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Resistin, also known as Adipocyte Secreted Factor
(ADSF) and Found in Inflammatory Zone 3 (FIZZ3), is a
mouse protein with potential roles in insulin resistance
and adipocyte differentiation. The resistin gene is ex-
pressed almost exclusively in adipocytes. Here we show
that a proximal 264-base pair fragment of the mouse
resistin promoter is sufficient for expression in adipo-
cytes. Ectopic expression of the adipogenic transcrip-
tion factor CCAAT/enhancer-binding protein (C/EBPa)
was sufficient for expression in non-adipogenic cells.
C/EBPa binds specifically to a site that is essential for
expression of the resistin promoter. Chromatin immu-
noprecipitation studies of the endogenous gene demon-
strated adipocyte-specific association of C/EBPa with
the proximal resistin promoter in adipocytes but not
preadipocytes. C/EBPa binding was associated with the
recruitment of coactivators p300 and CREB-binding
protein and a dramatic increase in histone acetylation
in the vicinity of the resistin promoter. The antidiabetic
thiazolidinedione (TZD) drug rosiglitazone reduced re-
sistin expression with an ED;, similar to its K, for bind-
ing to peroxisome proliferator activated receptor vy
(PPARY). Other TZD- and non-TZD PPARYy ligands also
down-regulated resistin expression. However, no func-
tional PPARYy binding site was found within 6.2 kb of the
transcriptional start site, suggesting that if PPARYy is
involved, it is either acting at a long distance from the
start site, in an intron, or indirectly. Nevertheless, ro-
siglitazone treatment selectively decreased histone
acetylation at the resistin promoter without a change in
occupation by C/EBPa, CREB-binding protein, or p300.
Thus, adipocyte specificity of resistin gene expression is
because of C/EBPa binding, leading to the recruitment
of transcriptional coactivators and histone acetylation
that is characteristic of an active chromatin environ-
ment. TZD reduces resistin gene expression at least in
part by reducing histone acetylation associated with the
binding of C/EBP« in mature adipocytes.

Adipose tissue is increasingly recognized as a dynamic tissue
that serves functions other than storage of energy in the form
of triglycerides (1). A lack of adipose tissue causes hyperlipi-
demia, insulin resistance, and type 2 diabetes (2). Excess adi-
pose tissue is more common among humans in industrialized
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societies and is also associated with insulin resistance and
diabetes (3). These functions of adipose tissue are mediated in
part by secreted products including fatty acids as well as nu-
merous protein products (4).

Adipocytes are highly differentiated cells, and numerous
genes are expressed specifically or predominantly in fat cells
(5). They include transcription factors, metabolic enzymes,
structural proteins, and secreted proteins. Transcription fac-
tors implicated in adipogenesis include basic leucine zipper-
containing C/EBP?! family members and the nuclear receptor
peroxisome proliferator activated receptor y (PPARvy) (6, 7).
C/EBPB and C/EBPS are transiently induced during adipogen-
esis (8) and are involved in the up-regulation of C/EBPa and
PPARYy (9, 10), which remain expressed in mature adipocytes.
C/EBPa and PPARy are both able to induce adipogenesis in
part by inducing each other’s expression (11). Recent studies
indicate that PPARy can induce adipogenesis in cells lacking
C/EBPa (12, 13), whereas C/EBP« is insufficient for adipogen-
esis in the absence of PPARy (14). Nevertheless, numerous
adipocyte-specific genes contain binding sites for C/EBPa as
well as PPARy (15).

Resistin, also known as Adipocyte Secreted Factor (ADSF)
and Found in Inflammatory Zone 3 (FIZZ3), is a recently de-
scribed protein whose expression is adipocyte-specific in the
mouse (16-18). Resistin belongs to a family that in the mouse
includes two other members called Resistin-Like Molecules
(RELMs) and FIZZ proteins (18, 19). Although other RELM/
FIZZ family members exhibit tissue-specific expression, resis-
tin is the only one of these family members to be expressed in
adipocytes. The function of resistin is not well understood, but
there is evidence that it plays a role in obesity-related insulin
resistance as well as in adipocyte differentiation (16, 17).

