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We have recently demonstrated that STAT1, STAT5A,
nd STAT5B are induced during adipogenesis of cul-
ured preadipocytes in a differentiation-dependent
anner. Members of the C/EBP and PPAR families of

ranscription factors have also been shown to be in-
uced during adipocyte differentiation and to play a
ignificant role in the regulation of fat-specific genes. In
his investigation, we have examined the ability of
/EBPs and PPARs to contribute to STAT protein ex-
ression during conversion of non-precursor fibroblasts
o functionally mature adipocytes. For this study, NIH-
T3 fibroblasts engineered to ectopically co-express
/EBPb and C/EBPd under the control of a tetracycline-
esponsive, inducible expression system were utilized to
ssess STAT expression during controlled adipogenesis.
ata presented here demonstrate that STAT1, STAT5A,
nd STAT5B, but not STAT3 and STAT6, were induced in
tetracycline-responsive manner during the differenti-

tion of these engineered fibroblasts. The STAT protein
ccumulation resulting from C/EBP expression was
ightly coupled to the morphological conversion of fibro-
lasts to adipocytes and represents an expression profile
dentical to that reported for mature adipocytes in vivo.
ata are also presented demonstrating that STAT pro-

ein accumulation and adipocyte conversion occurred
nly during controlled conditions leading to the expres-
ion of PPARg and that the expression of these three
TATs was tightly regulated in a PPARg ligand dose-
esponse fashion. These data illustrate that the cascade
f transcriptional events leading to adipogenesis regu-
ate the STAT family of transcription factors and that
he differentiation-dependent upregulation of STAT
rotein expression is regulated downstream of PPARg

n a ligand-dependent manner. © 1999 Academic Press
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ranscription) family of mammalian transcription fac-
ors is comprised of seven proteins (STATs 1, 2, 3, 4,
A, 5B and 6) which are localized within the cytoplasm
f numerous cell types. Stimulation of various cell sur-
ace receptors, primarily those related to cytokines,
esults in phosphorylation of tyrosine residues within
he STAT proteins and subsequent translocation to the
ucleus where they function to regulate gene tran-
cription. Each STAT family member shows a distinct
attern of activation and exhibits specificity for regu-
ating gene expression (1). Since the distribution and
unction of each STAT is unique, the regulation of
issue specific genes may be a physiological role for
hese proteins (2). Transgenic knockout experiments
ave revealed crucial roles for each STAT family mem-
er and cell specific functions for STAT proteins have
een identified (1). We have recently demonstrated
hat some STAT family members that are expressed in
at adipose tissue in vivo are highly induced during the
ifferentiation of murine 3T3-L1 cells from fibroblasts
o adipocytes (3). Importantly, these studies demon-
trated that STAT1, STAT5A and STAT5B are clearly
egulated at the level of their expression as well as by
heir cytokine-mediated phosphorylation and nuclear
ranslocation during adipocyte differentiation. Al-
hough it is hypothesized that STATs play a regulatory
ole in adipocyte gene expression, their specific func-
ions during adipogenesis or in the mature adipocyte
re largely unknown.
To date, two families of transcription factors, the
CAAT/enhancer binding proteins (C/EBPs) and per-
xisome proliferator-activated receptors (PPARs), have
een shown to be induced during adipogenesis and to
lay a significant role in the regulation of fat specific
enes. Transgenic mice lacking both C/EBPb and
/EBPd or C/EBPa alone have defective adipocyte dif-

erentiation (4–6) and ectopic expression of various
/EBPs and PPARs has been shown to convert non-
recursor fibroblastic cell lines into functionally ma-



ture adipocytes (7–13). Of particular interest, co-
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xpression of C/EBPb and C/EBPd in the presence of
ifferentiation medium containing dexamethasone re-
ults in the endogenous expression of PPARg (12, 13)
uggesting a cascade regulation between different fam-
lies of transcription factors during the course of adi-
ocyte differentiation. In this regard, we hypothesized
hat C/EBPs and PPARs may also be involved in the
pregulation of STAT expression during adipogenesis.
lthough the activation of STATs by tyrosine phos-
horylation is well studied, there is no information on
ow these transcription factors are induced or regu-

ated at the level of their protein expression.
To examine the induction and regulation of STAT

