MOLECULAR AND CELLULAR BIOLOGY, June 2004, p. 4651-4663
0270-7306/04/$08.00+0 DOI: 10.1128/MCB.42.11.4651-4663.2004

Vol. 24, No. 11

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Temporal Recruitment of Transcription Factors and SWI/SNF
Chromatin-Remodeling Enzymes during Adipogenic Induction

of the Peroxisome Proliferator-Activated Receptor vy
Nuclear Hormone Receptor

Nunciada Salma," Hengyi Xiao,' Elisabetta Mueller,” and Anthony N. Imbalzano'*

Department of Cell Biology, University of Massachusetts Medical School, Worcester, Massachusetts
01655, and Department of Cancer Biology, Dana-Farber Cancer Institute,
Boston, Massachusetts 021152

Received 23 September 2003/Returned for modification 5 December 2003/Accepted 18 March 2004

The peroxisome proliferator-activated receptor gamma (PPARY) regulates adipogenesis, lipid metabolism,
and glucose homeostasis, and roles have emerged for this receptor in the pathogenesis and treatment of
diabetes, atherosclerosis, and cancer. We report here that induction of the PPARy activator and adipogenesis
forced by overexpression of adipogenic regulatory proteins is blocked upon expression of dominant-negative
BRG1 or hBRM, the ATPase subunits of distinct SWI/SNF chromatin-remodeling enzymes. We demonstrate
that histone hyperacetylation and the binding of C/EBP activators, polymerase II (Pol II), and general
transcription factors (GTFs) initially occurred at the inducible PPARy2 promoter in the absence of SWI/SNF
function. However, the polymerase and GTFs were subsequently lost from the promoter in cells expressing
dominant-negative SWI/SNF, explaining the inhibition of PPARy2 expression. To corroborate these data, we
analyzed interactions at the PPARy2 promoter in differentiating preadipocytes. Changes in promoter struc-
ture, histone hyperacetylation, and binding of C/EBP activators, Pol II, and most GTFs preceded the inter-
action of SWI/SNF enzymes with the PPARy2 promoter. However, transcription of the PPARy2 gene occurred
only upon subsequent association of SWI/SNF and TFIIH with the promoter. Thus, induction of the PPARYy
nuclear hormone receptor during adipogenesis requires SWI/SNF enzymes to facilitate preinitiation complex

function.

Differentiation of adipocytes, as with all differentiation
events, involves programmatic changes in gene expression pat-
terns. Genes specifically expressed in adipocytes must be acti-
vated; the concerted action of several transcriptional regula-
tors, including C/EBPa, C/EBPB, and the nuclear hormone
receptor peroxisome proliferator-activated receptor gamma
(PPARY), controls these activation events via direct interac-
tion with PPAR+y and C/EBP binding sites in adipocyte-specific
gene-regulatory sequences (reviewed in references 14, 33, and
36). Each of these regulators is expressed with different kinet-
ics during adipocyte differentiation in culture, yet forced over-
expression of any is sufficient to initiate adipogenic differenti-
ation in fibroblast cells (17, 45, 50, 51). Function of the PPARYy
regulator is especially critical, since many of the genes involved
in adipogenesis, as well as glucose homeostasis, are activated
by this nuclear hormone receptor. Since adipocyte-specific
genes are not expressed prior to differentiation, it is likely that
the regulatory sequences controlling the expression of these
genes are incorporated into a repressive chromatin structure
that is refractory to gene expression. Eukaryotic cells have
evolved two classes of enzymes that can alter chromatin struc-
ture to control accessibility to the transcriptional machinery.
These include histone-modifying enzymes, which posttransla-
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tionally modify the N-terminal and C-terminal domains
(CTDs) of the individual histone proteins that comprise the
nucleosome, and ATP-dependent chromatin-remodeling en-
zymes, which alter structure by disrupting the histone:DNA
contacts of the nucleosome, thereby altering nucleosome con-
formation and, in some cases, altering the position of the
histone octamer along the DNA (reviewed in references 28, 42,
and 46).

The mammalian SWI/SNF family of ATP-dependent chro-
matin-remodeling enzymes includes members containing ei-
ther the Brgl or Brm ATPase. Although the mammalian SWI/
SNF enzymes share most of the same subunits, multiple forms
of these enzymes exist; these are distinguished by the ATPase
present, the presence of unique subunits, and/or the presence
of tissue-specific isoforms of common subunits (30, 39, 48, 49).
In vitro analyses of hBRM- and different BRG1-containing
enzymes reveal many similarities in chromatin remodeling as-
says (39). In vivo, however, clear differences in function likely
exist. Brgl knockout mice are embryonic lethal, and heterozy-
gotes are predisposed to tumors (7). Brm knockout mice and
cells, in contrast, show only modest proliferation differences
compared to the wild type (35). Additionally, at the molecular
level, chromatin immunoprecipitation (ChIP) analyses have
revealed that Brgl and Brm can be present on different pro-
moters (18, 40), supporting the idea of differential functions.