Little is known about the adipocyte-specific determinants of
resistin gene expression. Here we show that the mouse resistin
promoter contains a C/EBPa binding site that is necessary and
sufficient for expression. The binding of C/EBP« in adipocytes
is associated with the recruitment of coactivators CBP and
p300 and abundant acetylation of histones at the resistin pro-
moter. Multiple classes of PPARy ligands as well as RXR li-
gands down-regulate resistin gene expression. This is associ-
ated with reduced histone acetylation without change in
C/EBPa or coactivator recruitment. These results suggest that
positive regulation of resistin regulation is because of C/EBPa,
whereas negative regulation by PPARy ligands involves a dif-
ferent mechanism converging on histone acetylation at the
resistin promoter.

! The abbreviations used are: C/EBP, CCAAT/enhancer-binding pro-
tein; PPARY, peroxisome proliferator activated receptor y; FIZZ, Found
in Inflammatory Zone 3; RELM, Resistin-Like Molecules; CREB,
cAMP-response element-binding protein; CBP, CREB-binding protein;
ChIP, chromatin immunoprecipitation; FMOC, N-(9-fluorenyl)me-
thoxycarbonyl; RXR, retinoid x receptor; RAR, retinoid acid receptor;
aP2, adipocyte-specific fatty acid-binding protein; AP-1, activator
protein-1.

This paper is available on line at http://www.jbc.org



Adipocyte Resistin Gene Expression 19755
a + ATG
TATTA I I I
Mouse Resistin Gene
+40
-3510
+40
-839
+40
-224
220440 Tarma [ L
b c
Fic. 1. The mouse resistin promoter T3-L1 Adi es 293T Cells
is active in adipocytes. a, schematic . priag
representation of the mouse resistin pro- 4.5 1.6
moter and various luciferase (Luc) re-
porter constructs. b, resistin promoter ac- 4.0 1 1.4
tivity in 3T3-L1 adipocytes. ¢, resistin
promoter activity in 293T cells. g 35 1 ﬁ 1.2
a -
o 30 3
> g 1.0
o
o 251 s
g w 08
g 207 3
= 2 06 ]
- 157 ;
I o 04 ]
L 10 L
05 1 52 1
Y 0
pGL2  pGL2-  pGL2- pGL2  pGL2-  pGL2-
Vector Resistin  Resistin Vector Resistin  Resistin
-3510/+40 -224/+40 -3510/+40 -224/+40
MATERIALS AND METHODS
. .. .. 293T Cells
Isolation of the Resistin Gene—Resistin promoter fragments were 12
isolated from a BAC clone by PCR and subcloned into pGL2-enhancer D Control
vector.
Transfection Studies—Transient transfection of 293T cells using Li- EBP
pofectAMINE and luciferase reporter assays were performed as de- 10 -CI -
scribed previously (20). 3T3-L1 adipocytes were transfected by electro-
poration. Day 5 3T3-L1 adipocytes (107 cells) were trypsinized and
resuspended in media without serum and electroporated at 960 micro- c 81
farads, 150 V. After electroporation, the cells were then replated. Li- K=
gands were added to cells after adherence. Luciferase and B-galactosid- ®
ase reporter assays were done after 48-h treatment. =
Electrophoretic Mobility Shift Assays—Gel shift assays were per- ° 6 1
formed as described previously (21). <
Chromatin Immunoprecipitation (ChIP) Assays—The method of T
Shang et al. (22) was modified as follows. 3T3L1 cells were grown to [+] 4
confluency in Dulbecco’s modified Eagle’s medium supplemented with L
10% fetal bovine serum. Two days post confluency, cells were either
collected as described below (as preadipocytes) or incubated with
differentiation media (dexamethasone, isobutylmethylxanthine, and 2 1
insulin) for 48 h as described previously (11). Day 7 adipocytes were
treated with 1 uM rosiglitazone or Me,SO vehicle and collected at
various time points after treatment. Cells were collected by washing 0 | i . .
twice with phosphate-buffered saline and cross-linking with 1% form- pGL2 pGL2- pGL2-  pGL2-
aldehyde in phosphate-buffered saline at 37 °C for 10 min. Cells were Vector Resistin Resistin Resistin
then rinsed twice with ice-cold phosphate-buffered saline, centrifuged -3510/+40 -939/+40 -224/+40

