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Insulin plays a critical role in whole-body energy homeostasis by regulating lipid and glucose metabolism.
In fat and liver tissues, ADD1/SREBPIc is a key transcription factor to mediate insulin-dependent regulation
of gene expression. Although transcriptional and proteolytic activation of ADD1/SREBP1c has been studied
intensively, the mechanism by which insulin regulates expression of its target genes with ADD1/SREBPI1c at
the chromatin level is unclear. Here, we reveal that SWI/SNF chromatin remodeling factors interact with the
ADD1/SREBPI1c and actively regulate insulin-dependent gene expression. Insulin enhanced recruitment of
SWI/SNF chromatin remodeling factors to its target gene promoters with concomitant changes in the chro-
matin structures as well as gene expression. Furthermore, in vivo overexpression of BAF155/SRG3, a compo-
nent of the SWI/SNF complex, substantially promoted insulin target gene expression and insulin sensitivity.
Taken together, our results suggest that the SWI/SNF chromatin remodeling complexes confer not only
insulin-dependent gene expression but also insulin sensitivity in vivo via interaction with ADD1/SREBP1c.

Insulin is a key hormone for whole-body energy homeostasis
and serves as a nutritional switch of metabolic programs. Post-
prandially, increased insulin facilitates energy storage into
liver, muscle, and adipose tissues and turns off hepatic glucose
production. Insulin stimulates lipogenesis and glycolysis by ac-
tivating the expression of a subset of genes, such as fatty acid
synthase (FAS), acetyl coenzyme A (acetyl-CoA) carboxylase,
stearoyl-CoA desaturase 1, and glucokinase. Conversely, insu-
lin suppresses glucose production by repressing gluconeogenic
genes, including phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase, in liver and fat tissues where insulin
signaling exerts its tissue-specific effects. Accumulating evidence
proposes that ADD1/SREBPIc, a basic helix-loop-helix transcrip-
tion factor, orchestrates fatty acid and glucose metabolism by
mediating regulation of insulin-dependent gene expression. For
example, even in the absence of insulin, adenoviral overexpres-
sion of ADD1/SREBPI1c enhances the expression of lipogenic
genes as well as the glucokinase gene, whereas dominant-negative
ADD1/SREBPIc reverses such effects (8, 9, 12, 32). Additionally,
ADDI1/SREBPIc has been implicated in insulin-dependent sup-
pression of the PEPCK and insulin receptor substrate-2 genes by
directly binding to their promoters (2, 3, 13). In accord with these
findings, hepatic responses to fasting and refeeding are dimin-
ished in ADD1/SREBPI1c-deficient mice (25).

ADDI1/SREBPIc is highly expressed in white adipose,
brown adipose, and liver tissues (47). Its expression is regu-
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lated by nutritional status and insulin and, consequently, con-
trols the transcription of insulin-dependent genes (2, 9, 16, 24).
Insulin not only stimulates the mRNA level of ADDI/
SREBPIc by an auto-regulatory mechanism but activates the
proteolytic maturation of ADD1/SREBPIc, resulting in its nu-
clear accumulation (1, 8, 51). Furthermore, insulin signaling is
crucial in regulating the transcriptional activity of ADDI/
SREBPI1c by modulating its phosphorylation level (8, 16, 18,
19, 35). Thus, it is likely that ADD1/SREBPIc is well adapted
for acute response for insulin-dependent gene regulation to
coordinate energy metabolism.

Epigenetic regulation of chromatin structure, by changing the
accessibility of DNA-binding protein complexes to template
DNA, is critical for eukaryotic gene expression. In eukaryotic
cells, two major classes of chromatin remodeling complexes have
been identified: ATP-independent and ATP-dependent chroma-
tin remodeling complexes. ATP-independent chromatin-modify-
ing complexes change chromatin structure by covalent modi-
fications of histones, including acetylation, phosphorylation,
and methylation, which are usually associated with activation
or repression of gene expression (34, 36, 54). ATP-dependent
chromatin remodeling complexes, such as SWI/SNF com-
plexes, utilize the energy from ATP hydrolysis, disrupting or
altering nucleosome conformation to affect gene expression
(31, 50). Recent studies indicate that SWI/SNF complex-de-
pendent chromatin remodeling is actively involved in cell
growth and differentiation by regulating several transcription
factors, such as p53, MyoD, and glucocorticoid receptor (6, 10,
22, 43).

SWI/SNF chromatin remodeling complexes are heteroge-
neous complexes, containing BRG1 or Brm ATPase in addi-
tion to another 8 to 15 BRGl-associated factors (BAFs), in-
cluding BAF170, BAF155/SRG3, and SNF5, as defined by
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reconstitution of chromatin remodeling activity with recombi-
nant proteins in vitro (33). Several lines of evidence indicate
that SWI/SNF chromatin remodeling complexes are implicated
in both transcriptional activation and repression. For example,
transcriptional activity of p53 is increased by overexpression of
BRGI1 or hSNF5 and reduced by dominant-negative BRG1 or
dominant-negative hSNF5 (22). However, transcription of
CYP7AL is substantially suppressed in response to bile acid by
recruiting SHP to the CYP7A1 promoter, where SHP associ-
ates with Brm- and mSin3A-containing chromatin remodeling
complexes (15).

Although transcriptional and posttranslational regulation of
ADD1/SREBPIc by insulin has been intensively studied, the
mechanism by which ADD1/SREBPIc controls insulin-depen-
dent gene expression by interacting with coregulators at the
chromatin level is unknown. Here, we report the first evidence
that SWI/SNF chromatin remodeling complexes, through their
association with ADD1/SREBPIc, are involved in insulin-de-
pendent gene regulation. We found that insulin augmented the
recruitment of both ADD1/SREBP1c and SWI/SNF chromatin
remodeling factors to the promoters of insulin target genes.
Moreover, overexpression of BAF155/SRG3 in C57BL/6J mice
increased the expression of ADD1/SREBP1c and FAS and
decreased PEPCK expression, which was accompanied by an
increase of insulin sensitivity in vivo. Together, our data sug-
gest that SWI/SNF chromatin remodeling factors would affect
insulin sensitivity by regulating insulin-dependent gene expres-
sion via interaction with ADD1/SREBPI1c.