Collectively, the literature reveals that Brgl and/or Brm can
physically interact with a number of different transcriptional
regulatory proteins, and these proteins have been localized by
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ChIP studies to the promoter sequences of a number of induc-
ible genes during transcriptional activation. In particular, pre-
vious work has indicated a requirement for or a contribution by
SWI/SNF enzymes for activation of cellular differentiation
genes. Myeloid, erythrocyte, enterocyte, muscle, and adipose
cell differentiation events have been linked to the presence of
functional SWI/SNF enzymes (2, 12, 19, 32, 40) and, in a more
limited number of cases, to the ability of SWI/SNF enzymes to
alter chromatin structure at or near inducible promoters. In
the case of adipogenesis, the factor C/EBPa, already known to
physically interact with the polymerase II (Pol II)-associated
general transcription factors TBP and TFIIB (29), was shown
to have the capability to interact with hBRM (32). Moreover,
the domain mediating this interaction was critically required
for the ability of C/EBPa to transdifferentiate fibroblasts into
adipocyte-like cells. In vitro, the competency of PPARy to
activate in vitro transcription templates assembled into chro-
matin was dependent on a specific BRG1-containing SWI/SNF
enzyme (22). However, the nature of the role that SWI/SNF
enzymes play in facilitating adipogenic gene expression re-
mains to be determined.

Here we explore the functional role of SWI/SNF enzymes
during adipocyte differentiation by examining the activation of
the PPARYy regulator itself. PPARy mRNA is expressed from
two distinct promoters that give rise to two distinct isoforms,
termed PPAR«y1 and PPARY2 (52). We focused on PPARYy2
expression because in differentiating preadipocytes, PPARYy2 is
highly induced and is the predominant isoform in differenti-
ated adipocytes (38, 44), while in undifferentiated and differ-
entiated fibroblasts, PPARy1 expression was not observed (see
below). We found that the SWI/SNF enzymes are critically
required for transdifferentiation of fibroblasts along the adipo-
genic pathway. Temporal analyses of factor binding to the
PPARY2 promoter revealed that the BRG1-based SWI/SNF
enzymes did not facilitate activator binding to the promoter
but instead promoted preinitiation complex (PIC) function.
Examination of PPAR«y2 activation during differentiation of
committed preadipocyte cells confirmed that changes in chro-
matin structure, activator binding, and assembly of multiple
components of the PIC did not require SWI/SNF function.
Nevertheless, activation of PPAR«y2 transcription did not oc-
cur until SWI/SNF and TFIIH subsequently were brought to
the promoter. Thus, using two different cellular models for
adipocyte differentiation, we demonstrate that activation of the
PPARY regulator critically depends upon SWI/SNF enzymes,
most likely by facilitating PIC formation and function.

MATERIALS AND METHODS

Plasmids. The retrovirus encoding mouse PPARY2 (45) and cDNAs encoding
rat C/EBPa (20) and mouse C/EBPB (8) were kindly provided by Bruce
Spiegelman. C/EBPa and C/EBP were subcloned into pBabe-Puro (27).

Cell lines and differentiation methods. The derivation and maintenance of the
cell lines that express dominant-negative human BRG1 (B22 and B24), domi-
nant-negative hBRM (H17), and the Tet-VP16 regulator (Tet-VP16) were de-
scribed previously (11). To infect cell lines, BOSC23 cells were cultured in
100-mm-diameter dishes and transfected at 80% confluence by FUGENE
(Roche) with 10 pg of pBabe-PPARY2, pBabe-C/EBPa, pBabe-C/EBP, or the
empty vector as described previously (31). Viral supernatants were harvested
48 h after transfection. Dishes (60 mm) of B22, B24, H17, or Tet-VP16 cells at
50% confluence were infected with virus in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% calf serum, 4 pg of polybrene/ml, and 2 pg of tetra-
cycline/ml in a final volume of 5 ml. The corresponding cell lines were split 1:3
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48 h after infection and placed under selection with 2 ug of puromycin/ml in the
presence of tetracycline. Subsequently, each virally infected cell line was split 1:4
into media containing or lacking tetracycline. After 96 h the medium was
changed. Plates designated to be undifferentiated received and continued to be
maintained in DMEM plus 10% calf serum in the presence or absence of
tetracycline, while the plates designated for differentiation received DMEM plus
10% fetal calf serum plus cocktail containing 0.5 mM methylisobutylxanthine
(Sigma), 1 M dexamethasone (Sigma), 5 pg of insulin/ml, and 10 uM troglita-
zone (Biomol) in the presence or absence of tetracycline for 48 h. The cells were
subsequently maintained in DMEM plus 10% fetal calf serum with 5 pg of
insulin/ml and refed every 2 days for up to 8 days.

3T3-L1 preadipocytes were purchased from the American Type Culture Col-
lection, maintained in growth medium consisting of DMEM containing 10% calf
serum, and induced to differentiate as described previously (50).

Oil Red O staining. Sixty-millimeter-diameter dishes were washed twice with
phosphate-buffered saline (PBS) and fixed with 10% buffered formalin for 30
min. The formalin was aspirated, and the cells were stained for 1 h in freshly
diluted Oil Red O solution (Sigma), prepared by mixing six parts Oil Red O stock
solution (0.5% Oil Red Oil in isopropanol) and four parts distilled water. The
stain was removed, and cells were washed three times with distilled water and
photographed.

RNA analysis. RNA isolation and analysis by Northern blotting was described
previously (13). Probes were derived from plasmids containing PPARYy, aP2, or
adipsin cDNA (provided by B. Spiegelman) and were labeled by random prim-
ing. Washed blots were exposed to a PhosphorImager (Molecular Dynamics).