for 4 min at 700 X g and resuspended in lysis buffer (1% SDS, 5 mm
EDTA, 50 mMm Tris-HCI, pH 8.1). Following a 20-min incubation on
ice, samples were sonicated at 15-s pulses three times on ice. The
lysates were centrifuged at 14,000 X g for 10 min, and the collected
supernatant was diluted in buffer (1% Triton X-100, 2 mMm EDTA, 150
mM NaCl, 20 mm Tris-HCI, pH 8.1) with protease inhibitors (Roche
Molecular Biochemicals). Samples were precleared with 2 ug of
sheared salmon sperm DNA and 45 ul of protein A-Sepharose beads
for 2 h. Immunoprecipitation with the following antibodies was per-
formed overnight: CEBPq«, p300, normal rabbit IgG, CBP (Santa Cruz

Fic. 2. The mouse resistin promoter is activated by C/EBPa« in
293T cells. C/EBPa was co-transfected with luciferase reporter con-
structs into 293T cells.

Biotechnology, Santa Cruz, CA), acetylated histone H3, acetylated
histone H4, acetylated histone H3 (lysine 9), and acetylated histone
H4 (lysine 8) (Upstate Biotechnology, Inc., Lake Placid, NY). Samples
were then incubated with 45 ul of protein A-Sepharose beads for 1 h
followed by 10-min sequential washes in TSE I (0.1% SDS, 1% Triton
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Fic. 3. Transcription from the resistin promoter required a C/EBP binding site in the proximal promoter. a, sequence of the mouse
resistin promoter near the transcription start site. The C/EBP binding site, TATA box, and transcription start site are underlined and labeled. b,
schematic representation of the wild type (wt) and C/EBP binding site mutation (mut) reporter constructs. ¢, C/EBPa binds to the resistin promoter.
Electrophoretic mobility shift assay using ®?P-labeled fragment of resistin promoter. Shift denotes migration of fragment supershifted by C/EBP
antibody. d, C/EBP« increases the transcription of the wild type but not the mutant promoter reporter in transiently transfected 293T cells. e, wild
type but not mutant resistin promoter is active in transiently transfected 3T3-L1 adipocytes.

X-100, 2 mm EDTA, 20 mMm Tris-HCI, 150 mm NaCl), TSE II (0.1%
SDS, 1% Triton X-100, 2 mm EDTA, 20 mM Tris-HCI, 500 mm NaCl),
buffer III (0.25% M LiCl, 1% Nonidet P-40, 1% deoxycholate, 1 mm
EDTA, 10 mm Tris-HC1), and Tris-EDTA buffer. Precipitates were
then extracted by incubating with elution buffer (1% SDS, 0.1 M
NaHCO,) at 65 °C for 6 h or overnight. DNA fragments were purified
with Qiagen PCR purification kit. 2 to 10 ul of purified sample were
used in 29 cycles of PCR. Primers surrounding the resistin transcrip-
tion start site had sequences 5'-gtc ttg gct cct age ctt ge-3’ and 5'-gtt
gac tte tgg ccc ate ¢-3'. Primers for the 36B4 control gene were 5'-cct
cgt tgg agt gac atc g-3’ and 5'-ggt gtt ctt gee cat cag c-3'.