MATERIALS AND METHODS

Cell culture. 3T3-L1 preadipocytes were grown to confluence in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% bovine calf serum.
Two days postconfluence, 3T3-L1 cells were incubated with DMEM containing
10% fetal bovine serum, methyl-isobutylxanthine (500 uM), dexamethasone (1
M), and insulin (5 pg/ml) for 48 h. Culture medium was changed every other
day with DMEM containing 10% fetal bovine serum and insulin (1 pg/ml).

End lease accessibility assays. Endonuclease accessibility assays have
been described previously (45). Briefly, 3T3-L1 adipocytes were harvested with
RSB buffer (10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 5 mM MgCl,, 0.1%
Nonidet P-40, 5 mM butyrate, 10 mM NaF, and 1 mM NaVO,, supplemented
with protease inhibitors) and incubated for 20 min on ice. The cell pellets were
homogenized through 27-gauge syringes, centrifuged at 2,000 rpm at 4°C for 5
min, and resuspended in 50 pl of fresh RSB buffer. Resuspended genomic DNAs
were digested with 100 U of several restriction endonucleases. Reactions were
stopped by adding proteinase K and 2% sodium dodecyl sulfate (SDS) for 16 h
at 45°C. Then chromosomal DNA was extracted with phenol-chloroform twice,
precipitated with isopropanol, and resuspended in distilled water. The precipi-
tated DNA was amplified by PCR. PCR amplifications consisted of 0.25 M
concentrations of each primer, 0.1 mM concentrations of each deoxynucleoside
triphosphate (dNTP), 1X PCR buffer, and 1 U Nova Taqg polymerase
(Genenmed, Korea) in 20-wl reaction volumes. The PCR products were resolved
through 10% polyacrylamide in 0.5X Tris-borate-EDTA gels. Primer sequences
are available upon request.

Coimmunoprecipitation and Western blot analysis. Cell pellets from two
100-mm dishes of differentiated 3T3-L1 adipocytes were suspended in 1 ml of
lysis buffer (20 mM Tris-HCI [pH 7.4], 100 mM NaCl, 1.5 mM MgCl,, and 0.1%
[vol/vol] Nonidet P-40) containing protease inhibitors. Lysates were precleared
by incubation with 20 wl of preimmune serum and excess protein A-Sepharose
beads (Amersham) for 3 h at 4°C. Precleared lysates were incubated with 5 pl of
either preimmune serum or anti-ADD1/SREBP1c serum together with 20 pl of
protein A-Sepharose beads for 1 h at 4°C. After centrifugation, the pelleted
beads were washed two times with 1 ml of lysis buffer for 15 min at 4°C,
resuspended in 20 pl of distilled water, and mixed with 5X SDS loading buffer
(200 mM Tris-HCI [pH 6.8], 50% glycerol, 5% SDS, 10% B-mercaptoethanol,
and 0.05% bromophenol blue). Supernatant and pellets were boiled for 5 min,
resolved by SDS-polyacrylamide gel electrophoresis, and analyzed by immuno-
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blotting. For Western blot analysis, isolated immunoprecipitates or nuclear ex-
tracts were resolved by SDS-polyacrylamide gel electrophoresis and then trans-
ferred to polyvinylidene difluoride membranes. The blots were incubated with
each of the antibodies, visualized by using the ECL kit (iNtRON, South Korea),
and quantified with a LuminoImager, LAS3000, and Science Lab 2001 Image
Gauge software (Fuji Photo Film).

Chromatin immunoprecipitation. Fully differentiated 3T3-L1 adipocytes were
incubated with or without insulin (100 nM). The cells were cross-linked in 1%
formaldehyde at 37°C for 10 min and resuspended in 200 wl of NP-40-containing
buffer [S mM piperazine-N,N’'-bis(2-ethanesulfonic acid) (PIPES, pH 8.0), 85
mM KCl, and 0.5% NP-40]. Crude nuclei were precipitated and lysed in 200 pl
of lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-HCI [pH 8.1]). Nuclear
lysates were sonicated and diluted 10-fold with IP buffer (16.7 mM Tris-HCI [pH
8.1], 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, and 1.1% Triton X-100). Then
lysates were incubated with protein A-Sepharose CL-4B (Amersham-Pharmacia)
and each antibody for 2 h at 4°C. These immunoprecipitates were sequentially
washed for 5 min with 1 ml of TSE 150 (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI [pH 8.1], and 150 mM NaCl), 1 ml of TSE 500 (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.1], and 500 mM
NaCl), 1 ml of buffer IIT (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM
EDTA, and 10 mM Tris-HCI [pH 8.1]), and 1 ml of TE (10 mM Tris-HCI [pH
8.0] and 1 mM EDTA). Immune complexes were eluted with 2 volumes of 250
pl elution buffer (1% SDS and 0.1 M NaHCO3), and 20 ul of 5 M NaCl was
added to reverse formaldehyde cross-linking. DNA was extracted with phenol-
chloroform and precipitated with isopropyl alcohol and 80 pg of glycogen.
Precipitated DNA samples were amplified by PCR in mixture with the following:
0.25 uM concentrations of each primer, 0.1 mM concentrations of each dNTP,
1x PCR buffer, and 1 U Nova Taq polymerase (Genenmed, South Korea) in
20-pl reaction volumes. PCR products were resolved through 10% polyacryl-
amide—0.5X Tris-borate-EDTA gels. Primers used were as follows: —572 adipo-
nectin-forward (f), 5'-GGTGCTGGGAATTGAACTCA-3"; —213 adiponectin-
reverse (1), 5'-CCTGTTTCCAGGCTTTGGCC-3'; —247 ADD1/SREBPIc-, 5'-AGC
CAC CGG CCA TAA ACC AT-3'; +56 ADD1/SREBPIc-r, 5'-GGT TGG TAC CAC
AGT GAC CG-3'; glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-, 5-GTGT
TCCTACCCCCAATGTG-3"; GAPDH-r, 5'-CTTGCTCAGTGTCCTTGCTG-3';
PEPCK-f, 5'-GAGCAGGGGTCAGTATGT-3'; PEPCK-r, 5'-GACCGTGA
CTGTTGCTGATGC-3'.

