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Abstract

Resistin is an adipokine related to obesity and insulin resistance. Expression of the resistin gene is repressed by the treatment of per-
oxisome proliferator-activated receptor y (PPARY) agonists, thiazolidinediones (TZDs). In this study, we investigated the mechanism by
which TZDs inhibit the resistin gene expression. Resistin gene expression was decreased by TZD in fully differentiated 3T3-L1 adipo-
cytes, which was abolished after treatment of cycloheximide (a protein synthesis inhibitor). TZD could not repress the expression of
the resistin gene in the presence of mithramycin A (an Spl binding inhibitor). Spl binding site of the resistin promoter (—122/
—114 bp) was necessary for the repression. Further investigation of the effect of TZDs on the modification of Spl showed that the level
of O-glycosylation of Spl was decreased in this process. These results suggest that PPARYy activation represses the expression of the res-

istin gene by modulating Sp1 activity.
© 2006 Elsevier Inc. All rights reserved.
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Resistin is an adipokine and belongs to a novel class of
cysteine-rich secreted proteins named FIZZ (found in
inflammatory zone) or RELM (resistin-like molecule) [1].
Although, the resistin has been generally known as a medi-
ator of obesity-associated insulin resistance [2-8], there are
some contradictory data showing that the level of resistin is
not related to obesity or insulin resistance [9-11].

Resistin was originally identified as an adipokine whose
expression was suppressed by TZDs, synthetic PPARYy
ligands, and insulin sensitizing drugs [4,12]. However, it
has been reported that PPARY regulates the expression of
the resistin gene divergently [13]. Resistin expression is
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induced during adipogenesis and overexpression of PPARYy
leads to resistin expression by stimulating adipogenesis. In
contrast, the treatment of TZDs in differentiated adipo-
cytes significantly reduces the mRNA level of resistin.

Transcription of the resistin gene is regulated by several
transcription factors such as CCAAT/enhancer binding
proteins alpha (C/EBPa), sterol regulatory element binding
protein 1 (SREBP1), and Spl [14-16]. In a previous report,
we have demonstrated that Spl regulates the resistin pro-
moter activity and Spl may mediate the glucose-induced
transcription of resistin [16].

Spl is a well-known transcription factor and three other
members of Sp family have been identified [17]. Spl binds
to GC-rich sequences and post-translational modifications
like O-glycosylation or phosphorylation are important
factors to regulate the activity of Spl [17]. Especially high
concentration of glucose or glucosamine increases the O-
glycosylation states of Spl and this modification activates
Spl and subsequently results in the induction of some tar-
get genes such as plasminogen activator inhibitor-1 (PAI-1)
and argininosuccinate synthetase [18-20]. It has been
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reported that O-glycosylation of Spl by insulin stimulates
translocation of Spl into nucleus and leads to activate
transcription of target genes [21].

In this study, we demonstrated that Sp1 is involved in the
repression of resistin gene expression by PPARYy agonists.

Materials and methods

Plasmids. DNA fragments containing various length of resistin pro-
moter were inserted into pGL2-basic vectors (Promega). DNA fragments
between —1946 and +11 bp, between —989 and +11 bp or between —199
and +11 bp of the resistin promoter were ligated and the resulting con-
structs were named as RETN (—1946) Luc, RETN (—989) Luc or RETN
(—=199) Luc, respectively. DNA sequences of the region from —122 to
—114 bp of the RETN (—199), TCCCTCCTC, were changed to TCCA-
TACTC in the RETN (—120 mt) Luc and the region from —60 to 52 bp,
GGGGCCAGGG, were changed to TTGGAAAGG in the RETN
(—60 mt) Luc. Expression vectors of Spl (pCMV-Spl), PPARYy (pSPORT-
PPARY), and RXRao (pCMV-RXRa) were described previously.

Cell culture and differentiation. 3T3-L1 Adipocytes were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supplemented
with 10% calf serum (CS) (Invitrogen). Differentiation was induced by the
addition of 0.5 nmol/l of 3-isobutyl-1-methylxanthine, 0.25 pmol/l dexa-
methasone (Sigma), and 5 pg/ml insulin to the media for 48 h. The cells
were maintained in DMEM supplemented with 10% FBS and 1 pg/ml
insulin for an additional 10 days with the media changed every other day.