xpression by various transcription factors during adi-
ocyte differentiation, we utilized a previously de-
cribed NIH-3T3 fibroblast cell line engineered to ec-
opically express C/EBPb and C/EBPd under the
ontrol of an inducible expression system (11–13). This
table cell line, designated “bd cells”, was created based
n the bacterial tetracycline resistance operator/
epressor originally described by Gossen and Bujard
14). Previous reports demonstrated that ectopic gene
xpression in these fibroblasts is repressed in the pres-
nce of tetracycline and that removal of this antibiotic
rom the culture medium results in the controlled, co-
xpression of C/EBPb and C/EBPd. When chemically
nduced to differentiate in the presence of a synthetic
igand for PPARg activation, these C/EBP expressing
on-precursor fibroblasts have been shown to com-
letely convert to functionally mature adipocytes with
oordinate changes in gene expression and acquisition
f the fat laden phenotype (13).
In this investigation, we demonstrate that differen-

iation of bd cells into mature adipocytes was accom-
anied by significant induction of STAT1, STAT5A and
TAT5B protein expression. The time course and pro-
le of STAT induction was kinetically similar to that
eported for differentiating 3T3-L1 preadipocytes sug-
esting that these trans-acting factors may play an
mportant role during adipogenesis and/or mainte-
ance of the adipocyte phenotype. In addition, the data
resented here clearly illustrate that STAT protein
xpression tightly correlated with lipid accumulation
nd PPARg expression. Moreover, induction of these
TAT proteins was regulated in a PPARg ligand-
ependent manner. These studies provide evidence
hat PPARg, directly or indirectly, plays a regulatory
ole in the induction of STAT expression during adipo-
yte differentiation.

XPERIMENTAL PROCEDURES

Stable cell lines and cell culture. The NIH-3T3 cell line ectopi-
ally expressing C/EBPb and C/EBPd under the control of a tetracy-
line operator was created and described previously (13). This stable
ell line, designated “bd cells”, was propagated in Dulbecco’s Modi-
ed Eagle’s Medium (DMEM) containing 10% fetal bovine serum
217
een shown to repress the ectopic expression of both C/EBPs. Tetra-
ycline was removed from the growth medium at near confluence and
t approximately two days post-confluence, the growth medium was
eplaced with differentiation medium containing DMEM supple-
ented with 10% FBS, 0.5 mM 3-isobutyl 1-methylxanthine, 1 mM

examethasone, and 1.7 mM insulin (MDI). After 48 h, cells were
aintained in DMEM containing 10% FBS and 0.4 mM insulin

hroughout the remaining time course of experimentation. Mainte-
ance medium was changed every 48 h until the cells were utilized
or experimentation. Cells were differentiated in the presence of 10
M ciglitazone (Upjohn) unless otherwise noted. Throughout the
tudy, time “0” refers to postconfluent cells immediately before chem-
cal induction of differentiation with the addition of MDI to the
ulture medium. The term “post-MDI” refers to the time elapsed
ince the addition of MDI to the culture medium.

Protein analysis. Cells were rinsed with phosphate-buffered sa-
ine (PBS) and harvested in a buffer containing 25 mM Tris (pH 7.4),
0 mM NaCl, 0.5% sodium deoxycholate, 2% NP-40, 0.2 % SDS, 1 mM
MSF, 1 mM pepstatin, 50 trypsin inhibitory milliunits of aprotinin
nd 10 mM leupeptin. Protein content for whole cell extracts was
etermined using a BCA kit (Pierce) according to the manufacturer’s
nstructions. Following quantitation, proteins were separated in
.5% polyacrylamide gels (National Diagnostics) containing sodium
odecyl sulfate (SDS) according to Laemmli (15) and transferred to
itrocellulose (Biorad) in 25 mM Tris, 192 mM glycine and 20%
ethanol. Following transfer, the membrane was blocked in 4% milk

or 1 hour at room temperature. Membranes were probed with STAT
onoclonal IgG antibodies (Transduction Laboratories) and the re-

ults were visualized with horseradish peroxidase (HRP)-conjugated
econdary antibodies (Sigma) and enhanced chemiluminescence
Pierce).

