shown. (B) Time
course of the expression of FGF10 and C/EBPB during differentia-
tion. 3T3-L1 cells incubated for the indicated times after the onset
of exposure to inducers of differentiation were subjected to North-
ern blot analysis for FGF10 or C/EBPB. (C) 3T3-L1 cells incubated
for the indicated times after the onset of exposure to inducers of
differentiation in the presence (middle and lower panels) or absence
(upper panel) of FGF10AD (20 pg/mL). (C, middle panel) FGF10Ab
was present through the whole time course of differentiation; (lower
panel) FGF10Ab was added to the media at 6 h postinduction. Data
are representative of three experiments.

on embryonic day 16.5 (E16.5) and increased thereafter,
C/EBPB mRNA was not detected until E17.5 (Fig. 5A).
FGF10 knockout mice are slightly

(~15%) shorter in length than their A

wild-type littermates, and they die (B
immediately after birth as aresult of  c/EBPp

impaired lung development (Min et -

al. 1998; Sekine et al. 1999). We DIM: 4 % +
therefore examined the histology of FGF10Ab:- + + +
abdominal subcutaneous WAT of p-gal:- - + -
neonatal mice. Development of sub- LApigeiatie ¥

cutaneous WAT in FGF10 knockout
neonates was markedly impaired,
and the expression of the C/EBPB
gene in this tissue was greatly de-
creased (Fig. 5B). We also examined
the histology of FGF10 knockout
embryos at E18.5, and a similar re-
duction of WAT was observed (data
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not shown), suggesting that the reduction of WAT in
FGF10 knockout neonates is caused not by their perina-
tal lethality, but, rather, by defects in developmental
processes. In contrast to the sharp reduction of WAT,
interscapular BAT of FGF10 knockout neonates was well
developed, and distinct expression of C/EBPB was appar-
ent in this tissue. Although the amount of BAT in FGF10
knockout neonates was slightly smaller than that in
wild-type littermates, this difference may reflect the dif-
ference in body size between the two genotypes. These
observations suggested that FGF10 plays an essential
role in the development of WAT, but not in that of BAT,
consistent with the fact that the expression of FGF10 is
restricted to WAT (Yamasaki et al. 1999). Furthermore,
the ability of embryonic fibroblasts (EFs) derived from
FGF10 knockout mice to differentiate into adipocytes, as
assessed by lipid accumulation and the abundance of
C/EBPa and PPARy mRNA, was significantly reduced
(Fig. 5C,D), also indicating that FGF10 is important in
differentiation of adipocytes.

We have shown that FGFI10 is secreted from cultured
preadipocytes during differentiation, and that the pre-
vention of FGF10 signaling inhibited differentiation of
preadipocytes. Moreover, disruption of the FGF10 gene
resulted in a marked reduction in the amount of subcu-
taneous WAT, but not of BAT, in mice, and the ability of
EFs derived from FGF10 knockout mice to differentiate
into adipocytes was impaired. Together, these observa-
tions indicate that FGF10 plays an important role in the
development of WAT by regulating the differentiation of
preadipocytes. The ability of EFs to differentiate into adi-
pocytes was not completely prevented by disruption of
the FGF10 gene. Because EFs are heterogeneous, it is
possible that they secrete an unidentified factor that can
partially rescue the lack of FGF10, or they may contain
progenitor cells that differentiate into brown adipocytes,
which appear to differentiate via an FGF10-independent
mechanism.