RNA preparation, Northern blot analysis, and ELISA. 3T3-L1 Adipo-
cytes differentiated for 10 days were incubated with troglitazone or ros-
iglitazone (10 pmol/l) for the indicated periods and the cells were
harvested. Differentiated adipocytes were treated with troglitazone in the
absence or presence of mithramycin A (100 nM) [22] for 24 h. Northern
blot was carried out as described previously [23]. Membranes were
hybridized with the probes for mouse resistin, PPARYy, Spl or GAPDH
labeled with [a->PJdATP. The amount of resistin in the media was mea-
sured using the mouse resistin ELISA kit AdipoGen, Korea.

Transient transfection and reporter assay. 3T3-L1 preadipocytes were
maintained in DMEM supplemented with 10% FBS. Cells were seeded at
12-well plates and transfected with 0.6 pg reporter vectors, 0.15 ug pPCM V-
Spl, 0.1 pg pSPORT-PPARY, 0.05 pg pCMV-RXRa, and 0.1 pg pCMV-
B-galactosidase using LipofectAMINE and Plus reagent (Invitrogen). To
transfect the same amount of DNA in each well, pcDNA was used. Cells
were treated with troglitazone for 40 h and then harvested. Luciferase and
B-galactosidase activities were measured according to the manufacturer’s
instruction (Promega).

Nuclear extracts and electrophoretic mobility shift assay (EMSA).
Nuclear extracts were prepared from 3T3-L1 adipocytes as described
previously with mild modifications [24]. Double-stranded oligonucleotide
representing the —134 to —100 bp region (upper strand sequence: 5'-GCA
GGAGGGAAATCCCTCCTCTGGGACCTCTAG-3' and down strand
sequence: 5'-CTCTAGAGGTCCCAGAGGAGGGATTTCCCTCC-3')
of the resistin gene was labeled with [a-*?PJdATP using Klenow DNA
polymerase (Ambion). Labeled probe was incubated with nuclear proteins
(5 pg) in 10 mmol/L Hepes (pH 7.9), 50 mmol/L KCI, 0.1 mmol/L EDTA,
0.25 mmol/L DTT, 0.1 mg/ml poly(dI-dC), 0.01% Nonidet P-40, and 10%
glycerol at room temperature for 15 min. For supershift assay, antibody
(2 pg) against Spl (sc-17824) or Sp3 (sc-644) (Santa Cruz Biotechnology)
was incubated with nuclear extracts for 15 min on ice before the addition
of the labeled probe. The reaction mixtures were electrophoresed on 5%
acrylamide gel in 0.5 x TBE buffer. The gel was dried and then exposed to
the X-ray film.

Immunoprecipitation and immunoblot analysis. Differentiated 3T3-L1
adipocytes were treated with troglitazone, rosiglitazone (10 pmol/L) or
glucosamine (5 mM) for the indicated period. Cells were harvested in lysis
buffer (20 mM Tris-HCL, pH 7.4, 5 mM Na,P,0,, 100 mM NaF, 2 mM
Naz VO, 1% NP-40, 1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1 mM
PMSF). Cell extracts (1 mg) were sonicated and cell debris was removed

by centrifugation. Cell lysates were incubated with 4 pg of anti-Spl anti-
body, 20 ul of protein A- (Sigma), and protein G-agarose (Amersham) at
4 °C. The beads were collected and extensively washed with phosphate-
buffered saline (PBS). SDS-PAGE sampling buffer was added to the beads
and the samples were boiled. Electrophoresis and immunoblot were per-
formed with anti-Spl antibody, anti-O-GIcNAc antibody (RL2, Affinity
BioReagents) (MMS-240R, Covance) or PPARY antibody (Santa Cruz
Biotechnology).