For reverse transcriptase (RT)-PCR, total RNA (3 pg) was reverse transcribed
with Moloney murine leukemia virus RT (Invitrogen). cDNA was amplified by
PCR with Taq polymerase (Invitrogen; 2.5 U/reaction), 0.2 mM deoxynucleoside
triphosphates, 8 ng of each primer/ul, and either 1 mM (C/EBPa), 1.5 mM
(PPARY), or 2.5 mM hypoxanthine phosphoribosyltransferase (HPRT) MgCl,.
The initial denaturation step was at 95°C for 5 min and was followed by 25 cycles
(PPARYy and C/EBPa) or 27 cycles (HPRT). A cycle for PPARy PCR consisted
of denaturation for 30 s, annealing for 40 s at 68°C, and extension at 72°C for
30's. For C/EBPa, it consisted of denaturation for 50 s, annealing for 55 s at 66°C,
and extension at 72°C for 50 s. The final round of extension was for 5 min. The
sequences of the primers were as follows: 5'-GCATGGTGCCTTCGCTGATG
C-3' and 5'-AGGCCTGTTGTAGAGCTGGGT-3' for PPAR~y2 (340-bp prod-
uct), and 5'-CCGGCCGCCTTCAACGAC-3" and 5'-CTCCTCGCGGGGCTC
TTGTTT-3' for C/EBP« (288-bp product). HPRT and PPARy1 RT-PCRs were
described previously (13, 52).

Nuclear run-on analysis was performed as described previously by Schiibeler
and Bode (http://juergenbode.gmxhome.de/t01176.htm) on nuclei isolated from
~4 X 10° differentiating 3T3-L1 preadipocyte cells that were collected at days 0,
2, 4,5, 6, and 7 after induction of differentiation. Hybond N+ membranes
(Amersham) were prepared for hybridization as described previously (3). Im-
mobilized DNAs included 0.1 pg of genomic DNA from 3T3-L1 preadipocytes,
3 pg of EcoRlI-linearized pPBABE and pBABE-PPAR~Y2, or 3 pg of PCR product
corresponding to nucleotides 181 to 531 of the mouse 36B4 cDNA, to nucleo-
tides 111 to 641 of mouse Gapdh, or to Hprt. The HPRT PCR product has been
described (13).

Protein extracts and Western analysis. Isolation of protein and Western blot-
ting have been described (11). Antibodies utilized included C/EBP (Santa Cruz,
5¢-7962), M2 anti-FLAG (Sigma), and phosphatidylinositol (PT) 3-kinase (06-
496; Upstate). Determination of the total Brgl levels (see Fig. 4) was performed
by scanning multiple film exposures and quantifying in ImageQuant (Molecular
Dynamics).

Accessibility assays. Restriction enzyme and DNase I accessibility assays were
performed as described previously (12), except that buffer M contained 0.15 mM
spermine and 0.5 mM spermidine. DNase I was purchased from Promega.
Probes P1 and P2 were PCR fragments corresponding to —1579 to —1187 and
—105 to +138 from the mouse PPAR~y2 promoter (52).

ChIPs. The ChIP procedure was adopted from the Upstate protocol. Cells at
the indicated time points were fixed by adding 37% formaldehyde to a final
concentration of 1% and incubated at 37°C for 10 min. Cross-linking was stopped
by addition of glycine to a final concentration of 0.125 M. Cells were washed
twice with cold PBS and collected in 1 ml of PBS containing protease inhibitors.
After centrifugation, the pellet of cells was resuspended in sodium dodecyl
sulfate (SDS) lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI [pH 8.1])
containing protease inhibitors and incubated on ice for 10 min. Cell lysates were
sheared extensively by sonication (Ultrasonic processor from Cole and Parmer;
3-mm tip at 80 W) on ice to obtain fragments from 200 to 600 bp, as revealed by
ethidium bromide staining of aliquots run on agarose gels. Samples were cen-
trifuged to pellet debris, and an aliquot was taken for gel analysis and inputs. One
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hundred micrograms of soluble chromatin was diluted 10 times with IP buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8.1], 167 mM
NaCl) containing protease inhibitors and precleared for 3 h at 4°C with 50%
slurry of protein A, G, or L in Tris-EDTA (TE) (depending on the isotype of the
antibody used) in the presence of 20 g of sonicated salmon sperm DNA and 1
mg of bovine serum albumin/ml. After incubation, the beads were pelleted, and
the supernatant was immunoprecipitated with antibodies of interest (see below)
at 4°C overnight. Immune complexes were collected with 50% slurry of protein
A, G, or L containing 20 g of sonicated salmon sperm DNA and 1 mg of bovine
serum albumin/ml in TE by incubation at 4°C for 1 h. Sepharose beads were
washed sequentially for 5 min at 4°C with wash 1 (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris-HCI [pH 8.1], 150 mM NaCl), wash 2 (wash 1
containing 500 mM NaCl), and wash 3 (0.25 M LiCl, 1% NP-40, 1% sodium
deoxycolate, 1 mM EDTA, 10 mM Tris-HCI [pH 8.1]), and finally were washed
twice with TE (pH 8.0). Immune complexes were eluted from the beads with 1%
SDS in TE (pH 8.0), and protein-DNA cross-links were reversed by adding 200
mM NaCl and heating at 65°C overnight. After treatment with proteinase K, the
samples were purified with the QIAquick PCR purification kit (QIAGEN).
One-tenth of the immunoprecipitated DNA and 1% of the input DNA were
analyzed by PCR.