RNA analysis. Total RNA was isolated from cell monolayers with
rizol (Gibco BRL) according to manufacturer’s instruction with
inor modifications. For Northern blot analysis, 20 mg of total RNA
as denatured in formamide and electrophoresed through formalde-
yde/argarose gels. The RNA was transferred to Hybond-N (Amer-
ham), crossed-linked, hybridized and washed as described previ-
usly (16). Probes were labeled by random priming using the Klenow
ragment of DNA polymerase I (New England Biolabs Inc., Beverly,

A) and [a-32P]dCTP (Dupont-NEN, Boston, MA). Hybridization to
he ribosomal 18S subunit was used to quantitate equal loading.

Oil Red O staining. Adipocyte conversion was assessed with lipid
ccumulation stained with Oil Red O according to the procedure
escribed by Green and Kehinde (17) with minor modifications as
escribed previously (13).

ESULTS

Previous studies have demonstrated that ectopic co-
xpression of C/EBPb and C/EBPd in non-precursor
IH-3T3 fibroblasts results in conversion to functional
dipocytes in a PPARg ligand-dependent manner (13).
ince several STAT family members are induced dur-

ng adipocyte differentiation (3), we utilized the diag-
ostic potential of these bd cells to mechanistically

nvestigate the regulation of STAT expression during
dipogenesis. Initially, we examined the regulation of
TAT expression as a function of tetracycline which
as been shown to regulate, by repression, the induc-

ble expression system (14). Cells were propagated in
he presence of 1 mg/ml tetracycline until approxi-
ately 80% confluent, then cultured in growth medium
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ontaining varied concentrations of tetracycline to reg-
late the ectopic C/EBP expression as reported previ-
usly (11–13). At two days post-confluence (day 0), the
ells were chemically induced to differentiate with me-
ium containing FBS, MDI and ciglitazone as de-
cribed in Experimental Procedures. With each me-
ium change, the varied concentrations of tetracycline
ere maintained. On day 6, cells were harvested and
hole cell extracts were subjected to Western blot
nalysis to examine STAT protein expression. As
hown in Fig. 1, the expression of STAT1, STAT5A and
TAT5B (lightly exposed) were reciprocally regulated
nd induced in a tetracycline dose-dependent fashion.
nduction of these STAT family members tightly cor-
elated with the concentration of tetracycline permis-
ive for C/EBP expression and the acquisition of the fat
aden phenotype (data not shown). The specificity of
he increased expression of these three STATs was
learly demonstrated by the complete lack of effect on
he expression of STAT3 and STAT6. These data sug-
est that members of the C/EBP family of transcription
actors play a role upstream of STAT expression during
he known sequence of transcriptional events mediat-
ng adipocyte differentiation.

It is well documented that differentiation of 3T3-L1
readipocytes involves a temporal pattern of gene ex-
ression that includes the immediate activation of
/EBPb and C/EBPd which are succeeded by expres-
ion of C/EBPa and PPARg occurring 2–3 days follow-
ng induction of differentiation (18–20). To gain fur-
her insight into the potential role of these trans-acting
actors in the regulation of STAT expression during
dipogenesis, the kinetics of STAT protein accumula-

FIG. 1. Tetracycline dose-dependent expression of STAT1 and
TAT5 in bd cells. At two days post-confluence, cells were induced to
ifferentiate by replacing growth medium with differentiation medium
ontaining FBS, MDI, ciglitazone and varied concentrations of tetracy-
line as described in Experimental Procedures. Throughout the exper-
ment, indicated tetracycline concentrations were maintained during
ach change of the culture medium. Whole cell extracts were prepared
days after the induction of differentiation. Fifty mg of protein were

eparated by SDS-PAGE, transferred to nitrocellulose and subjected to
estern blot analysis of STAT protein expression. The 95 kDa and 92

Da bands of STAT5A and STAT5B, respectively, were illustrated. In
his experiment, STAT5B was lightly exposed.
218
ntiation. Whole cell lysates were harvested every 24 h
ollowing the induction of differentiation and subjected
o Western blot analysis. As illustrated in Fig. 2, the
rotein expression of STAT1, STAT5A and STAT5B
as substantially induced 4 days following the induc-

ion of differentiation. Consistent with the specificity
epicted in Fig. 1, the protein expression of STAT3 and
TAT6 did not change at any point during the course of
ifferentiation. Interestingly, the onset of lipid accu-
ulation (data not shown) closely correlated with the