Quantitative real-time RT-PCR. cDNA was synthesized using Moloney leu-
kemia virus reverse transcriptase with dNTPs and oligo(dT) primers (Invitro-
gen). These cDNAs were templates for PCR with specific primers at annealing
temperatures ranging between 54°C and 60°C in the presence of dNTPs and Tag
DNA polymerase. Real-time reverse transcription (RT)-PCR amplification mix-
tures were brought to a final volume of 20 pl and contained 20 ng of reverse-
transcribed total RNA, 0.25 pM concentrations of the forward and reverse
primers, and Cybergreen (Bio-Rad). The MyiQ real-time PCR detection system
(Bio-Rad) was used for PCR amplifications in 96-well plates. All reactions were
done in triplicate and repeated at least three times. The relative amounts of each
mRNA were calculated by using the comparative threshold cycle method.
GAPDH or B-actin mRNA was used as the invariant control. The primer se-
quences used for PCR are available upon request. Primers used were as follows:
ADD1/SREBPIc-f, 5'-GGGAATTCATGGATTGCACATTTGAA-3'; ADD1/
SREBPIc-r, 5'-CCGCTCGAGGTTCCCAGGAAGGGT-3'; adiponectin-f, 5'-A
TGCTACTGTTGCAAGCT CTC-3'; adiponectin-r, 5'-GTTGGTATCATGGA
AGAGAAG-3'; FAS-f, 5'-TGCTCCCAGCTGCAGGC-3'; FAS-1, 5'-GCCCG
GTAGCTCTGGGTGTA-3"; PEPCK-f, 5'-GTCACCATCACCTCCTGGAAG
A-3'; PEPCK-r1, 5'-GGTGCAGAATCTCGAGTTG-3";GAPDH-f, 5'-TGCACC
ACCAACTGCTTAG-3'; GAPDH-r1, 5'-GGATGCAGGGATGATGTTC-3'.

Plasmid constructs. The FAS-luciferase plasmid containing a —220- to
+25-bp fragment of the FAS promoter in front of a luciferase reporter gene was
described previously (23). ADD1/SREBPIc-luciferase reporter DNA contains
the ADD1/SREBPIc promoter spanning —2.7 kb to +1 bp from the first ATG
codon in front of the luciferase gene (23). The ADD1/SREBPI1c expression
vectors encoded amino acids (aa) 1 to 403 (A403), aa 1 to 153 (A153), aa 153 to
308 (A15308), or aa 308 to 403 (A308/403) of rat ADD1 and were cloned in
frame into the pcDNA3.1-Myc/HisA plasmid and pGEX4T-1 vector (Pharmacia)
(23). SREBPla ¢cDNA (aa 1 to 490) was cloned into the pGEX4T-1 vector
(Pharmacia). The mSin3A expression vector was gift from J. H. Choe. The
PEPCK promoter-luciferase vector was provided by K. Chakravarty. The mouse
BAF155/SRG3 expression vector was cloned into the pCAGGS vector (22). The
SRG3-small interfering RNA (siRNA) construct for reporter assays was gener-
ated by cloning annealed short interfering DNA oligomers sense, 5'-CGTGAC
AGAACAGACCAATTTCAAGAGAATTGGTCTGTTCTGTCACGTTTTT
T-3', and antisense, 5'-AATTAAAAAACGTGACAGAACAGACCAATTCTC
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TTGAAATTGGTCTGTTCTGTCACGGGCC-3', into the pSilencer 1.0-U6
vector (Ambion, Inc.) digested with Apal and EcoRI enzymes.

Gene transduction into 3T3-L1 adipocytes. Eight to 10 days postdifferentiation
of 3T3-L1 adipocytes, transient transfections were performed by using Lipo-
fectAMINE 2000 reagent (Invitrogen) or electroporation with Microporator
(Digitalbiotechnology, South Korea). Double-stranded RNA corresponding to
mouse BAF155/SRG (CGTGACAGAACAGACCAAT) was used for BAF155/
SRG3 knockdown experiments. siRNAs for mouse ADD1/SREBP1c were pur-
chased from Dharmacon (SMARTpool).

Animals and treatments. Male C57BL/6J, ob/ob, and db/db mice were housed
in colony cages in 12-h light/12-h dark cycles. For fasting experiments, mice were
fasted for 48 h. For refeeding experiments, mice were fasted for 48 h and then
refed a normal chow for 6 h before study. Experiments were staggered such that
all mice were sacrificed at the same time, which was at the end of the dark cycle.
For the streptozotocin (STZ) experiments, mice were treated daily with STZ
(Sigma) by four intraperitoneal injections of approximately 0.2 to 0.3 ml of 100
mM sodium citrate solution (pH 4.5) containing STZ (100 mg/kg of body
weight). Control mice were injected with 100 mM sodium citrate solution (pH
4.5). After injection, animals were fasted for an additional 24 h, and plasma
glucose levels were tested to confirm diabetic condition (glucose level > 300
mg/dl). The animals were fed a chow diet for 12 h, after which insulin was
administered to the STZ plus insulin group. The animals were injected subcu-
taneously with human neutral protamine hagedorn insulin (1.5 units) in 0.2 ml of
phosphate-buffered saline (PBS). Mice in the control and STZ groups were
injected subcutaneously with 0.2 ml of PBS. After injection of insulin or PBS, the
animals were fed a chow diet for 3 h and then sacrificed by halothane anesthesia.
For glucose tolerance and insulin tolerance tests, C57BL/6J mice were fasted for
16 h and 6 h, respectively, and basal blood samples were taken, followed by
intraperitoneal injection of glucose (1.5 g/kg) or insulin (0.85 U/kg, Humulin R;
Eli Lilly and Company). Blood samples were drawn at 15, 30, 60, 90, and 120 min
or at 15, 30, 45, 60, 90, and 120 min after injection.