Antibodies used included Brgl, Brm, and Inil (11), diacetylated (K9K14) H3
(06-599; Upstate), Tetra-acetylated H4 (06-866; Upstate), Pol II CTD-Ser-5P
(Covance), and the following Santa Cruz antibodies: C/EBPa (sc-9314), C/EBPB
(s¢-7962), C/EBPS (sc-151), TFIIB (sc-274), TBP (sc-273), and TFIIH (sc-293).
‘When Pol IT antibody was used, 10 mM NaF was added to all buffers. PCRs were
performed with QIAGEN HotStart Tag master mix in the presence of 2 uCi of
[«-*?P]dATP under the following conditions: 94°C, 15 min, followed by 26 cycles
(B-actin) or 27 cycles (PPAR~Y2) of 94°C for 30 s, and then either 65°C for 40 s
(B-actin) or 49.5°C for 40 s (PPAR~2), followed by 72°C for 30 s, followed by a
72°C extension for 5 min. PCR products were resolved in 8% polyacrylamide—1x
Tris-borate-EDTA gels, dried, and exposed to a Phospholmager. Primers used
were the following: B-actin, 5’ (+31)GCTTCTTTGCAGCTCCTTCGTTG-3'
and 5'(+135)TTTGCACATGCCGGAGCCGTTGT-3'; and PPARy2 pro-
moter, 5'(—413) TACGTTTATCGGTGTTTCAT-3" and 5'(—247) TCTCGC
CAGTGACCC-3'. Experiments utilizing Pol IT or GTF antibodies were also
performed using primers spanning —216 to —20 of the PPAR+2 promoter with
identical results.

RESULTS

SWI/SNF enzymes are required for differentiation of fibro-
blasts along the adipogenic pathway. We previously described
the B22 and H17 fibroblast cell lines that utilize the tet-regu-
latory system to inducibly express an ATPase-deficient, FLAG-
tagged human allele of BRG1 (B22) or an ATPase-deficient,
FLAG-tagged human allele of BRM (H17). The parent for
these cell lines, termed Tet-VP16, inducibly expresses only the
tet-VP16 transactivator and thus serves as a control for our
experiments. The mutant BRG1 and hBRM proteins ex-
pressed in B22 and H17 cells are competent to associate with
other endogenous subunits of SWI/SNF chromatin-remodeling
enzymes and can act as dominant negatives with regard to
different inducible gene activation events (11, 12).

To determine the requirement for BRG1- and hBRM-based
SWI/SNF enzymes in adipogenesis, we forced the differentia-
tion of these cells in the presence (dominant negative off) or
absence (dominant negative on) of tetracycline by infection
with a retroviral vector encoding the PPARYy nuclear hormone
receptor or the C/EBPa or C/EBPB activator. Cells infected
with empty retroviral vector served as a control. Cells then
were split into medium containing or lacking tetracycline for
96 h and subsequently were cultured for 7 days in the presence
or absence of a differentiation regimen that included exposure
to a differentiation cocktail (see Materials and Methods) con-
taining troglitazone, a synthetic PPARvy ligand. Adipocyte dif-
ferentiation was shown by staining with Oil Red O, a lipophilic
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dye. In our hands, approximately 15 to 20% of the PPARy-
infected cells stained with Oil Red O, which is similar to pre-
vious data for unmodified NIH 3T3 cells infected with PPAR'y
(45). Tet-VP16 control cells stained positively when infected
with the PPAR<y retrovirus but not when infected with the
empty vector (data not shown), and differentiation into adipo-
cytes was dependent on exposure to the differentiation cocktail
(Fig. 1). The presence or absence of tetracycline made no
difference, as expected. In contrast, B22 and H17 cells infected
with the PPARYy retrovirus and cultured in the absence of
tetracycline did not differentiate (Fig. 1), suggesting that the
expression of dominant-negative BRG1 or hBRM interfered
with the differentiation process. The same results were ob-
tained for cells infected with either the C/EBPa or the C/EBPB
virus (data not shown).

SWI/SNF enzymes are required for the activation of adipo-
genic genes as well as for activation of PPARy. We analyzed
the mRNA levels of two adipogenic marker genes, aP2 and
adipsin, in cells expressing PPAR<y, C/EBPa, or C/EBPB. Cells
infected with the PPAR'y retrovirus and cultured in the pres-
ence of tetracycline and differentiation cocktail expressed both
genes, while cells cultured in the absence of tetracycline pro-
duced dominant-negative BRG1 and inhibited the expression
of both genes (Fig. 2A, right panel). Expression of PPARYy in
each of the samples was monitored by RT-PCR (Fig. 2B, right
panel), and induction of dominant-negative BRG1 was moni-
tored by FLAG expression (Fig. 2C, right panel). Other exper-
iments demonstrated that the related B24 cell line, which also
inducibly expresses dominant-negative BRG1, and H17 cells,
which inducibly express dominant-negative hBRM, similarly
inhibited expression of adipogenic marker genes in the pres-
ence of dominant-negative protein (data not shown). Control
Tet-VP16 cells infected with PPAR+y-encoding virus showed
accumulation of both aP2 and adipsin mRNAs, regardless of
the presence or absence of tetracycline (Fig. 3, lanes 9 and 10).
The results demonstrate that expression of dominant-negative
BRG1 or hBRM interfered with the differentiation process by
preventing expression of adipogenic genes. Since BRG1 and
hBRM have been found only in cells in a large-molecular-
weight complex associated with the other SWI/SNF subunits,
presumably adipogenesis is also dependent on the activity of
the SWI/SNF chromatin-remodeling enzymes.