Statistical analysis. Statistical differences between experimental groups
were determined by Student’s ¢ test using InStat (GraphPad Software).
Values p < 0.05 were considered significant.

Results

Role of PPARY in the repression of resistin expression by
thiazolidinediones

Troglitazone was treated to the differentiated adipocytes
and cells were harvested at different time points. Troglitaz-
one decreased the level of resistin mRNA in a time-depen-
dent manner until 24 h (Fig. 1A). Rosiglitazone, another
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Fig. 1. Effect of TZDs on the expression of resistin in differentiated
adipocytes. (A) 3T3-L1 preadipocytes were differentiated for 10 days and
treated with troglitazone for the indicated time and total RNA was
isolated. RNA (20 pg) was probed with cDNA fragments of resistin, Spl
or GAPDH. (B) Differentiated adipocytes were treated with 10 uM
troglitazone (Tro) or rosiglitazone (Rosi) in the absence or presence of
cycloheximide (5 uM) for 24 h. Total RNA was isolated and Northern
blot was performed with resistin or GAPDH probes.
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member of TZDs, also repressed the level of resistin expres-
sion in a similar manner (data not shown). To test whether
the effect of TZDs on the expression of resistin requires
protein synthesis, cycloheximide, an inhibitor of protein
synthesis, was added to the cells during the treatment of
TZDs. Effect of TZDs on the resistin mRNA level was
abolished when cells were exposed to cycloheximide
(Fig. 1B).

Effect of mithramycin A on the expression of resistin

It has been reported that PPARY represses the expres-
sion of some genes by modulation of Spl activity. We
reported that Spl plays a role in the expression of the res-
istin gene. The treatment of mithramycin A, an inhibitor of
Spl binding to DNA, decreased the expression of resistin
(Fig. 2A). To determine whether Spl is involved in the
transcriptional repression of resistin by TZDs, mithramy-
cin A was added when cells were treated with troglitazone.
Resistin mRNA level was not decreased by troglitazone in
the presence of mithramycin A (Fig. 2A). Similar results

were obtained from the resistin protein levels measured
by ELISA (Fig. 2B).
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Fig. 2. Mithramycin A interferes with the effect of troglitazone on the
expression of the resistin gene. Differentiated adipocytes were treated with
troglitazone in the absence or presence of mithramycin A (100 nM) for
24 h. (A) Northern blot analysis. Total RNA (20 pug) was probed with
resistin or GAPDH cDNA fragments labeled by [0->>P]JdATP. (B) ELISA
of resistin in the media. The amount of resistin in the media after the
treatment of troglitazone or mithramycin A was measured by resistin
ELISA kit. The amount of resistin in the absence of troglitazone and
mithramycin A was set to one. Bars represent means = SEM of four
independent experiments. p <0.05 compared with control without
troglitazone.

Mapping of cis-acting elements in the resistin promoter
involving the effect of TZDs

To identify the cis-acting element that mediates tran-
scriptional repression by TZDs, transient transfections
and reporter assays were performed with several mouse res-
istin promoter-luciferase constructs. Since differentiated
adipocytes hardly accept plasmid DNAs, we used 3T3-L1
preadipocytes for these experiments. Both Spl expression
vector and PPARY expression vector were transfected into
preadipocytes since PPARY gene expression and Spl
binding activity in preadipocytes are much lower than
those in fully differentiated adipocytes (Fig. 3A). Without
the overexpression of Spl or PPARY, troglitazone did
not change the transcriptional activity of resistin promoter.
When both Spl and PPARYy were overexpressed, troglitaz-
one substantially decreased the promoter activities of all
constructs tested, RETN (—1946), RETN (—989), and
RETN (—199) Luc. Since the region between —199 and
+11 bp of the resistin promoter still had the major cis-act-
ing element, we searched Spl binding sites within this
region. A possible Spl binding site (—122/—114 bp) was
destroyed in RETN (—199) Luc and the resulting construct
was named RETN (—120 mt) Luc. Overexpression of Spl
did not increase the promoter activity of RETN
(=120 mt) Luc, indicating that the region at —122/
—114 bp was the Spl binding site. In addition, troglitazone
did not suppress the promoter activity of the RETN
(=120 mt) Luc construct, indicating that the Spl binding
site at —122/—114 bp was necessary for the repression by
troglitazone (Fig. 3B). In contrast, mutations at another
G/C-rich region at —60/—52 bp did not interfere with the
effect of troglitazone.