Generation of BAF155/SRG3 Tg mice. For constructing the pCAGGS-BS
expression vector, the 2.3-kb fragment of the pCAGGS vector containing the
human cytomegalovirus (CMV) immediate-early enhancer linked to the chicken
B-globin poly(A) was inserted into the Sall and Pstl sites of the pBluescript
vector. For constructing transgenic (Tg) mice, the full-length mouse BAF155/
SRG3 c¢cDNA (3.3 kb) fused in frame with the Myc tag was subcloned into the
EcoRI site of the pCAGGS-BS expression vector. Expression of the transgene
was driven by the human CMV immediate-early enhancer linked to the chicken
beta-actin promoter. The inserted fragment was excised from the vector with
Xhol and NotlI and purified by agarose gel electrophoresis. The transgenic mice
were generated by microinjection of the purified DNA into pronuclei of fertilized
eggs of FVB/N mice. Transgenic animals were identified by PCR amplification
and/or Southern blot analysis of tail DNA. Three founders were established and
characterized further. The genetic background was changed by backcrossing the
transgenic mice with C57BL/6J mice at least for 7 generations. For most exper-
iments, animals were between 5 and 10 weeks of age. All experiments were
carried out in an AAALAC-certified facility in compliance with approved animal
policies by the Sungkyunkwan University School of Medicine.

RESULTS

Chromatin remodeling is involved in regulating expression
of insulin-responsive genes. To observe the in vivo effect of
insulin on gene expression, we measured the endogenous
mRNA levels of several insulin target genes in fat tissues of
insulin-deficient diabetic mice that had been induced with STZ
in the absence or presence of acute insulin treatment. Consis-
tent with previous studies, insulin stimulated mRNA levels of
ADD1/SREBPI1c and FAS by 7.8- and 3.4-fold, respectively,
while insulin drastically decreased the level of PEPCK mRNA
(Fig. 1A). Similar results were observed when cultured 3T3-L1
adipocytes were treated with insulin, indicating that fully dif-
ferentiated 3T3-L1 adipocytes could provide a suitable system
to study insulin-dependent gene regulation (Fig. 1B).

These positive and negative transcriptional regulations by
insulin prompted us to examine whether chromatin remodeling
is involved in regulating insulin-dependent gene expression. To
directly address this issue, we performed the endonuclease
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accessibility assays (6, 45). We incubated 3T3-L1 adipocytes
with or without insulin, and the isolated nuclei were digested
with several restriction enzymes which specifically cut pro-
moter regions of ADD1/SREBPI1c, FAS, or PEPCK. The
ADDI1/SREBPI1c promoter spanning —301 to —133 nucleo-
tides upstream from the first ATG codon has three restriction
sites for Hhal. The FAS promoter spanning —155 to +122
nucleotides upstream of the transcription start site has five
restriction sites for Hhal. While the region of the PEPCK
promoter spanning —663 to —264 upstream of the transcrip-
tion start site has no recognition site for Hhal, it has three sites
for Alul. We used BamHI, HindIII, and Hhal restriction en-
zymes as negative controls for the ADD1/SREBP1c, FAS, and
PEPCK promoters, respectively (Fig. 1C to E). Serum starva-
tion conditions reduced the endonuclease accessibility at the
ADD1/SREBPI1c and FAS promoters in 3T3-L1 adipocytes to
a level comparable to that in preadipocytes, while this condi-
tion significantly increased the endonuclease accessibility of
the PEPCK promoter (Fig. 1C and D). Interestingly, we ob-
served that insulin treatment remarkably increased Hhal en-
donuclease accessibility to the ADD1/SREBP1c and FAS pro-
moters (Fig. 1C and D), whereas insulin decreased Alul
accessibility to the PEPCK promoter (Fig. 1E). These results
indicate that insulin changes the chromatin structure of its
target gene promoters to affect gene expression in a positive or
negative fashion.

SWI/SNF chromatin remodeling factors are recruited to the
promoters of insulin’s target genes. To examine which cofac-
tors associate with or dissociate from the promoters of insulin’s
target genes upon insulin stimulation, we conducted chromatin
immunoprecipitation (ChIP) assays with 3T3-L1 adipocytes in
the absence or presence of insulin. As reported previously (11),
insulin promoted nuclear accumulation of the active form of
ADDI1/SREBPIc (Fig. 2A) and significantly enhanced recruit-
ment of ADD1/SREBPIc to its own promoter (Fig. 2B and 3B)
(1). Insulin also augmented recruitment of RNA polymerase I1
to the ADD1/SREBPIc promoter, with increased levels of
acetylation at lysine 9 of histone H3 and lysine 8 of histone H4
(Fig. 2B). This increase was accompanied by a concomitant
increase of p300 binding (Fig. 2B). Furthermore, insulin stim-
ulated the association of BRG1 and BAF155/SRG3, which are
core components of the SWI/SNF chromatin remodeling com-
plex, with the ADD1/SREBP1c promoter (Fig. 2B), suggesting
that insulin activates the ADD1/SREBP1c promoter by in-
creasing recruitment of the SWI/SNF chromatin remodeling
complex as well as the basal transcription machinery.