RESULTS

The Proximal Resistin Promoter Is Sufficient for Adipocyte-
specific Expression—To understand the regulation of mouse
resistin expression, the mouse resistin gene was isolated, and
its 5'-flanking region plus 40 base pairs of the first exon were
fused to a luciferase reporter gene (Fig. 1la). A luciferase re-

porter containing 3510 base pairs of 5'-flanking DNA sup-
ported the expression in 3T3-L1 adipocytes (Fig. 16) but not in
non-adipocytic 293T embryonal kidney cells (Fig. 1c). More-
over, a construct containing only the most proximal 224 base
pairs of 5'-flanking sequence was sufficient for adipocyte
expression.

The Adipogenic Transcription Factor C/[EBP«a Induces Ex-
pression of the Resistin Promoter in Non-adipocytic Cells—C/
EBPa and PPARy are adipogenic transcription factors that
frequently transactivate adipocyte-specific genes. Therefore,
we tested the ability of these factors to stimulate expression
from the resistin promoter in 293T cells. The expression of
PPARY did not increase the expression of any of the resistin-
luciferase reporter genes in the presence or absence of the
thiazolidinedione ligand rosiglitazone (data not shown). By
contrast, the expression of C/EBPa led to a robust increase in
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Fic. 4. Chromatin immunoprecipitation assays of resistin pro-
moter in preadipocytes and adipocytes. a, schematic of resistin
promoter. Arrows indicate the PCR primers used to evaluate ChIP
samples. b, ChIP analysis for C/EBP«, p300, CBP, and acetylated
histone H3 (Ac-H3) and H4 (Ac-H4) at the resistin promoter. ChIP
protocol was performed on preadipocytes and adipocytes as described
under “Materials and Methods.” ¢, ChIP analysis for acetylated histone
H3 at the 36B4 promoter. d, ChIP analysis for acetylated lysines 9 and
14 of histone H3 (Ac-H3/K9 and Ac-H3/K14, respectively) and acety-
lated lysines 8 and 12 of histone H4 (Ac-H4/K8 and Ac-H4/K12,
respectively).

the activity of the resistin promoter (Fig. 2). The magnitude of
the stimulation of transcription by C/EBPa was similar for all
constructs tested. Thus, a construct containing 5’-flanking 224
base pairs of the resistin transcriptional start site was suffi-
cient for C/EBPa-induced expression.