Effect of TZDs on the binding ability of Spl proteins
to DNA

EMSA was performed with nuclear extracts from adi-
pocytes and oligonucleotide containing the Spl binding
site at —122/—114 bp of the resistin promoter as a probe.
Since it was well known that Spl and Sp3 bound to the
same DNA sequence, we used antibodies specific to these
proteins. Spl and Sp3 from adipocyte nuclear extracts
bound to the probe, which was proved by supershifts
of the bands after the addition of specific antibodies
against Spl or Sp3 (Fig. 4). Next, we tested whether
the binding activity was affected by TZDs. When cells
were treated with troglitazone or rosiglitazone, there
was no remarkable change in the binding activity to
the Spl binding site, and only slight reduction was
observed (Fig. 4).

Effect of TZDs on the glycosylation of Spl
Next we tried to investigate how TZDs affect Spl activ-

ity. Since TZDs did not change the mRNA level of Spl
(Fig. 1A) or did not significantly affect the binding activity
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Fig. 3. An Spl binding site in the resistin promoter is involved in the repression of resistin expression by troglitazone. (A) 3T3-L1 preadipocytes were
transfected with one of the mouse resistin promoter-luciferase constructs and expression vectors of Spl, PPARy, RXRa or B-galactosidase as indicated.
To transfect the same amount of DNA in each well, pcDNA was used. Cells were treated with troglitazone for 40 h. Luciferase activity was normalized by
B-galactosidase activity. Activity of RETN —989 Luc in the absence of PPARY or Spl overexpression was set to one and other activities were expressed
relative to this value. Bars represent means + SEM of six independent experiments. *p < 0.05 compared with the value of each construct in the absence of
PPARY or Spl overexpression. *p < 0.05 compared with the value in the absence of troglitazone. (B) Two reporter constructs containing mutations
around —60 or —120 bp of the resistin gene were generated by site-directed mutagenesis. Cells were transfected and analyzed as described in (A). Bars
represent means + SEM of five experiments. #p < 0.05 compared with the value in the absence of troglitazone.

of Spl to DNA, we examined whether TZDs affect the
post-translational modification status of Spl. Troglitazone
was treated to the adipocytes and then cell lysates were
subjected for immunoprecipitation with anti-Spl, anti-
body. Sp1 protein levels were not changed by the treatment
of troglitazone, but O-glycosylation status of Spl was
decreased (Fig. 5). Effect of troglitazone on the level of
O-GIcNAc-modified Spl occurred in a time-dependent
manner: the level of O-GIcNAc-Spl started to decline 4 h
after the treatment of troglitazone and the progressive
decrease was observed over 48 h. In addition, we tested gly-
cosylation status of total cell lysates by immunoblot with
O-GIcNAc antibody to figure out whether TZDs could
affect the glycosylation of other proteins. TZDs did not
affect the level of glycosylation state of proteins (data not
shown). To investigate whether the reduction of Spl
glycosylation by TZDs was induced by the change in the
expression level of O-GIcNAc transferase (OGT) or O-
GlcNAcase (OGA) genes, mRNA levels of OGT and
OGA genes were measured. Troglitazone did not affect
the expression level of either OGT or OGA genes (data
not shown).

Discussion

It was shown that TZD treatment in fully differentiated
adipocytes significantly reduced the mRNA level of resi-
stin. We previously found that 6-month treatment of rosig-
litazone in patients with type 2 diabetes mellitus
significantly decreased plasma resistin concentration [25].