Insulin tightly regulates gluconeogenesis via suppressing
PEPCK and glucose-6-phosphatase gene expression. Recently,
it has been reported that ADD1/SREBP1c mimics the negative
effects of insulin on PEPCK gene expression by directly bind-
ing to the PEPCK promoter (2). Consistent with this report,
insulin treatment modestly enhanced recruitment of ADD1/
SREBPIc and BAF155/SRG3 to the PEPCK promoter in
3T3-L1 adipocytes (Fig. 2C). Moreover, we observed that more
mSin3A proteins were bound to the PEPCK promoter upon
insulin treatment (Fig. 2C). Similar results were obtained from
ChIP analysis of the insulin receptor substrate-2 promoter,
which has been reported to be repressed by ADD1/SREBPI1c
in response to insulin signaling as a negative feedback regula-
tion (data not shown) (13). Since the interaction between
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FIG. 1. Insulin-dependent regulation of ADD1/SREBPIc target genes in fat tissues and 3T3-L1 adipocytes. (A) Insulin regulation of ADD1/
SREBPIc, FAS, and PEPCK mRNA expression in epididymal fat tissues from STZ-induced insulin-deficient diabetic mice. Total RNA was isolated from
fat tissues and analyzed by quantitative RT-PCR with primer sets specific for mouse ADD1/SREBPIc, FAS, and PEPCK. (B) mRNA level of
ADD1/SREBPI1c target genes after insulin treatment in 3T3-L1 adipocytes. Total RNA was isolated from 3T3-L1 adipocytes and analyzed by quantitative
RT-PCR. Standard errors of the mean are indicated by the error bars (n = 3). (C to E) For restriction endonuclease accessibility assays to ADD1/
SREBPIc, FAS, and PEPCK promoters, 3T3-L1 adipocytes were incubated with (+) or without (—) insulin (100 nM) for 1 h. 3T3-L1 preadipocytes were
incubated in DMEM supplemented with 10% bovine calf serum. Nuclei were isolated and digested with each restriction enzyme as indicated.
Chromosomal DNA was purified and amplified by PCR with specific primers indicated by each arrow. (C) PCR amplification produced a 169-bp
fragment from —301 to —133 nucleotides relative to the ATG site for the mouse ADD1/SREBP1c promoter. (D) PCR amplification produced a 268-bp
fragment from —155 to +112 nucleotides relative to the transcription start site (TSS) for the FAS promoter. (E) PCR amplification produced a 400-bp
fragment from —663 to +264 nucleotides relative to the TSS for the PEPCK promoter. Pre, preadipocytes; Adipo, adipocytes; SRE, sterol regulatory
element (ADD1/SREBPIc binding site). Reproducible results were obtained from more than three independent studies.

mSin3A and histone deacetylases (HDACS) is well established response to insulin was also observed in the FAO hepatomic
for the repression of gene expression (20), enhanced associa- cell line (data not shown).
tion of mSin3A with the PEPCK promoter by insulin challenge After insulin treatment in 3T3-L1 adipocytes, we deter-

implies that insulin-dependent target gene suppression might mined the ordering of events of the protein recruitment to the
be, at least partly, mediated by mSin3A and/or HDACs with ADD1/SREBP1c and PEPCK promoters with ChIP assays. At
ADD1/SREBPI1c. Promoter-specific recruitment of mSin3A in the same time, we performed quantitative real-time RT-PCR
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FIG. 2. Insulin increases recruitment of the chromatin remodeling complexes to the promoters of insulin target genes. (A) Western blot analysis
of the protein level of the nuclear active form of ADD1/SREBP1c in 3T3-L1 adipocytes with (+) or without (—) insulin (100 nM) for 1 h. (B and
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(Q-PCR) analyses for both genes. Upon insulin stimulation,
mRNA levels of ADD1/SREBP1c and PEPCK were upregu-
lated and downregulated, respectively, within several hours
(Fig. 3A and E). More interestingly, we observed that ADD1/
SREBPIc appeared to be recruited to the ADD1/SREBPI1c
and PEPCK promoters prior to the recruitment of SWI/SNF
chromatin remodeling factors by insulin.

ADD1/SREBP1c physically interacts with SWI/SNF chro-
matin remodeling factors. To determine whether ADD1/
SREBPIc directly interacts with chromatin remodeling factors,
we used the antibody against ADD1/SREBPI1c¢ for coimmuno-
precipitation (Co-IP) experiments. In HeLa nuclear extracts
where SREBP proteins have been originally identified (49),
ADD1/SREBPIc formed a protein complex with SWI/SNF
chromatin remodeling factors, including BRG1, Brm, and
BAF155/SRG3 (Fig. 4A). Also, ADD1/SREBPIc associated
with mSin3A/HDACT (Fig. 4A). Similar results were obtained
with 3T3-L1 adipocytes (Fig. 4B). Interaction between ADD1/
SREBP1c and BAF155/SRG3 was further confirmed by gluta-
thione S-transferase (GST) pull-down assays and transient-
transfection analysis (Fig. 4C and D).

To elucidate whether the binding of BAF155/SRG3 to
ADD1/SREBPIc target gene promoters is regulated upon the

level of ADD1/SREBP1c, we conducted ChIP analysis with
preadipocytes and adipocytes. Compared with preadipocytes,
ADDI1/SREBPIc is highly expressed in adipocytes (17). As
target genes of ADD1/SREBPIc, proximal promoter regions
of adiponectin and ADD1/SREBP1c genes were examined (1,
38). In adipocytes, recruitment of both ADD1/SREBPI1c and
BAF155/SRG3 was increased at the promoters of both ADD1/
SREBPIc and adiponectin genes in adipocytes (Fig. 4E). How-
ever, the recruitment of mSin3A to the adiponectin and
ADDI1/SREBPIc promoter notably decreased during adipo-
genesis, although both mSin3A and HDACI associated with
ADDI1/SREBPIc in vitro (Fig. 4A and E). These results sug-
gest that insulin directs the recruitment of different subsets of
SWI/SNF complexes and chromatin remodeling factors in a
promoter-specific manner to up- or downregulate its target
genes.