The Proximal Resistin Promoter Contains a Functional
C/EBP Binding Site—The sequence of the proximal resistin
promoter is shown in Fig. 3a. The inspection of the sequence
identified a putative C/EBP binding site centered 56 base pairs
from the transcriptional start site of the resistin mRNA. We
studied the properties of the wild type sequence as well as one
containing a 4-bp substitution in the middle of the putative
C/EBP binding site (Fig. 3b). Electrophoretic mobility shift
analysis showed that C/EBPa bound to the wild type resistin
promoter (Fig. 3c¢). This binding could be supershifted by anti-
C/EBPa antiserum and competed by cold competitor DNA con-
taining the wild type but not a mutated sequence (Fig. 3c). The
importance of this C/EBPa binding site for resistin expression
was tested by comparing the transcriptional activity of the wild
type resistin promoter with that of a promoter bearing the
mutation in the C/EBPa binding site. In contrast to the wild
type promoter, the mutant promoter was inactive in 293T cells
cotransfected with C/EPBa (Fig. 3d) and also was inactive in
3T3-L1 adipocytes expressing endogenous C/EBPa (Fig. 3e).
Together, these results implicate C/EBPa as necessary and
sufficient for the stimulation of transcription from the resistin
promoter.
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Endogenous C/EBPa Is Bound to the Resistin Promoter in
Adipocytes in Association with Coactivators and Local Histone
Hyperacetylation—The transfection and gel shift studies used
to implicate C/EBPa« in the regulation of resistin expression use
recombinant overexpressed C/EBP« with an artificial reporter
gene. The role of endogenous C/EBP«a was investigated by ChIP
analysis of the resistin promoter in 3T3-L1 preadipocytes and
adipocytes. In this procedure, chromatin is isolated and sub-
jected to cross-linking and shearing of the DNA prior to immu-
noprecipitation with antibodies against specific proteins. The
association of the protein of interest with the resistin promoter
was assessed by PCR using primers specific for the resistin
promoter (Fig. 4a) after the reversal of cross-linking. By this
analysis, endogenous C/EBPa was clearly associated with the
resistin promoter in adipocytes but not preadipocytes (Fig. 4b).
p300 has been shown to function as a potent coactivator of
C/EBPa (23). Indeed, p300 as well as the closely related coac-
tivator CBP were found to be recruited to the resistin promoter
specifically in adipocytes (Fig. 4b). We next investigated his-
tone acetylation, because p300 and CBP both contain intrinsic
histone acetyltransferase activity, which is critical to their
coactivation function (24, 25). The acetylation of histones H3
and H4 was also found to be dramatically increased in the
region of the resistin promoter (Fig. 4b). By contrast, nonspe-
cific antibodies did not precipitate the resistin promoter se-
quences in preadipocytes or in adipocytes. Moreover, the in-
creased histone acetylation was specific to the resistin gene
because acetylation of histone H3 (as well as H4, data not
shown) in the vicinity of the constitutively active 36B4 pro-
moter was indistinguishable in preadipocytes compared with
adipocytes (Fig. 4c). Using specific antibodies, we found that
the robust increase in acetylation of H3 and H4 was because of
acetylation of multiple lysine residues including lysines 9 and
14 of H3 and lysines 8 and 12 of H4 (Fig. 4d). Together, these
results suggest that the functional C/EBP« binding site iden-
tified in transfection and gel shift studies is an endogenous
binding site for C/EBP«, which recruits histone acetyltrans-
ferase-containing coactivators, leading to hyperacetylation and
activation of the resistin gene promoter.

Resistin Gene Expression Is Down-regulated by Multiple
Thiazolidinedione (TZD) and non-TZD PPARvy Ligands as
well as RXR ligands— We next explored the mechanism by
which rosiglitazone down-regulates resistin gene expression.
Many of the effects of rosiglitazone are mediated by PPARY,
but unfortunately fat cells lacking PPARy are not available
and might be impossible to generate given the requirement of
PPARYy for adipogenesis (14, 26-28). Therefore, we addressed
the potential role of PPARy in other ways. First, we compared
the ED;, for down-regulation of resistin gene expression by
rosiglitazone in 3T3-L1 cells with the K, of PPARYy for ros-
iglitazone binding. The EDj;, for rosiglitazone down-regula-
tion was ~50 nM, very similar to that for the up-regulation of
the substantiated PPARy target aP2 (Fig. 5, @ and b). This is
similar to the K, of rosiglitazone binding to PPARy (29, 30).
In addition, TZDs other than rosiglitazone, such as pioglita-
zone and troglitazone, were effective at down-regulating re-
sistin gene expression (Fig. 5¢). Moreover, FMOC-L-leucine, a
PPARYy ligand, which is structurally unrelated to TZDs (31),
also markedly down-regulated resistin expression in 3T3-L1
cells (Fig. 5d). We explored the effects of RXR agonists, which
activate the PPARy/RXR heterodimer (32), and multiple RXR
agonists down-regulated resistin gene expression, whereas
an RAR-specific ligand had little effect (Fig. 5d). All of these
data are consistent with the possibility that PPARy mediates
the effect of rosiglitazone. This effect could be direct, i.e.
because of PPARy binding to the resistin promoter, or could
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Fic. 5. Down-regulation of resistin expression by ligands for PPARy and RXR. a, dose-dependent down-regulation of resistin and
up-regulation of aP2 by rosiglitazone. Northern analysis of resistin, aP2, and 36B4 loading control. The rosiglitazone concentrations are (from left
to right) 0, 0.002, 0.01, 0.02, 0.1, 0.2, 0.5, 2, 10, and 100 uM. b, quantitative analysis of the results shown in a by phosphorimaging. ¢, multiple TZDs
down-regulate resistin expression. The concentration of each ligand is 1 uM. Rosi, rosiglitazone; Pio, pioglitazone; Trog, troglitazone. d, the
non-TZD PPARy ligand FMOC-L-leucine (FMOC-Leu) and RXR ligands down-regulate resistin expression. The concentrations for FMOC-Leu are
10 and 100 uMm. RAR ligand is BMS453 (66). RXR ligands: 1 = BMS649 (identical to SR11237 (67, 68)); 2 = BMS749 (69); 3 = HX630 (70); and 4 =
HX600 (70). RAR and RXR ligands were used at a concentration of 10 uM. e, time course of resistin down-regulation by rosiglitazone.