In this study, we found that repression of resistin gene
expression by TZD was abolished by treatment of mithra-
mycin A (an Spl binding inhibitor). Moreover, elimination
of Spl binding site in the resistin promoter totally abol-
ished the repressive activity of troglitazone, indicating that
Spl binding site is important for this effect. In this study
only one Spl binding site around —120 bp of the resistin
gene has been identified, however, it is possible that several
other Spl sites are dispersed in the resistin promoter and
they act cooperatively. EMSA results prove that Spl and
Sp3 bind to the —122/—114 bp region of the resistin gene.
Sp3, however, hardly induced the resistin promoter activity
in the transient transfection experiments (data not shown).
Therefore the effect of TZDs through this cis-acting ele-
ment may be mainly caused by the binding of Spl. EMSA
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Fig. 4. Binding of Spl and Sp3 to the proximal promoter region of the
mouse resistin gene. Oligomer representing the —134 to —100 bp region of
the resistin gene was labeled with [0-**P]dATP and used as a probe.
Nuclear extracts were prepared from differentiated 3T3 L1 adipocytes.
Free probe alone was shown in the lane 1. Five micrograms of the nuclear
proteins was incubated with the probe in the absence (lane 2) or presence
(lanes 3 and 4) of competitors at 100-fold molar excesses. Antibodies
against Spl (lane 5), Sp3 (lane 6) or both (lane 7) were added to the
nuclear extracts before the addition of the probe. Nuclear extracts were
prepared from the cells treated with troglitazone (lane 9) or rosiglitazone
(lane 10) 48 h and 5 pg of proteins was used for EMSA. Free probe, Spl,
Sp3 or supershift bands are marked as arrows. Asterisk (*) represents a
band that is specific to this probe but not related with Spl or Sp3.
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Fig. 5. Effect of TZDs on the O-glycosylation status of Sp1. Differentiated
adipocytes were treated with troglitazone for the indicated periods and the
cell lysates were prepared. Cellular proteins (1 mg) were immunoprecip-
itated with anti Spl antibody (4 ng) and then subjected to SDS-PAGE.
Anti O-GlcNAc or Spl antibodies were used for immunoblot.

result also shows that treatment of TZDs slightly decreases
the binding activity to this region. However, it is not likely
that this difference is enough to cause the significant change
in the level of resistin expression by TZDs.

It has been reported that TZDs suppress the expression
of some target genes such as thromboxane receptor, KDR
or typel angiotensin II receptor genes through modulating
Spl activity in smooth muscle cells or endothelial cells
[26-28]. In these studies, the authors have suggested that
there is a physical interaction between Spl and PPARY.

In our study, however, we cannot detect any direct interac-
tion between Spl and PPARYy using coimmunoprecipita-
tion experiments in adipocytes (data not shown). On the
other hand, our results clearly show that TZDs decrease
the level of O-glycosylation of Spl, suggesting that TZDs
decrease Spl activity by modulation of glycosylation status
of Spl. Further study is required to figure out how activa-
tion of PPARY decreases the glycosylation status of Spl
and how the change of glycosylation status of Spl affects
expression of the resistin gene. Nevertheless we propose a
model to explain the regulation of the resistin gene expres-
sion by TZDs. Spl is a general transcription factor, but the
expression of Spl is significantly increased during adipo-
cyte differentiation. Therefore Spl plays a quite important
role in the resistin expression in adipocytes. Activation of
PPARY induces an unknown gene(s), and this protein is
involved in the reduction of Spl glycosylation. The change
in glycosylation status modulates recruiting of repressors
or activators to Spl, and finally the transcriptional activity
is repressed. In addition, it is possible that PPARYy directly
regulates the expression of a corepressor that interacts with
Spl. Since recent report shows that Spl can interact with
some corepressors, it will be interesting whether treatment
of TZDs affects the interaction of Spl with these corepres-
sors [29].