inetics STAT protein expression. The temporal cou-
ling of these processes was identical when comparing
he differentiation of these engineered bd fibroblasts
nd 3T3-L1 preadipocytes (3). The data illustrated in
igs. 1 and 2 also demonstrate that the effect on STAT
rotein expression resulted from the expression of
/EBPb and C/EBPd and not due to the chemical in-
ucers since the maintained presence of tetracycline
i.e., suppressing ectopic C/EBP expression) in cells
hemically induced to differentiate completely elimi-
ated the induction of STAT expression.
The 4 day delay of STAT protein accumulation fol-

owing C/EBPb and C/EBPd expression suggested that
ther adipogenic transcription factors may mediate the
/EBP effect on STAT expression. Since these C/EBPs
ave been shown to induce PPARg expression in bd
ells (12), we hypothesized that the induction of STAT1
nd STAT5 may be mediated by PPARg rather than by
/EBPb and/or C/EBPd. In bd cells, this effect could
ot be due to C/EBPa which has been shown, by in-
ependent investigations, to be repressed in NIH3T3
broblasts (8, 12). To address this hypothesis, we cul-
ured bd cells under the following diagnostic condi-
ions: 1) presence of chemical inducers (i.e., MDI and
iglitazone) and tetracycline (i.e., repressed ectopic
/EBP expression); 2) absence of chemical inducers
nd tetracycline (i.e., only ectopic C/EBP expression);
) MDI and ectopic C/EBP expression and 4) MDI,
ctopic C/EBP expression plus ciglitazone. Following 6
ays of conditional treatment, cells were analyzed for
TAT protein expression (Fig. 3A), adipocyte conver-
ion marked by lipid accumulation (Fig. 3B), and the
xpression of C/EBPb, C/EBPd and PPARg mRNA
Fig. 3C). As depicted in Fig. 3A, the full complement of
hemical inducers in the absence of ectopic C/EBPs
as not sufficient for the induction of STAT expression

lane 1). Similarly, STAT protein accumulation did not
ccur with ectopic expression of C/EBPb and C/EBPd in
he absence of chemical inducers (lane 2). Conversely,
owever, ectopic co-expression of these C/EBPs in the
resence of MDI resulted in an increased protein accu-
ulation of STAT1, STAT5A and STAT5B (lane 3) and

his effect was significantly enhanced with the addition
f the PPARg specific ligand, ciglitazone (lane 4). To
orrelate the induction of STAT protein expression
ith adipocyte conversion, lipid accumulation was
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uantified by Oil-Red-O staining and the results illus-
rated in Fig. 3B. Plates 1-4 correspond to identical
reatment conditions depicted in lanes 1–4 of Fig. 3A.
nder conditions that supported little or no STAT1,
TAT5A and STAT5B protein expression (lanes 1 and
; Fig. 3A) there was no detectable lipid accumulation
plates 1 and 2; Fig. 3B). Ectopic C/EBP expression in
he presence of MDI which elicited a modest increase
n STAT protein accumulation (lane 3; Fig. 3A) re-
ulted in 15–25% morphological conversion of fibro-
lasts to adipocytes (plate 3; Fig. 3B). More notably,
ifferentiating bd cells in the presence of ciglitazone
hich produced maximal STAT protein expression

lane 4; Fig. 3A) resulted in 90–100% adipocyte con-
ersion (plate 4; Fig. 3B). To confirm the expression of
PARg, accumulation of transcription factor mRNA
as also assessed under the four diagnostic conditions
escribed above. Ectopic co-expression C/EBPb and
/EBPd is depicted in lane 2 of Fig. 3C. Consistent with

he effect on STAT expression and adipocyte conver-
ion, PPARg mRNA modestly increased with ectopic
/EBP expression when cells were chemically induced

o differentiate with MDI (lane 3; Fig. 3C). Interest-
ngly, the addition of ciglitazone to the induction cock-
ail resulted in a significant increase in PPARg mRNA
ccumulation (lane 4; Fig. 3C) which correlated with
he maximal increase in STAT protein expression and
dipocyte conversion described above.
To further explore the specificity of PPARg ligand-

ependent induction of STAT protein expression, bd
ells were chemically induced to differentiate with
DI and varied concentrations of ciglitazone. On day