also be indirect, involving the induction of a protein or pro-
teins that repress resistin expression. Indeed, the latter pos-
sibility is suggested by the relatively lengthy time course of
resistin down-regulation with a half-maximal reduction of
resistin mRNA levels observed after ~24 h of exposure of
3T3-L1 cells to rosiglitazone (Fig. 5e).

Rosiglitazone Treatment Reduces Histone Acetylation at the
Resistin Promoter—Given the ability of C/EBP« to activate the
resistin promoter in transiently transfected 293T cells, we in-
vestigated the ability of rosiglitazone to regulate the resistin
promoter. However, using the constructs shown in Fig. 1a as
well as another construct containing 6.2 kb of flanking se-
quence, only a modest decrease in transcription from the resis-
tin promoter, never more than 30%, was observed in the pres-
ence of rosiglitazone and transfected PPARy (= C/EBPq, data
not shown). By contrast, rosiglitazone down-regulates resistin
gene expression by >50%, generally 80-90% as judged by
Northern analysis (see Fig. 5) (17, 33). Therefore, we evaluated
the effects of rosiglitazone on the resistin promoter in 3T3-L1
adipocytes using the ChIP assay.

Up to 48 h of rosiglitazone treatment had little effect on total
histone H3 and H4 acetylation in the vicinity of the resistin
promoter (data not shown). Remarkably, rosiglitazone treat-
ment reduced the acetylation of Lys 9 of histone H3 and Lys 8
of histone H4 at the resistin promoter without significantly
altering acetylation of Lys 14 of H3 or Lys 12 of H4 (Fig. 6a).
Consistent with the time course of the rosiglitazone-induced
reduction in gene expression, this effect was observed at 24 and
48 h of rosiglitazone treatment (Fig. 6a) but not at 5 h (data not
shown). C/EBPa binding to the resistin promoter was unaf-

fected by rosiglitazone (Fig. 6a). We considered the possibility
that ligand binding to PPARYy could “squelch” transcription by
recruiting p300 and CBP away from the promoter as has been
suggested to explain negative regulation of AP-1 activity by
nuclear receptor ligands (34). However, we observed no change
in CBP or p300 recruitment to the resistin promoter in the
presence of rosiglitazone (Fig. 6b).