In this study, we used 3T3-L1 preadipocytes for tran-
sient transfection and reporter assay since it is very diffi-
cult to transfect plasmid vectors in fully differentiated
adipocytes. Transfection of Spl expression vectors in pre-
adipocytes induced resistin promoter activity, which is
quite consistent with our previous observation [16]. Inter-
estingly, transfection of PPARY expression vectors in pre-
adipocytes also increased resistin promoter activity as
shown in Fig. 3. Considering that addition of TZD did
not increase the activity further and no direct interaction
between Spl and PPARY in adipocytes, it is less likely
that overexpression of PPARYy directly increases resistin
promoter activity. PPARY is a master gene for adipocyte
differentiation, and overexpression or activation of
PPARY stimulates the induction of several adipocyte spe-
cific transcription factors such as C/EBPa and SREBP
[30,31]. Cis-acting elements for C/EBPa or SREBP have
been identified in the resistin promoter [15,30,31]. There-
fore PPARY overexpression itself in preadipocytes might
stimulate resistin expression indirectly through the induc-
tion of these adipogenic transcription factors in early
stage of differentiation. Nevertheless, TZD significantly
repressed the resistin promoter activity in preadipocytes
with Spl and PPARY overexpression as well as in fully
differentiated adipocytes.

In summary, we demonstrate that Spl plays an impor-
tant role in the suppression of the resistin gene by PPARYy
ligands. We have identified an Spl binding site in the resi-
stin gene necessary for the TZDs’ effect. In addition, treat-
ment of TZDs decreases the O-glycosylation status of Spl
and this process may be involved in the repression of Spl
activity.



258 S.S. Chung et al. | Biochemical and Biophysical Research Communications 348 (2006) 253-258

References

[1] IN. Holcomb, R.C. Kabakoff, B. Chan, T.W. Baker, A. Gurney, W.
Henzel, C. Nelson, H.B. Lowman, B.D. Wright, N.J. Skelton, G.D.
Frantz, D.B. Tumas, F.V. Peale, D.L. Shelton, C.C. Hebert, FIZZ1, a
novel cysteine-rich secreted protein associated with pulmonary inflam-
mation, defines a new gene family, EMBO J. 19 (2000) 4046-4055.

[2] O. Ukkola, Resistin-a mediator of obesity-associated insulin resis-
tance or an innocent bystander? Eur. J. Endocrinol. 147 (2002) 571—
574.

[3] K.H. Kim, K. Lee, Y.S. Moon, H.S. Sul, A cysteine-rich adipose
tissue-specific secretory factor inhibits adipocyte differentiation, J.
Biol. Chem. 276 (2001) 11252-11256.

[4] C.M. Steppan, S.T. Bailey, S. Bhat, E.J. Brown, R.R. Banerjee, C.M.
Wright, H.R. Patel, R.S. Ahima, M.A. Lazar, The hormone resistin
links obesity to diabetes, Nature 409 (2001) 307-312.

[5] D.B. Savage, C.P. Sewter, E.S. Klenk, D.G. Segal, A. Vidal-Puig,
R.V. Considine, S. O’Rahilly, Resistin/Fizz3 expression in relation to
obesity and peroxisome proliferator-activated receptor-gamma action
in humans, Diabetes 50 (2001) 2199-2202.

[6] R.R. Banerjee, S.M. Rangwala, J.S. Shapiro, A.S. Rich, B. Rhoades,
Y. Oi, J. Wang, M.W. Rajala, A. Pocai, P.E. Scherer, C.M. Steppan,
R.S. Ahima, S. Obici, L. Rossetti, M.A. Lazar, Regulation of fasted
blood glucose by resistin, Science 303 (2004) 1195-1198.

[7] E.D. Muse, S. Obici, S. Bhanot, B.P. Monia, R.A. McKay, M.W.
Rajala, P.E. Scherer, L. Rossetti, Role of resistin in diet-induced
hepatic insulin resistance, J. Clin. Invest. 114 (2004) 232-239.

[8] K.H. Kim, L. Zhao, Y. Moon, C. Kang, H.S. Sul, Dominant
inhibitory adipocyte-specific secretory factor (ADSF)/resistin enhanc-
es adipogenesis and improves insulin sensitivity, Proc. Natl. Acad.
Sci. USA 101 (2004) 6780-6785.