Adipogenesis also can be induced in culture via ectopic
expression of the cellular transcription factor C/EBPa or
C/EBPB (17, 50, 51). When B22 cells were infected with ret-
rovirus expressing either C/EBPa or C/EBP, a similar block
to aP2 and adipsin gene expression was observed in the pres-
ence of dominant-negative BRG1, though in cells expressing
C/EBPaq, the aP2 and adipsin mRNA levels were reduced 85 to
90% and were not completely absent (Fig. 2A, left panel).
Expression levels of C/EBPa (Fig. 2B, left panel), C/EBPB,
and dominant-negative BRG1 (Fig. 2C, left panel) in these
samples were monitored by RT-PCR or Western blotting. Sim-
ilar results were obtained in H17 cells expressing dominant-
negative hBRM (data not shown). As anticipated, Tet-VP16
cells infected with C/EBPa- or C/EBPB-encoding virus ex-
pressed both aP2 and adipsin mRNAs in both the presence and
absence of tetracycline (Fig. 3, lanes 13 to 14 and 17 to 18).
Thus, SWI/SNF chromatin-remodeling enzymes also are re-
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FIG. 1. Expression of dominant-negative BRG1 or hBRM blocks the ability of PPAR~Y2 to induce adipogenesis in fibroblast cells. B22 and H17
cells, which inducibly express ATPase-deficient, dominant-negative BRG1 or hBRM, respectively, upon removal of tetracycline, or Tet-VP16 cells,
which induce only the Tet-VP16 regulator, were infected with a retroviral vector encoding PPAR«Y2, grown in the presence or absence of
tetracycline, and differentiated for 7 days in the presence or absence of differentiation cocktail (see Materials and Methods). Cells were fixed,

stained with Oil Red O, and photographed.

quired for activation of the adipogenic gene program by
C/EBPa or C/EBPB.

Interestingly, cells induced to differentiate via expression of
C/EBPa or C/EBPB activated PPAR<y expression in a SWI/
SNF-dependent manner (Fig. 2B, left panel). This suggests
that during differentiation promoted by C/EBPa or C/EBPB,
induction of PPARy—one of the earliest steps in differentia-
tion—is dependent on the activity of BRG1 or BRM. This
explains the significant decrease in aP2 and adipsin expression
in these cells. However, the data presented here also indicate
that SWI/SNF enzymes play a broader role in adipogenesis
than just promoting induction of PPARY, because when the
induction of PPARY is bypassed by providing PPARYy via ret-
roviral infection, expression of the downstream adipogenic
marker genes remained SWI/SNF dependent (Fig. 2, right
panels). Thus, the data indicate that SWI/SNF enzymes are
required for both early and late gene activation events during
adipocyte differentiation.

Kinetics of PPARY2 expression in differentiating cells. To
further analyze the molecular events controlling activation of
the adipogenic pathway, we initiated differentiation by infect-
ing cells with C/EBPa, since we could observe that nearly 70%

of cells differentiated for 1 week would accumulate lipid drop-
lets (data not shown). RT-PCR analysis of PPARy2 mRNA
levels in cells grown in the presence of tetracycline showed a
detectable accumulation on day 1 of differentiation, with ro-
bust levels present from days 2 to 7 (Fig. 4). Low levels of
PPAR~?2 transcripts were observed in cells grown in the ab-
sence of tetracycline. We could not detect PPARy1 mRNA in
these cells. Western analyses confirmed that C/EBPa was
present at equivalent levels in each sample (Fig. 4). Analysis of
FLAG-tagged-protein levels indicated that expression of the
mutant BRG1 protein occurred in all samples grown in the
absence of tetracycline. Reprobing of this blot for total Brgl
levels revealed only a 1.5- to 2.0-fold increase in levels of Brgl
in the cells expressing the dominant-negative BRG1. This sug-
gests that the levels of mutant Brgl are only a fraction of the
total Brgl present in the cells, yet they still function as domi-
nant-negative proteins. Alternatively, expression of the Brgl
mutant reduces expression from the endogenous locus, per-
haps for the purpose of maintaining a specific overall level of
Brgl protein. In either case, the results indicate that high levels
of Brgl overexpression are not occurring in the differentiating
cells.
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FIG. 2. Expression of dominant-negative BRG1 blocks the ability of PPARYy2, C/EBP«, or C/EBP to induce adipogenesis in fibroblast cells.
B22 cells were infected with retroviral vectors encoding PPAR«y2, C/EBPa, or C/EBP, grown in the presence or absence of tetracycline, and
differentiated for 7 days in the presence or absence of differentiation cocktail. Samples in lanes marked Adipocyte were taken from 3T3-L1
preadipocytes differentiated for 7 days. (A) Northern blot showing levels of aP2 and adipsin mRNA. Ethidium bromide staining of rRNA is shown
as a control. (B) RT-PCR showing levels of PPARy2 and C/EBPa mRNA. HPRT mRNA levels are shown as a control. (C) Western blot showing
levels of FLAG-tagged dominant-negative BRG1, C/EBP, and PI3-kinase.

Histone hyperacetylation and binding of C/EBP factors to
the PPARYy2 promoter are independent of Brgl-based SWI/
SNF activity. The mouse PPARY2 promoter has been defined
but not well characterized functionally. Of interest, however, is
the presence of multiple C/EBP binding sites in the promoter,
including two half-consensus sites around —325 relative to the
mRNA start site that contribute to activation of PPAR~y?2 re-
porter genes (16). To temporally analyze factor interactions at
the endogenous PPARY2 promoter, we performed ChIP ex-
periments and amplified either PPAR«y2 promoter sequences
or B-actin sequences as a control. Because we forced differen-
tiation by ectopically expressing C/EBPa before inducing dif-
ferentiation, we were not surprised to see interaction of
C/EBPa with the PPARY2 promoter at the initiation of the
differentiation process and throughout the time course. This
observation likely reflects and explains the capacity of C/EBPa
to initiate the adipogenic gene expression program in nonadi-
pogenic cells. The presence of dominant-negative BRG1 had
no or little effect on C/EBPa interactions (Fig. SA). In differ-
entiating adipocytes, there is a temporal order to expression of
the C/EBP family members, where C/EBPR and C/EBPS are
rapidly induced and then are shut off over the first few days of
differentiation. Subsequently, C/EBPa is induced at about day
2 to 3 and is maintained during differentiation (reviewed in
reference 21). We therefore examined interactions of C/EBPB
and C/EBPS with the PPARY2 promoter. Somewhat surpris-
ingly, both C/EBPB and C/EBP3& showed a robust induction of
occupancy of the promoter at days 1 to 2 of differentiation,
despite the presence of ectopic C/EBPa and regardless of the
presence of dominant-negative BRG1 (Fig. 5A). Thus, there