The prevention of FGF10 signaling inhibited the ex-
pression of C/EBPB during differentiation of 3T3-L1
cells, and an active form of C/EBPP rescued differentia-
tion of the cells in which FGF10 signaling was blocked.
Moreover, the expression of C/EBPB in WAT of FGF10
knockout mice was markedly reduced. These data col-
lectively suggest that FGF10 plays an important role in
adipogenesis, at least partly by contributing to the ex-
pression of C/EBPB. In 3T3-L1 preadipocytes, the inhibi-
tion of FGF10 signaling did not affect the abundance
of C/EBPB at 6 h postinduction,whereas that at 48 h
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Figure 4. Effects of FGF10ADb and an active form of C/EBPB on adipocyte differentiation.
3T3-L1 cells were infected or not with adenovirus vectors encoding an active form of C/EBPB
(LAP) or B-galactosidase (B-gal) at an m.o.i. of 10 PFU per cell. The cells were then incubated in
the presence of inducers of differentiation (DIM) and with or without FGF10Ab (20 pg/mL) and
were harvested after 2 d (A) or 8 d (B,C). Cells were subjected to immunoblot analysis with
antibodies to C/EBP (A); to C/EBPa, PPARY, or to CREB (B); or were stained with oil red O (C).
Data are representative of three experiments.
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Figure 5. Expression of FGF10 genes in WAT during mouse em-
bryogenesis, histological analysis of WAT and BAT of FGF10 knock-
out neonates, and the ability of EF to differentiate into adipocytes.
(A) Expression of FGF10 and C/EBPB genes in subcutaneous WAT of
wild-type mouse embryos at E16.5, E17.5, and E18.5. Sections were
stained with oil red O or subjected to in situ hybridization with
35S-labeled FGF10 or C/EBPB antisense RNA probes. Scale bar, 100
um. Arrows indicate subcutaneous WAT. (B) Subcutanecous WAT
and interscapular BAT of FGF10 knockout (KO) mice and wild-type
(WT) littermates (within 10 min after birth) were stained with oil
red O or subjected to in situ hybridization with a **S-labeled C/EBPB
antisense RNA probe. Scale bars, 100 pm. Macroscopic (left panels)
and microscopic (right panels) views of oil red O staining are shown.
Arrows indicate WAT and BAT. At least three neonates of each
genotype were examined, and representative data are shown. (C,D)
EF obtained form FGF10 knockout mice or wild-type littermates
were incubated in the inducers of differentiation for 8 d, then the
cells were stained with oil red O (C), or the abundance of C/EBPa or
PPARy mRNA was determined by real-time PCR (D). (C, upper
panels) Macroscopic and (C, lower panels) microscopic views of oil
red O staining. Data in C are representative of three experiments
and in D are means + SEM of values from six experiments.

postinduction was markedly reduced, suggesting that ex-
pression of C/EBPR during differentiation of these cells
occurs in two discrete steps: early induction in an

FGF10 and adipogenesis

FGF10-independent manner and maintenance by an
FGF10-dependent mechanism. Incubation of 3T3-L1
preadipocytes with FGF10 alone induced neither induc-
tion of C/EBPB nor differentiation of preadipocytes (data
not shown), also suggesting that FGF10 alone is not suf-
ficient for the initiation of differentiation of preadipo-
cytes, but, rather, that it coordinately regulates adipo-
genesis with other factors.

Although various secreted factors that affect adipocyte
differentiation have been described (Hwang et al. 1997,
Rosen and Spiegelman 2000; MacDougald and Mandrup
2002), it has remained unclear which of these factors is
responsible for induction of the complex program of gene
expression that underlies this process in vivo. FGFs, ex-
pressed in specific spatial and temporal patterns, func-
tion as key intercellular signaling molecules in develop-
ment of various tissues (Goldfarb 1996; Ornitz and Itoh
2001). Our data suggest that FGF10 is an endogenous
regulator that is required for the development of WAT.
The mechanism by which the FGF10 gene is activated
and the downstream effectors of FGF10 signaling during
adipogenesis remain to be characterized; however, our
data may provide a new aspect for the understanding of
adipogenesis as well as of the pathogenesis of obesity.

Materials and methods

Antibodies

The antibodies to C/EBPa, to C/EBPB, and to FGF10 (C-17) used for
neutralizing experiments were obtained from Santa Cruz Biotechnology.
The antibodies to FGF10 used for immunoblot analysis were produced by
immunization of hens with recombinant human FGF10 (Emoto et al.
1997). The antibodies to PPARy (Hu et al. 1996) and adipsin (Cook et al.
1987) were kindly provided by B.M. Spiegelman; those to aP2 (Bernlohr et
al. 1985) were kindly provided by D. Bernlohr.