BAF155/SRG3 enhances the transcriptional activity of
ADD1/SREBPI1c. To investigate the consequences of the inter-
action between ADD1/SREBP1c and BAF155/SRG3, we ex-
amined the transcriptional activity of ADD1/SREBPI1c by lu-
ciferase reporter assays in the presence or absence of BAF155/
SRG3. Ectopic expression of BAF155/SRG3 enhanced the
transcriptional activity of ADD1/SREBP1c (Fig. 5A to C),
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FIG. 3. Insulin sequentially increases the recruitment of ADD1/SREBP1c and the SWI/SNF chromatin remodeling complex to its target gene
promoters. 3T3-L1 adipocytes were treated with insulin for 0 min, 30 min, 60 min, 3 h, 6 h, and 24 h. (A and E) mRNA levels of ADD1/SREBP1c
(A) and PEPCK (E) were analyzed by Q-PCR. (B to D) Time-dependent recruitments of ADD1/SREBP1c (B), BRG1 (C), and BAF155/SRG3
(D) onto the ADD1/SREBP1c promoter were analyzed with ChIP assays. (F to H) Time-dependent recruitments of ADD1/SREBP1c (F), BRG1
(G), and BAF155/SRG3 (H) onto the PEPCK promoter were analyzed with ChIP assays. Standard errors of the mean are indicated by the error
bars (n = 2). The results are representatives of at least three independent experiments.

while reduced expression of BAF155/SRG3 by the siRNA sys-
tem, which suppressed its expression by 43%, decreased the
transcriptional activity of ADD1/SREBPIc at its own and FAS
promoters (Fig. 5B and C). In addition, the repressive activity
of ADD1/SREBPIc at the PEPCK promoter was further aug-

mented by overexpression of BAF155/SRG3 and/or mSin3A
(Fig. 5D). We also examined whether the effects of BAF155/
SRG3 overexpression require ADD1/SREBPIc. To address
this, we used ADD1/SREBPI1c siRNA. 3T3-L1 adipocytes
were transiently transfected with BAF155/SRG3 expression
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was determined by ChIP analysis. Pre, preadipocytes; Adi, Adipocytes.

vector in combination with siRNA for ADD1/SREBPIc.
ADD1-siRNA reduced the endogenous ADDI1/SREBPI1c
mRNA level up to 25% in the basal state (Fig. SE, lane 1 versus
3). As expected, overexpression of BAF155/SRG3 increased
both basal and insulin-stimulated ADD1/SREBP1c and FAS
mRNA, while ADD1-siRNA abolished such effects (Fig. SE
and F). Thus, it is likely that the SWI/SNF chromatin remod-
eling complex requires ADD1/SREBPIc to elicit its effect on
insulin-dependent regulation of gene expression. Therefore, it
appears that the interaction between ADD1/SREBPIc and
BAF155/SRG3 is specific and regulates insulin-dependent
gene expression by affecting the transcriptional activity of
ADDI1/SREBPIc.

BAF155/SRG3 is necessary for insulin-dependent gene reg-
ulation. To determine whether BAF155/SRG3 is necessary for
the insulin-dependent regulation of gene expression and the

transcriptional activity of ADD1/SREBPI1c, we transfected
3T3-L1 adipocytes with combinations of BAF155/SRG3
siRNA (SRG3-siRNA) and ADD1/SREBPIc expression vec-
tor in the presence or absence of insulin. SRG3-siRNA re-
duced endogenous BAF155/SRG3 expression about 40% (Fig.
6A). Additionally, BAF155/SRG3 knockdown in 3T3-L1 adi-
pocytes decreased the recruitment of ADDI1/SREBPIc and
BRG1 at the ADD1/SREBP1c and PEPCK promoters (Fig. 7).
Consistently, Q-PCR analyses showed that BAF155/SRG3
knockdown reduced insulin- and ADD1/SREBP1c-depen-
dent expression of ADDI/SREBPlc and FAS mRNAs,
while it interfered with insulin- and ADD1/SREBP1c-de-
pendent suppression of the PEPCK gene (Fig. 6B to D).
More importantly, endonuclease accessibility assays re-
vealed that BAF155/SRG3 knockdown disturbed insulin-
induced chromatin decondensation of the ADD1/SREBPI1c
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FIG. 6. BAF155/SRG3 is necessary for insulin-dependent gene regulation. 3T3-L1 adipocytes were transfected with BAF155/SRG3 siRNA in
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promoter and condensation of the PEPCK promoter (Fig.
6E and F). Taken together, these data suggest that BAF155/
SRG3 might be a necessary factor for insulin-dependent
regulation of gene expression by inducing chromatin remod-
eling at its target gene promoters.