, cells were harvested and whole cell extracts were
ubjected to Western blot analysis to examine STAT
rotein expression. As illustrated in Fig. 4, STAT1,
TAT5A and STAT5B proteins accumulated in a cigli-

FIG. 2. Time course of STAT1 and STAT5 protein expression dur
arious times following the induction of differentiation in the absen
efers to the time elapsed since the addition of MDI to the cultu
ubconfluent, proliferating cells propagated in the presence of tetrac
DS-PAGE, transferred to nitrocellulose and subjected to Western b
219
azone dose-dependent fashion. Moreover, increasing
oncentrations of ciglitazone resulted in adipocyte con-
ersion (data not shown) which correlated with the
nduction of STAT protein expression. The specificity of
hese results is demonstrated by the expression of
TAT3 and STAT6 which were unaffected by the pres-
nce of the PPARg ligand. Similar data were obtained
ith pioglitazone and BRL 4953 (data not shown) dem-
nstrating that these results were not solely due to a
pecific PPARg ligand.

ISCUSSION

This investigation presents a molecular mechanism
oupling the expression of the STAT family of tran-
cription factors with the sequential pattern of tran-
criptional events known to mediate the developmen-
al processes of adipogenesis. First, we demonstrate
hat differentiation of non-precursor fibroblasts engi-
eered to ectopically co-express C/EBPb and C/EBPd
esults in STAT protein accumulation with an expres-
ion profile identical to that reported previously for
ature adipocytes. Second, data are presented demon-

trating that protein accumulation of STAT1, STAT5A
nd STAT5B resulting from C/EBP expression is
ightly coupled to the morphological conversion of fi-
roblasts to adipocytes. Third, the differentiation-
ependent upregulation of STAT protein expression is
egulated downstream of PPARg in a ligand-dependent
anner. Collectively, these data demonstrate that the

ascade of transcription factors that mediate adipogen-
sis also regulate the expression of the STAT family of
ranscription factors providing additional evidence for
equential activities and interactions of structurally
iverse trans-acting factors that, collectively, may me-
iate the complex process of adipocyte differentiation.

the differentiation of bd cells. Whole cell extracts were prepared at
[2] and presence [1] of 1 mg/ml tetracycline. The term “post-MDI”
medium as described in Experimental Procedures. Extracts from
ine (23 days) were included. Fifty mg of protein were separated by
analysis.
ing
ce
re
ycl
lot
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Although the specific roles for STATs in developing/
ature adipocytes are largely unknown, the data pre-

ented in this investigation suggest that these tran-

FIG. 3. The regulation of STAT expression in bd cells under vario
ith lipid accumulation and PPARg expression. (A) bd cells were cul

llustrated data. Fifty mg of whole cell extracts were separated by S
nalysis for STAT protein expression. (B) Cells cultured under each
onversion by examining lipid accumulation stained with Oil Red O
dentical to that presented in panel A. Twenty mg of total RNA was
nalysis for C/EBP and PPAR mRNA expression. Hybridization to the
220
cription factors are important for transactivating gene
xpression related to adipocyte function. In support of
his notion, it is important to compare STAT protein

diagnostic conditions: Correlation of STAT 1 and STAT 5 expression
ed for 6 days under various diagnostic conditions depicted below the
-PAGE, transferred to nitrocellulose and subjected to Western blot
agnostic condition depicted in panel A were analyzed for adipocyte
) Total RNA was isolated following 6 days of conditional treatment
ectrophoresed, transferred to nylon and subjected to Northern blot
osomal 18S subunit was examined for quantitation of equal loading.
us
tur
DS
di

. (C
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rib
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xpression during differentiation of engineered non-
recursor fibroblasts presented here and the 3T3-L1
readipocyte cell line presented elsewhere (3). Albeit
xtremely diverse in their developmental origins, dif-
erentiation of these two cell lines results in identical
inetics of STAT protein expression that tightly corre-
ate with the appearance of the fat-laden phenotype.