[9] C.C. Juan, L.C. Au, V.S. Fang, S.F. Kang, Y.H. Ko, S.F. Kuo, Y.P.
Hsu, C.F. Kwok, L.T. Ho, Suppressed gene expression of adipocyte
resistin in an insulin-resistant rat model probably by elevated free
fatty acids, Biochem. Biophys. Res. Commun. 289 (2001) 1328-1333.

[10] J.M. Way, C.Z. Gorgun, Q. Tong, K.T. Uysal, K.K. Brown, W.W.
Harrington, W.R. Oliver Jr., T.M. Willson, S.A. Kliewer, G.S.
Hotamisligil, Adipose tissue resistin expression is severely suppressed
in obesity and stimulated by peroxisome proliferator-activated
receptor gamma agonists, J. Biol. Chem. 276 (2001) 25651-25653.

[11]J. Janke, S. Engeli, K. Gorzelniak, F.C. Luft, A.M. Sharma, Resistin
gene expression in human adipocytes is not related to insulin
resistance, Obes. Res. 10 (2002) 1-5.

[12] P.G. McTernan, F.M. Fisher, G. Valsamakis, R. Chetty, A. Harte,
C.L. McTernan, P.M. Clark, S.A. Smith, A.H. Barnett, S. Kumar,
Resistin and type 2 diabetes: regulation of resistin expression by
insulin and rosiglitazone and the effects of recombinant resistin on
lipid and glucose metabolism in human differentiated adipocytes, J.
Clin. Endocrinol. Metab. 88 (2003) 6098-6106.

[13] Y. Li, M.A. Lazar, Differential gene regulation by PPARY agonist and
constitutively active PPARY2, Mol. Endocrinol. 16 (2002) 1040-1048.

[14] H.B. Hartman, X. Hu, K.X. Tyler, C.K. Dalal, M.A. Lazar,
Mechanisms regulating adipocyte expression of resistin, J. Biol.
Chem. 277 (2002) 19754-19761.

[15] J.B. Seo, M.J. Noh, E.J. Yoo, S.Y. Park, J. Park, .K. Lee, S.D. Park,
J.B. Kim, Functional characterization of the human resistin promoter
with adipocyte determination- and differentiation-dependent factor 1/
sterol regulatory element binding protein lc and CCAAT enhancer
binding protein-o, Mol. Endocrinol. 17 (2003) 1522-1533.

[16] S.S. Chung, H.H. Choi, K.W. Kim, Y.M. Cho, H.K. Lee, K.S. Park,
Regulation of human resistin gene expression in cell systems: an
important role of stimulatory protein 1 interaction with a common
promoter polymorphic site, Diabetologia 48 (2005) 1150-1158.

[17] P. Bouwman, S. Philipsen, Regulation of the activity of Spl-related
transcription factors, Mol. Cell. Endocrinol. 195 (2002) 27-38.

[18] X.L. Du, D. Edelstein, L. Rossetti, .G. Fantus, H. Goldberg, F.
Ziyadeh, J. Wu, M. Brownlee, Hyperglycemia-induced mitochondrial
superoxide overproduction activates the hexosamine pathway and
induces plasminogen activator inhibitor-1 expression by increasing
Spl glycosylation, Proc. Natl. Acad. Sci. USA 97 (2000) 12222
12226.

[19] Y.Q. Chen, M. Su, R.R. Walia, Q. Hao, J.W. Covington, D.E.
Vaughan, Spl sites mediate activation of the plasminogen activator
inhibitor-1 promoter by glucose in vascular smooth muscle cells, J.
Biol. Chem. 273 (1998) 8225-8231.

[20] C. Brasse-Lagnel, A. Fairand, A. Lavoinne, A. Husson, Glutamine
stimulates argininosuccinate synthetase gene expression through
cytosolic O-glycosylation of Spl in Caco-2 cells, J. Biol. Chem. 278
(2003) 52504-52510.

[21] G. Majumdar, A. Harmon, R. Candelaria, A. Martinez-Hernandez,
R. Raghow, S.S. Solomon, O-glycosylation of Spl and transcriptional
regulation of the calmodulin gene by insulin and glucagon, Am. J.
Physiol. Endocrinol. Metab. 285 (2003) E584-ES591.