DISCUSSION

Adipocyte Specificity of Resistin Gene Expression—Adipocyte
specificity is a hallmark of resistin gene expression in the mouse.
C/EBPa and PPARYy are the two major adipogenic factors that
have been implicated as direct regulators of numerous adipocyte-
specific genes. Recent studies have demonstrated that PPARy
can induce adipogenesis in the absence of C/EBPa, whereas
C/EBPa is unable to induce adipogenesis in the absence of
PPARYy, thereby establishing PPARy as a master regulator of
adipogenesis (14). The present studies clearly suggest that
C/EBPa binds to and activates the proximal resistin promoter in
vitro in transfected cells and most importantly in the endogenous
situation in fat cells. A 224-bp segment of the resistin promoter
contains the C/EBPa binding site and is sufficient for expression
in adipocytes. By contrast, PPARy does not directly activate
resistin gene constructs containing up to 6.2 kb of 5'-flanking
sequence. Thus, PPARy appears not to be directly required for
the expression of the resistin promoter, although it is possible
that the resistin gene contains a PPARy-responsive element ei-
ther further 5’ or in an intron that was not included in the
promoter constructs analyzed here. Even if PPARy does not
directly activate the resistin gene, it is likely that PPARy pro-
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Fic. 6. Effect of rosiglitazone on histone acetylation and fac-
tor association with the resistin promoter. a, differentiated adipo-
cytes were treated with rosiglitazone for 24 and 48 h, and then ChIP
analysis was performed for acetylated lysines 9 and 14 of histone H3
(Ac-H3/K9 and Ac-H3/KI14) and acetylated lysines 8 and 12 of histone
H4 (Ac-H4/K8 and Ac-H4/K12) as well as C/EBPa. b, ChIP analysis for
CBP and p300 in differentiated adipocytes and after 48h treatment
with rosiglitazone or vehicle.

motes resistin expression by inducing C/EBPa during normal
adipocyte differentiation. Indeed, constitutively active PPARvy
induces both C/EBP« and resistin expression in the course of
adipocyte differentiation (35).

Although it is unusual for adipocyte-specific genes not to be
directly up-regulated by liganded PPARYy, there does appear to
be a subset of adipocyte genes that rely on C/EBPa for expres-
sion. Interestingly, none of these is required for the adipocyte
phenotype, but rather all play a role in adipocyte function.
These functions include the genes involved in adipocyte insulin
sensitivity such as insulin receptor and insulin-receptor sub-
strate 1 (12), the insulin-responsive glucose transporter 4 (36),
and adipocyte-secreted factors, leptin (37-39) and adipocyte
complement-related protein 30/adiponectin (40). Unlike resis-
tin, leptin, and adipocyte complement-related protein 30/adi-
ponectin, C/EBPa expression is not restricted to adipocytes.
Thus, it will be important for future studies to address the
mechanisms restricting the expression of resistin as well as
other C/EBPa-dependent adipocyte transcripts. Interestingly,
like resistin, leptin gene expression in adipocytes is dependent
upon C/EBPa (37-39) and is down-regulated by TZDs (39,
41-43) despite the apparent lack of a PPARy binding site in the
leptin promoter (39). The fact that TZDs down-regulate both
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resistin and leptin gene expression provides further evidence
against a direct role of PPARvy in the up-regulation of both of
these genes during adipogenesis.

The putative human homologue of mouse resistin is only 53%
identical at the amino acid level, and although it is expressed in
human adipose tissue, the level of its expression has been noted
to be considerably less than that observed for the gene encoding
mouse resistin in mouse adipose tissue (44—47). Consistent
with this finding, the promoter sequence of the putative human
resistin gene is remarkably divergent from that of the mouse
gene reported here with little or no similarity.? Thus, the gene
regulatory sequences have diverged tremendously. Because
there are two other genes related to resistin (i.e. three resistin/
RELM/FIZZ family genes) in the mouse and only two members
of this family have been identified thus far in humans, it is
possible that there exists a closer relative to resistin in the
human genome that has yet to be discovered. In any case, the
differing primary amino acid sequences and expression pat-
terns of the mouse and human genes explained by the diver-
gent regulatory sequences are suggestive of different functions
for these proteins.

Coactivators and Histone Hyperacetylation of the Resistin
Gene Promoter—Our studies have demonstrated that the tails
of histones H3 and H4 are hyperacetylated in the region of the
resistin promoter. Histone hyperacetylation is recognized as a
mechanism of gene activation in many cell types (48, 49). This
histone hyperacetylation is most probably mediated at least in
part by the p300 and CBP coactivators that we have shown to
associate with the resistin promoter in adipocytes. Impor-
tantly, these molecules have intrinsic histone acetyltransferase
activity (24, 25) and are validated coactivators of C/EBP« (23).
Further analysis with antibodies specific for different acetyla-
tion sites revealed that lysine sites 8, 9, 12, 14 were all acety-
lated upon gene activation. These data agree with in vitro
studies showing that CBP/p300 can acetylate these sites (25,
50, 51), which have been specifically implicated in transcrip-
tional activation (52-56). To our knowledge, this is the first
example of specific histone hyperacetylation accompanying
gene activation in adipocytes.