oreover, the expression profile following differentia-
ion of these cell lines is identical to that observed in
he mature adipocyte, in vivo. The conserved regula-
ion of STAT expression within these diverse systems
f adipocyte differentiation is likely to represent an
mportant event leading to the functionally mature
dipocyte.
One hypothesis which has developed from previous

tudies is that a potential function of STAT1 is the
egulation of genes involved with insulin sensitivity.
e have shown that STAT1 protein is markedly de-

reased in TNFa induced insulin resistance (3). While
lucose metabolism is an important function of the
ature adipocyte, it is unlikely that STAT1 is essential

or the morphological fat-laden phenotype. Observa-
ions of STAT1 deficient mice have led others to report
hat the only critical function of STAT1 is to regulate a
et of genes which collectively provide innate immunity
21, 22). Although these mice have no overt develop-
ental abnormalities (i.e., deformed or absence fat

ads), the regulation of gene expression in the adipo-
ytes of these animals has not been investigated. In
ontrast to STAT1, the contributions of STAT5A and
TAT5B to adipocyte morphology appear to be much
reater. Recent studies have demonstrated that trans-
enic mice lacking STAT5A or STAT5B have signifi-
antly smaller fat pads. Furthermore, transgenic ani-

FIG. 4. PPARg ligand dose-dependent induction of STAT1 and
TAT5 during differentiation of bd cells. Tetracycline was removed

rom the culture medium as cells approached confluence. At two days
ost confluence, growth medium was changed to differentiation me-
ium containing FBS, MDI and varied concentrations of ciglitazone.
hroughout the experiment, ciglitazone concentrations were main-
ained during each change of culture medium. Whole cell extracts
ere prepared 6 days after the induction of differentiation as de-

cribed in Experimental Procedures. Fifty mg of protein were sepa-
ated by SDS-PAGE, transferred to nitrocellulose and subjected to
estern blot analysis of STAT protein expression.
221
nly one-fifth the size of wild type animals (23). Collec-
ively, these studies support the notion that these three
TAT family members may be important regulators of
ene expression mediating adipocyte function and that
TAT5A and STAT5B are likely to play essential
ransactivating roles during adipocyte differentiation.

The data presented in this investigation clearly dem-
nstrate that STAT1, STAT5A and STAT5B are regu-
ated, directly or indirectly, by PPARg. We find this
dea particularly exciting for two reasons. First, a
argely fat-specific transcription factor (i.e., PPARg)

ay be involved in regulating the expression of other
ranscription factors (i.e., STATs) whose tissue-specific
unctions may include the induction and/or mainte-
ance of fat-specific gene expression. Second, this is the
rst study to suggest the involvement of any trans-
cting factors in the induction of STATs in adipocytes.
he recent cloning and analysis of the murine genomic
romoter of STAT1 has revealed a functional retinoic
cid (RA) response element which preferentially inter-
cts with the RA receptor b and the retinoic X receptor
(RXRa) (24). Members of the PPAR family of tran-

cription factors heterodimerize with RXRa (25) and
PARg is known to interact with RXRa when it is
ound to DNA (26). These studies strongly suggest that
PARg may play a direct role in regulating the STAT1
romoter via heterodimerization with RXRa. We are
urrently conducting studies to demonstrate if PPARg
s directly involved in the regulation of STAT1,
TAT5A and STAT5B gene expression.
A current model of adipogenesis suggest that a cas-

ade expression of C/EBPb and C/EBPd leads to the
xpression of C/EBPa and PPARg which precede and
egulate the expression of many genes representative
f the mature adipocyte. The data presented here dem-
nstrate that STATs represent additional trans-acting
actors that are regulated downstream of PPARg and
recede or coincide with the expression of adipocyte
pecific genes. The conserved regulation of STAT pro-
ein expression in diverse systems of adipocyte differ-
ntiation suggests that these transcription factors may
lso play a role in regulating functional adipocyte gene
xpression. Moreover, recent studies have demon-
trated that STAT5B plays a role in modulating
PARa in other cell types (27) suggesting the possibil-

ty that STATs may have the potential to regulate
pstream transcriptional activity as well as down-
tream gene expression in the mature adipocyte. While
he data presented here narrow the focus for mecha-
isms regulating STAT expression during adipocyte
ifferentiation, it should be noted that recent studies
ave implicated a synergy between various C/EBPs
nd PPARg in regulating adipocyte gene expression. In
his regard, it is possible that a role for C/EBPa, which
s repressed in NIH3T3 fibroblasts, may be imparted
y the ectopic expression of C/EBPb and/or C/EBPd in
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ermining the function of STATs during adipogenesis
nd deciphering the complex interactions of these and
ther adipogenic transcription factors will provide a
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