appears to be a preference during the early stages of differen-
tiation for interaction with C/EBPB and C/EBPS. In addition,
binding of these factors does not require functional SWI/SNF
enzymes.

There are a multitude of histone modifications and other
ATP-dependent chromatin-remodeling activities that may me-
diate C/EBP factor binding in the presence of mutant SWI/
SNF enzymes. We examined diacetylation of histone H3 on
lysines 9 and 14 as well as tetra-acetylation of H4 (Fig. 5B).
Levels of tetra-acetylated H4 were high at the beginning of the
differentiation process and remained constant throughout. In
contrast, there was induction of diacetylated H3 at day 1,
concurrent with occupancy of the promoter by the C/EBPB
and C/EBPS factors. Acetylation of H3 and H4 was unaffected
by the presence of dominant-negative BRGI.

C/EBP factors initiate recruitment of SWI/SNF and Pol
IT-associated GTFs to the promoter. Previous work has dem-
onstrated that both C/EBPa and C/EBP can physically inter-
act with the SWI/SNF component hBRM in cells overexpress-
ing both proteins (19, 32). Additionally, C/EBP« interacts with
the Pol II-associated general transcription factors (GTFs)
TFIIB and TBP (29). These data have been used to argue that
the C/EBP factors can recruit SWI/SNF and GTFs to facilitate
transcription. ChIP experiments with the FLAG-tagged
ATPase-deficient BRG1 produced in B22 cells revealed that
the mutant ATPase, when expressed, was present on the
PPARY2 promoter as early as day 0 and maximally from day 1
through day 7 of differentiation (Fig. 5C). Thus, the presence
of C/EBPa may be recruiting SWI/SNF to the promoter at or
before the onset of differentiation, possibly reflecting the abil-
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FIG. 3. PPARY2, C/EBPa, and C/EBPB induce adipogenesis in Tet-VP16 control fibroblasts. Tet-VP16 cells were infected and manipulated
as described for Fig. 2. (A) Northern blot showing levels of aP2 and adipsin mRNA. Ethidium bromide staining of rRNA is shown as a control.
(B) RT-PCR showing levels of PPARy2 and C/EBPa mRNA. HPRT mRNA is shown as a control. (C) Western blot showing levels of

FLAG-tagged dominant-negative BRG1, C/EBP, and PI3-kinase.

ity of these proteins to physically interact. ChIP analysis of
Brgl and the SWI/SNF component Inil revealed kinetics of
promoter occupancy that were similar to each other and to
FLAG-tagged mutant BRG1. Promoter occupancy in cells not
expressing the dominant-negative BRG1 (plus tetracycline)
differed in that interaction of SWI/SNF components peaked at

day 2, which coincides with full induction of PPARY2 tran-
scription (Fig. 4). The observed interaction of the mutant
BRG1 with the promoter on day 0 may be due to the modest
overexpression of total Brgl in the cells expressing mutant
BRGTI (Fig. 4).

Analyses of phosphorylated RNA Pol II and its associated
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FIG. 4. Expression levels of adipogenic regulators during differentiation of fibroblast cells along the adipogenic pathway. B22 cells were infected
with a retroviral vector encoding C/EBPa«, grown in the presence or absence of tetracycline, and differentiated. Expression levels of adipogenic
regulators are given as a function of time of differentiation. PPARy2 and PPAR«y]1 transcript levels were measured by RT-PCR. HPRT levels are
shown as a control. The lane marked C is a positive control from day 7 differentiated 3T3-L1 preadipocytes. C/EBPa, total Brgl, dominant-
negative, FLAG-tagged BRG1, and PI3-kinase levels were measured by Western blotting.
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FIG. 5. ChIP analysis of interactions on the PPAR+y2 promoter as
a function of time of differentiation. B22 cells were infected with a
retroviral vector encoding C/EBPaq, grown in the presence or absence
of tetracycline, and differentiated. One percent of input is shown for
each experiment. Portions of the PPARYy2 promoter or the B-actin 5’
untranslated region and coding sequence were amplified from each
sample. (A) Levels of interactions with C/EBPa, -B, and -3. (B) Levels
of interactions with tetra-acetylated H4 and K9-, K14-diacetylated H3.
(C) Levels of interactions with total Brgl, dominant-negative, FLAG-
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GTFs, TBP, TFIIB, and TFIIH, indicated that each of these
factors is present on the PPARYy2 promoter on day 0, and
occupancy in the presence of the dominant-negative SWI/SNF
complex is essentially unaffected on days 0 and 1 (Fig. 5SD).
Thus, SWI/SNF function is not required to assemble these
factors onto the promoter in the presence of ectopic C/EBPa.
However, the presence of the C/EBP factors, Brgl-based SWI/
SNF enzyme, and these GTFs on the promoter are not suffi-
cient to initiate transcription at day 0. Maximal induction of
PPARY2 transcription in the presence of functional SWI/SNF
enzymes occurs on day 2 (Fig. 4). In contrast, starting on day 2
and continuing throughout the rest of the time course, the
association of TBP, TFIIB, Pol II, and especially TFIIH is
compromised in cells expressing the dominant-negative BRG1
(Fig. 5D). Western blot analysis of these GTFs and Pol II
shows that the levels of these factors are not altered by differ-
entiation or by expression of the dominant-negative BRG1
(data not shown). Thus, on or about day 2 of differentiation,
SWI/SNF function is necessary to maintain the PIC on the
PPARY2 promoter and to promote transcription.