Cell culture and adenovirus vectors

Vascular-stromal cells prepared from mouse epididymal adipose tissue as
described (Mitchell et al. 1997) or 3T3-L1 preadipocytes were induced to
differentiate by treating for 2 d with insulin (5 pg/mL), 25 pM DEX, and
0.5 mM IBMX in the presence of 10% fetal bovine serum, and then for 2
d with insulin (5 pg/mL). After incubation with these reagents, the basal
medium was replenished every other day. EFs obtained from E14.5 em-
bryos as described (Miki et al. 2001) were induced to differentiate by
treating with insulin (10 pg/mL), 250 uM DEX, and 0.5 mM IBMX in the
presence of 10% fetal bovine serum for 8 d. The adenovirus vector en-
coding FGFR-1TR was as described (Ueno et al. 1997); that encoding
B-galactosidase was kindly provided by I. Saito (Tokyo University, Japan).
Complementary DNA encoding a constitutively active form of C/EBPB
(LAP, containing amino acids 21-296) was constructed from the mouse
wild-type C/EBPB ¢cDNA (kindly provided by S. Akira, Osaka University,
Japan); an adenovirus vector containing this cDNA was generated with
an adenovirus expression kit (Takara) as described (Sakaue et al. 1998).
For adenovirus-mediated gene transfer, cells cultured to subconfluency
were infected with viruses at the indicated multiplicity of infection
(m.o.i.). Two days after infection, differentiation was induced as de-
scribed above.

Real-time quantitative PCR, Northern blot, and immunoblot analyses
For real-time quantitative PCR analysis, cDNAs synthesized from total
RNA extracted from cells were analyzed in a model 7700 Sequence De-
tector (PE Applied Biosystem) with primers as follows: FGF10-specific
primers, sense: 5'-CCAAGAATGAAGACTGTCCGTACA-3’, antisense:
5-TGGCTTTGACGGCAACAAC-3’, and probe: 5'-TGTCCTGGAGAT
AACATCAGTGGAAATCGG-3'; PPARy-specific primers, sense: 5'-CC
CAGAGCATGGTGCCTT-3’, antisense: 5'-GGCATCTCTGTGTCAAC
CATGGT-3’, and probe: 5'-CTGATGCACTGCCTATGAGCACTTCA
CA-3'; C/EBPa-specific primers, sense: 5-CGCCTTCAACGACGAG
TTC-3’, antisense: 5'-TTGGCCTTCTCCTGCTGTC-3’, and probe: 5'-
TGGCCGACCTCTTCCAGCACAG-3'".
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The total RNA extracted from cells was subjected to Northern blot
analysis with full-length mouse FGF10 cDNA (Tagashira et al. 1997) or a
fragment of mouse PPARy cDNA (Sakaue et al. 1998) as probes. Cell
lysates (~100 pg of protein) were subjected to immunoblot analysis as
described (Sakaue et al. 1998). For detection of FGF10 in culture medium
20 pL of immobilized heparin beads was incubated with 20 mL of me-
dium; the beads were washed, and the bound proteins were eluted by
boiling in SDS sample buffer and then subjected to immunoblot analysis.

Histological analysis and in situ hybridization

FGF10 knockout mice and wild-type littermates were generated by in-
tercrossing of mice heterozygous for disruption of the FGFI10 gene
(Sekine et al. 1999). Neonatal FGF10 knockout and wild-type littermates
(within 10 min after birth), or wild-type embryos at the indicated stages
of development, were frozen in powdered dry ice. Transverse sections of
the animals were fixed with formaldehyde and stained with oil red O or
subjected to hybridization with 3°S-labeled mouse FGF10 or C/EBP@ an-
tisense RN A probes. The histology of abdominal subcutaneous WAT and
interscapular BAT was analyzed.
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