Down-regulation of Resistin Gene Expression by TZDs—Re-
sistin was identified as a gene whose expression was down-
regulated by TZDs in 3T3-L1 adipocytes (17). A number of
observations presented herein suggest that TZD down-regula-
tion of resistin expression is mediated by PPARy. 1) The EDj,
for down-regulation of resistin expression by rosiglitazone is
similar to the EDj;, for the induction of aP2 by rosiglitazone. 2)
The EDj, for down-regulation of resistin expression by rosigli-
tazone is on the order of 100 nw, similar to the K of rosiglita-
zone binding to PPARvy (29, 30). 3) Multiple TZDs down-regu-
late resistin expression. 4) The non-TZD PPARy ligand FMOC-
L-leucine also down-regulates resistin expression. However,
rosiglitazone and PPARy separately or together did not mark-
edly down-regulate the expression of the resistin promoter in
293T cells, and we have not been able to demonstrate PPARy
binding to the proximal resistin promoter (data not shown). It
is possible that the putative PPARy-negative response element
in the resistin gene is outside of the region contained in the
promoter constructs we have studied, or that another adipocyte
factor (perhaps induced by PPAR<y) represses resistin tran-
scription. Also, TZDs have been shown to have cellular targets
other than PPARy (57-59), and it remains possible that PPAR~y
is not involved. In this context, it is noteworthy that recent
studies of PPARy null macrophages suggest that PPARy is not

2K. Tyler, X. Hu, H. B. Hartman, and M. A. Lazar, unpublished
observations.
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required for TZD-dependent down-regulation of cytokine ex-
pression (60). Unfortunately, TZD down-regulation of resistin
cannot be assessed directly in knock-out models, because
PPARY is required for adipogenesis.

As for other nuclear receptor ligands, the mechanism of
negative regulation of gene expression by TZDs is not as
straightforward as transcriptional activation (61). TZDs in-
terfere with the transcriptional activity of C/EBP proteins as
well as another basic leucine zipper transcription factor,
AP-1, on other target genes (62, 63). The ability of nuclear
receptor ligands to inhibit the activity of AP-1 has been
previously suggested to be attributed to the squelching of
CBP and/or p300 (34). However, our results indicate that this
is unlikely to be the mechanism by which TZDs reduce resis-
tin gene expression, because we observe that occupancy of the
resistin promoter by CBP and p300 is unchanged by rosigli-
tazone treatment.

Although the mechanism by which TZDs down-regulate re-
sistin expression is elusive, ChIP analysis of the endogenous
resistin promoter demonstrated reduced histone acetylation at
a subset of lysines in the tails of histones H3 and H4. The
reduced acetylation of lysine 9 in histone H3 is consistent with
recent observations correlating deacetylation of lysine 9 with
transcriptional repression (52). Interestingly, acetylation at
sites lysine 14 of histone H3 and lysine 12 of histone H4 were
unchanged by rosiglitazone treatment. The histone code theory
postulates that the pattern of modifications of specific residues
in histone tails serves as a code to determine the recruitment of
different cofactors (56). Thus, it is likely that the specific dif-
ferences in acetylation fine-tune the level of resistin expres-
sion. Although CBP and p300 have not been shown to prefer-
entially acetylate specific lysine residues, it is possible that one
or more histone deacetylases might target lysine 9 of histone
H3 and lysine 8 of histone H4. Thus far, we have been unable
to identify specific histone deacetylases recruited to the resistin
promoter by rosiglitazone (data not shown), but this remains a
possibility as novel histone deacetylases continue to be discov-
ered (64, 65).
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