Insulin promotes the interaction between ADD1/SREBP1c
and BAF155/SRG3 as well as their protein levels. To deter-
mine whether insulin also affects the association between
ADDI1/SREBPI1c and the SWI/SNF complex, we isolated nu-
clear extracts from 3T3-L1 adipocytes with or without insulin
and immunoprecipitated the extracts with the ADDI1/
SREBPIc antibody. In the presence of insulin, the interaction
between ADD1/SREBPI1c and components of the SWI/SNF
complex such as BRG1, BAF155/SRG3, and mSin3A was pro-

moted (Fig. 8A). In addition, we observed that protein levels of
SWI/SNF complex components, such as BRG1, Brm, and
BAF155/SRG3, were increased by insulin treatment in adipo-
cytes (Fig. 8B). In accordance with these cell line experiments,
protein levels of the BRG1 and BAF155/SRG3 in vivo were
decreased in fat tissues of STZ-treated mice compared with
levels in control or STZ-treated mice injected with insulin (Fig.
8C). Next, we examined the protein level of BAF155/SRG3
under fasting and refeeding conditions because insulin plays a
key role in refeeding states. Similar to the above results, the
level of BAF155/SRG3 was increased in fat tissues (Fig. 8D) as
well as in the liver and muscle of refed mice (data not shown).
Taken together, these results suggest that the expression level
of the SWI/SNF complex is enhanced by insulin, at least in
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adipose tissue, to confer regulation of insulin-mediated gene
expression.

BAF155/SRG3-overexpressing transgenic mice show in-
creased insulin sensitivity. To explore the role of the SWI/SNF
chromatin remodeling complex in regulating expression of in-
sulin target genes in vivo, we analyzed transgenic mice over-
expressing BAF155/SRG3 driven by the B-actin promoter
(SRG3 Tg mice). SRG3 Tg mice showed an almost normal
phenotype in metabolic parameters such as body weight,
plasma insulin, and plasma lipid contents (data not shown). As
shown in Fig. 9A, mRNA levels of ADD1/SREBPI1c and FAS
were substantially increased, while PEPCK mRNA level was
significantly reduced in epididymal tissues. And such effects of
SRG3 overexpression in regulation of ADD1/SREBPc target
genes were further enhanced by refeeding (Fig. 9A). Next, we
tested glucose and insulin tolerance to examine whether al-
tered expression of insulin target genes affected insulin sensi-
tivity in vivo. Remarkably, SRG3 Tg mice exhibited improved

glucose tolerance compared to wild-type mice (Fig. 9B). Fur-
thermore, insulin tolerance tests showed that SRG3 Tg mice
were significantly more sensitive to the exogenous insulin for
its glucose-lowering effect (Fig. 9C). Taken together, these
results suggest that BAF155/SRG3 might participate in regu-
lating insulin-dependent gene expression and could affect in-
sulin sensitivity in vivo.

DISCUSSION

Abnormal expression of ADD1/SREBPI1c is associated with
metabolic diseases including obesity and diabetes mellitus. In
the livers and islets of diabetic animal models such as ob/ob
and db/db mice and Zucker diabetic rats, the level of ADD1/
SREBP1c mRNA is increased, whereas in fat tissues of those
obese animals and patients, its mRNA level is decreased (14,
26, 39, 40, 48). Transgenic mice overexpressing the active form
of ADD1/SREBPIc exhibit severe insulin resistance, hypergly-
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blot analysis. (B and C) Glucose tolerance (B) and insulin tolerance (C) tests in wild-type and BAF155/SRG3 transgenic mice. Values are means *
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cemia, and liver steatosis, whereas the absence of SREBP1
ameliorates liver steatosis in ob/ob leptin-deficient diabetic
mice (41, 52). Furthermore, polymorphisms of the ADD1/
SREBPIc gene are associated with obesity and type II diabetes
(7,21). Therefore, understanding the molecular mechanism by
which ADD1/SREBPIc regulates its target genes would pro-
vide a clue for the mechanism-based drug design to treat and
improve metabolic disorders.

In the present study, we reveal that the process of chromatin
remodeling is involved in regulating insulin-dependent gene
expression through the interaction between SWI/SNF chroma-
tin remodeling factors and ADD1/SREBPIc. Insulin aug-
mented recruitment of p300 and mSin3A to the ADDI/
SREBP1c promoter and PEPCK promoter, respectively, along
with increased recruitment of the SWI/SNF chromatin remod-
eling complexes to both promoters (Fig. 2). This finding im-
plies that regulation of insulin-dependent gene expression re-
quires both ATP-dependent and ATP-independent chromatin
modifications. Apparently, ADD1/SREBPI1c associated with
SWI/SNF chromatin remodeling factors and mSin3A/HDAC
complex (Fig. 4) through its basic helix-loop-helix domain
(data not shown). However, we failed to observe significantly
increased transcriptional activity of ADDI1/SREBPIlc with

p300 (Fig. 5A). The GST pull-down assay also showed that
ADDI1/SREBPIc barely interacted with p300 (data not
shown). ADD1/SREBPIc shares almost all amino acid se-
quence identity with SREBP1a but for its 4 unique N-terminal
amino acids that correspond to the 28 amino acids in the
activation domain of SREBPla (42, 53) (data not shown).
Through this region, SREBPla interacts with p300 and the
TRAP/DRIP mediator complex (29, 30). This might explain
why ADDI1/SREBPIc has relatively low binding affinity to
p300. Thus, insulin-dependent recruitment of p300 and histone
hyperacetylation at the ADD1/SREBPIc promoter (Fig. 2B)
might be rendered by cooperative interactions of ADDI/
SREBPI1c with other transcription factors, such as Spl and
NF-Y. Consistent with this model, it has been demonstrated
that the SREBP protein increases the DNA-binding ability of
Spl, which interacts with p300 (37). Furthermore, Spl and
NF-Y physically associate with ADD1/SREBP1c and synergis-
tically activate ADD1/SREBPIc target gene promoters (28,
37). On the other hand, ADD1/SREBPIc binds to the PEPCK
promoter competitively with Spl, resulting in repression of
Spl-dependent activation of PEPCK gene (3). Therefore,
upon insulin signaling, ADD1/SREBP1c might regulate the
expression of its target genes by changing the accessibility of



450 LEE ET AL.

ADD1/SREBP1c Promoter

Insulin

PEPCK Promoter

MoL. CELL. BIOL.