Examination of PPARYy2 promoter accessibility and activa-
tion in differentiating 3T3-L1 preadipocytes. Although forced
differentiation of fibroblasts has been utilized for many years as
a model system and has been essential in the identification and
characterization of adipogenic regulatory proteins, we were
concerned that the events leading to activation of the PPARYy2
promoter under conditions where the C/EBPa activator was
prematurely expressed might not precisely reflect the events
that occurred during differentiation of a committed preadipo-
cyte cell. We therefore examined PPAR«y2 activation in differ-
entiating 3T3-L1 preadipocytes.

Initially, we examined changes in PPARy2 promoter struc-
ture as reflected by increases in nuclease accessibility. A sche-
matic of the promoter is presented in Fig. 6A. Examination of
two Stul sites, an EcoNI site, and a Pstl site located between
—100 and —1000 on the PPAR~y2 promoter revealed a dra-
matic increase in accessibility in this region on day 1 of the
differentiation process (Figs. 6B to D), reflecting changes in
promoter structure. A previous report (34) indicated that two
DNase I hypersensitive sites exist on the PPARYy2 promoter in
undifferentiated 3T3-L1 cells (Fig. 6A). Our analysis indicated
these DNase I hypersensitive sites were difficult to detect in
undifferentiated, day O cells. However, by day 1, they were
clearly visible, indicating that that these hypersensitive sites are
induced by differentiation (Fig. 6E). Together, the results
clearly demonstrate a change in PPARy2 promoter structure
on day 1 of 3T3-L1 differentiation, prior to induction of
PPARY2 gene expression.

Northern analysis of PPAR«y transcript levels revealed a
robust induction of expression on day 2 of 3T3-L1 preadipo-
cyte differentiation (Fig. 7A), in agreement with prior studies

tagged BRGI, and Inil. (D) Levels of interactions with TBP, TFIIB,
TFIIH p89, and Pol II phosphorylated on Ser-5 of the CTD. Inset:
linearity controls for PCR amplifications. Each ChIP was repeated in
two to five independent experiments. The data shown in parts A, B,
and C derive from a single differentiation experiment. ChIPs in part D
derive from a different differentiation experiment.
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FIG. 6. Changes in PPAR«y2 promoter accessibility occur on day 1 of differentiation. 3T3-L1 preadipocytes were induced to differentiate, and
nuclei were harvested at the indicated times for nuclease accessibility experiments. (A) Schematic of the PPARy2 promoter. The locations of
relevant restriction enzyme sites are indicated, as are the previously reported DNase I hypersensitive sites (HS1 and HS2) (34). Black squares
represent potential C/EBP binding sites. Black bars P1 and P2 indicate the fragments used as Southern blot probes. (B to D) Restriction enzyme
accessibility of EcoNI, Stul, and Pstl. The enzymes used for flanking digests are indicated in parentheses. (E) Accessibility of DNase 1.

(45). Thus, induction of the PPARY2 is temporally distinct
from changes in promoter accessibility.

Binding of C/EBP factors, hyperacetylated histones, Pol II,
and most GTFs precedes the onset of PPARYy2 induction. ChIP
experiments to identify interactions of the C/EBP family of
factors with the PPARYy2 promoter showed an induction of
C/EBPB and C/EBPS binding on days 1 and 2 of differentia-
tion, respectively (Fig. 7B), largely consistent with the expres-
sion patterns of these C/EBPs in differentiating 3T3-L1 cells
and with the ChIP results from the forced fibroblast system
(Fig. 5A). Thus, interaction of C/EBP correlated temporally
with changes in nuclease accessibility on the promoter. Over
days 2 and 3, C/EBPB and -8 disappeared from the promoter,
concurrent with the appearance of C/EBPa (Fig. 7B). Thus, in
differentiating 3T3-L1 cells, the C/EBP binding sites in the
PPARY2 promoter undergo a transition of factor occupancy
from C/EBPB to C/EBPa.

As in the C/EBPa forced fibroblast differentiation experi-
ments, ChIP analysis of tetra-acetylated H4 indicated that lev-

els were high prior to differentiation (Fig. 7C). In contrast to
the forced fibroblasts, levels of diacetylated H3 were present
on the PPARY2 promoter at day 0 but increased on day 3 (Fig.
7C). This increase clearly occurred after the onset of PPARY2
expression but correlated with the transition from binding of
C/EBPB and -8 to C/EBPa. Whether the change in diacety-
lated H3 levels is a cause or effect of the transition to C/EBPa
binding has not been determined. Diacetylated H3 was also
present at relatively high levels on the control B-actin se-
quences.