[22] S.W. Blume, R.C. Snyder, R. Ray, S. Thomas, C.A. Koller, D.M.
Miller, Mithramycin inhibits SP1 binding and selectively inhibits
transcriptional activity of the dihydrofolate reductase gene in vitro
and in vivo, J. Clin. Invest. 88 (1991) 1613-1621.

[23] Y.M. Cho, B.S. Youn, S.S. Chung, K.W. Kim, H.K. Lee, K.Y. Yu,
H.J. Park, H.D. Shin, K.S. Park, Common genetic polymorphisms in
the promoter of resistin gene are major determinants of plasma
resistin concentrations in humans, Diabetologia 47 (2004) 559-565.

[24] 1.D. Dignam, R.M. Lebovitz, R.G. Roeder, Accurate transcription
initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei, Nucleic Acids Res. 11 (1983) 1475-1489.

[25] H.S. Jung, B.S. Youn, Y.M. Cho, K.Y. Yu, H.J. Park, C.S. Shin, S.Y.
Kim, H.K. Lee, K.S. Park, The effects of rosiglitazone and metformin
on the plasma concentrations of resistin in patients with type 2
diabetes mellitus, Metabolism 54 (2005) 314-320.

[26] Y. Sassa, Y. Hata, L.P. Aiello, Y. Taniguchi, K. Kohno, T. Ishibashi,
Bifunctional properties of peroxisome proliferator-activated receptor
gammal in KDR gene regulation mediated via interaction with both
Spl and Sp3, Diabetes 53 (2004) 1222-1229.

[27] A. Sugawara, A. Uruno, M. Kudo, Y. Ikeda, k. Sato, Y. Taniyama,
K. Takeuchi, Transcription suppression of thromboxane receptor
gene by peroxisome proliferator-activated receptor-gamma via an
interaction with Spl in vascular smooth muscle cells, J. Biol. Chem.
277 (2002) 9676-9683.

[28] A. Sugawara, K. Takeuchi, A. Uruno, Y. Ikeda, S. Arima, M. Kudo,
K. Sato, Y. Taniyama, S. Ito, Transcriptional suppression of type 1
angiotensin II receptor gene expression by peroxisome proliferator-
activated receptor-gamma in vascular smooth muscle cells, Endocri-
nology 142 (2001) 3125-3134.

[29] J.A. Lee, D.C. Suh, J.E. Kang, M.K. Kim, H. Park, M.N. Lee, J.M.
Kim, B.N. Jeon, H.E. Roh, M.Y. Yu, K.Y. Choi, K.Y. Kim, M.W.
Hur, Transcriptional activity of Spl is regulated by molecular
interactions between the zinc finger DNA binding domain and the
inhibitory domain with corepressors, and this interaction is modu-
lated by MEK, J. Biol. Chem. 280 (2005) 28061-28071.

[30] D. Shao, M.A. Lazar, Peroxisome proliferator activated receptor
gamma, CCAAT/enhancer-binding protein alpha, and cell cycle
status regulate the commitment to adipocyte differentiation, J. Biol.
Chem. 272 (1997) 21473-21478.

[31] Z. Wu, E.D. Rosen, R. Brun, S. Hauser, G. Adelmant, A.E. Troy, C.
McKeon, G.J. Darlington, B.M. Spiegelman, Cross-regulation of C/
EBP alpha and PPAR gamma controls the transcriptional pathway of
adipogenesis and insulin sensitivity, Mol. Cell. 3 (1999) 151-158.



	Sp1 mediates repression of the resistin gene by PPAR gamma  agonists in 3T3-L1 adipocytes
	Materials and methods
	Results
	Role of PPAR gamma  in the repression of resistin expression by thiazolidinediones
	Effect of mithramycin A on the expression of resistin
	Mapping of cis-acting elements in the resistin promoter involving the effect of TZDs
	Effect of TZDs on the binding ability of Sp1 proteins 	to DNA
	Effect of TZDs on the glycosylation of Sp1

	Discussion
	References