FIG. 10. Schematic model of regulation of insulin-dependent gene expression by ADD1/SREBP1c and the SWI/SNF complex.

other transcription factors or coregulators to the template
DNA (Fig. 10). Accordingly, a recent study reported that dis-
ruption of the binding site for SREBPs drastically lowered
basal transcription at the ADD1/SREBPI1c promoter in pri-
mary hepatocytes, indicating that SREBP1 plays permissive
roles in regulating ADD1/SREBPI1c expression (4).

This feature of ADD1/SREBPIc seems to be advantageous
to function as a molecular switch for positive and negative
regulation of target genes in a promoter-specific manner. As
described above, ADD1/SREBPIc is able to associate with the
mSin3A/HDAC complex, which would repress certain target
gene expression (Fig. 4 and 8). These results suggest that
ADD1/SREBPIc acts as a molecular switch for insulin action
by recruiting different subsets of the SWI/SNF chromatin re-
modeling complexes, probably in cooperation with other
neighboring sequence-specific transcription factors (Fig. 10).
Indeed, hBRG1- and hBrm-based hSWI/SNF complexes have
been purified either alone or in combination with mSin3A/
HDAUC, clearly indicating the presence of different pools of
SWI/SNF complexes (44).

Because insulin increased protein levels of SWI/SNF chroma-
tin remodeling factors (Fig. 8), it is plausible to speculate that
insulin stimulates the transcriptional activity of ADD1/SREBP1c
through increasing coregulators of ADD1/SREBP1c. This insulin
effect was attenuated by a phosphatidylinositol 3-kinase inhibitor,
wortmannin or L'Y294002, and enhanced by the calpain inhibitor
II ALLN, which inhibits proteolytic activity of both calpain I and
the 26S proteasome, suggesting that insulin might increase the
stability of those proteins through phosphatidylinositol 3-kinase-
dependent pathways (Y. S. Lee and J. B. Kim, unpublished data).
Of course, we cannot rule out the possibility that posttransla-
tional modifications also influence the insulin-dependent in-
crease in association between ADD1/SREBP1c and chromatin
remodeling factors, since insulin-dependent phosphorylation
of ADDI1/SREBPIc affects the transcriptional activity of

ADD1/SREBPIc (8, 16, 18, 19, 35). Similarly, posttranslational
modifications of the SWI/SNF chromatin remodeling factors
could affect their recruitment to target loci by increasing their
affinity to transcription factors such as MyoD (45). Thus, the
relationship between insulin-dependent posttranslational mod-
ifications of ADD1/SREBPI1c and the SWI/SNF chromatin
remodeling factors and their avidity to each other remains to
be elucidated.

Accumulating data indicate that a substantial component of
gene expression regulation is directed at the level of coactiva-
tors in diverse biological pathways (46). For example, quanti-
tative changes in PGC-1 allow the functional integration of
multiple transcription factors, such as PPARy, LXRa, and
SREBPs. Recently, Lin et al. reported that in response to a
high fat diet, PGC-1B physically interacts with ADD1/
SREBPIc and enhances its transcriptional activity in the liver
(27). Surprisingly, overexpression of PGC-1B could increase
the expression of lipogenic genes, such as FAS and stearoyl-
CoA desaturase 1, which are the targets of ADD1/SREBPIc.
However, overexpression of PGC-1B does not increase the
accumulation of triglycerides in the liver by increasing the rate
at which lipids are pumped out into plasma by potentiating the
transcriptional activity of LXRa.

Overexpression of BAF155/SRG3 in vivo also increased
mRNA levels of lipogenic genes, such as ADD1/SREBP1c and
FAS, in fat tissue (Fig. 9A) without any substantial increase in
fat cell size (Y. S. Lee and J. B. Kim, unpublished data).
Strikingly, SRG3 Tg mice showed elevated insulin sensitivity
with increased adiponectin expression in adipose tissue, imply-
ing that enhanced regulation of expression of insulin target
genes could affect insulin sensitization (Fig. 9). However, this
insulin-sensitizing effect of BAF155/SRG3 overexpression is
not solely due to the promoted transcriptional activity of
ADDI1/SREBPIc because ADDI1/SREBPI1c-overexpressing
transgenic mice exhibit increased insulin resistance due to lipo-
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atrophy (39). It is possible that SWI/SNF chromatin remodel-
ing complexes might confer insulin sensitivity by serving as an
integrator for the metabolic signals, including insulin, which
are mediated by several transcription factors, since BRG1 as-
sociated with other transcription factors, such as LXRa and
PPARY (data not shown).

Recently, it has been reported that overexpression of
BAF155 can increase the protein stability of BAF57 (5). More-
over, we observed that overexpression of BAF155/SRG3 can
increase the protein stability of BRG1 and other BAFs, such as
SNFS, and total chromatin remodeling activity (P. H. Sohn et
al., unpublished data; K. Lee et al., unpublished data). Thus,
we cannot rule out the possibility that the effects of overex-
pression of BAF155/SRG3 might be due to increased levels of
other BAFs or stimulated total chromatin remodeling activity.
However, because BAF155/SRG3, but not BRG1, could di-
rectly interact with ADD1/SREBPIc, it is eligible to propose
that BAF155/SRG3 would contribute to the insulin-dependent
increase in the recruitment of SWI/SNF factors into insulin
target gene promoters. However, detailed mechanisms of in-
sulin-dependent stabilization of SWI/SNF chromatin remodel-
ing factors remain to be elucidated.

Here, we have described for the first time that chromatin
remodeling is actively involved in regulating insulin-dependent
gene expression and that ADD1/SREBPI1c associates with the
SWI/SNF chromatin remodeling complex. Another important
avenue to explore is whether the SWI/SNF chromatin remod-
eling complex activates the transcriptional activity of ADD1/
SREBPIc cooperatively with PGC-1p in fat cells for energy
homeostasis.
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