Examination of phosphorylated Pol II and associated GTFs
by ChIP showed that Pol II, TBP, and TFIIB became associ-
ated with the promoter on day 1 of differentiation, prior to
expression of PPAR«y2 (Fig. 7D). Collectively, these data agree
with the results obtained with the fibroblast differentiation
model and indicate that much of the transcriptional machinery
is present on the promoter prior to the onset of gene activa-
tion.
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FIG. 7. (A) PPARYy expression levels in differentiating 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were induced to differentiate. PPARYy
expression levels were analyzed by Northern blotting. Ethidium bromide-stained 28S and 18S rRNA is shown as a control. (B to E) ChIP analysis
of interactions on the PPARYy2 promoter as a function of time of differentiation of 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were induced to
differentiate and processed for ChIP assays at the indicated times. Portions of the PPAR+y2 promoter or the B-actin gene were amplified from each
sample. (B) Levels of interactions with C/EBPaq, -B, and -3. (C) Levels of interactions with tetra-acetylated H4 and K9-, K14-diacetylated H3.
(D) Levels of interactions with TBP, TFIIB, TFIIH p89, and Pol II phosphorylated on Ser-5 of the CTD. (E) Levels of interactions with Brgl, Brm,
and Inil. Inset: linearity controls for PCR amplifications. Each ChIP was repeated in three to five independent experiments. The data shown in
parts B, C, and E derive from a single differentiation experiment. ChIPs in part D derive from a different differentiation experiment.

PPARY2 expression is coincident with the binding of TFIIH
and SWI/SNF components to the promoter. In contrast to the
other factors examined, the increase in association of TFIIH
did not occur until day 2 of 3T3-L1 differentiation (Fig. 7D).
Similarly, association of the SWI/SNF components Brgl, Brm,
and Inil occurred on day 2 (Fig. 7E), coincident with the onset
of PPAR~?2 transcription. Unlike the case with Pol II and all of
the GTFs examined, the interaction of SWI/SNF subunits was

transient, with only background levels present on the promoter
after day 4. The Inil subunit is common to all SWI/SNF en-
zymes examined, but the Brgl and Brm ATPases form distinct
SWI/SNF enzymes, indicating that at least two distinct forms of
the enzyme are present at the PPAR+y2 promoter at the onset
of transcription. The data indicate that histone hyperacetyla-
tion, changes in promoter structure, C/EBP activator binding,
and association of phosphorylated Pol II and multiple GTFs
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clei isolated from differentiating 3T3-L1 cells on the days indicated.
Run-on transcripts were hybridized to 3T3-L1 genomic DNA, linear-
ized pBABE vector, linearized pBABE containing the PPAR<2
c¢DNA, or PCR products corresponding to Id1 or Hprt cDNAs.

with the PPARY2 promoter occur over the first 24 h of adipo-
cyte differentiation but that these events are not sufficient to
initiate transcription. PPARY2 expression is facilitated by as-
sociation of TFIIH and SWI/SNF enzymes on day 2 of differ-
entiation.

A decrease in the rate of PPARYy transcription correlates
with the dissociation of SWI/SNF enzyme components from
the PPARY2 promoter. The ChIP experiments shown in Fig.
7E clearly demonstrate that SWI/SNF components were no
longer stably associated with the PPARY2 promoter after day
4 of differentiation, even though the GTFs and C/EBPa re-
mained. Analysis of stable mRNA levels indicated that PPARYy
mRNA was abundant on days 5 to 7 (Fig. 7A). Two possible
explanations for these data exist. The promoter may achieve a
stable structure that is permissive for continued transcription
in the absence of SWI/SNF, or the transcription of PPARYy2
decreases or stops after day 4 and the PPARy message ob-
served on days 5 to 7 represents stable mRNAs produced on
day 4 or earlier.

To distinguish between these possibilities, we performed a
time course of nuclear run-on experiments. Linearized plasmid
DNA containing the PPARy2 ¢cDNA or empty vector was
immobilized on membranes and hybridized to radiolabeled
run-on transcripts produced by nuclei isolated from differen-
tiating 3T3-L1 cells on the days indicated. The data demon-
strated induction of PPARYy transcription on day 2, continued
transcription on day 4, but little transcription on days 5 to 7
(Fig. 8). Thus, the rate of PPARy transcription decreased
between days 4 and 5 and correlated with the loss of SWI/SNF
enzyme components on the PPARYy2 promoter (Fig. 7E). In
contrast, the rate of Id1 transcription decreased as a function
of differentiation (Fig. 8), in agreement with previously pub-
lished results from the differentiation of human preadipocyte
cells (26). We utilized nonspecific hybridization to plasmid
sequences and hybridization to 3T3-L1 genomic DNA as con-
trols, as has been described (10, 24, 41, 47), since we were
unable to identify other genes that gave a constant rate of
transcription over the differentiation time course. The rates for
Hprt, 36B4, and Gapdh all decreased over the 7-day time
course (Fig. 8 and data not shown).

We note that the immobilized template contained the entire
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PPARY2 cDNA,; thus, PPARY1 transcription would also have
been detected. We were unable to detect run-on signal when
only the short, 121-bp portion of the cDNA unique to PPARY2
(52) was used for the hybridizations (data not shown). How-
ever, PPARy mRNA at day 5 of 3T3-L1 differentiation and
beyond is predominantly expressed from the PPAR~y2 pro-
moter (38, 44). Thus, the data most likely reflect a decrease in
the rate of PPARY2 or in the rates of both PPARy2 and
PPARYl1 transcription.

DISCUSSION

PPARYy is involved in adipocyte differentiation, insulin sen-
sitivity and diabetes, atherosclerosis, and the control of cell
proliferation in some cancer cells (reviewed in references 5 and
37). Consequently, its function has been the subject of intense
investigation. Relatively little, however, is known about the
mechanisms controlling its expression. Here we utilized two
different cellular models for adipocyte differentiation to tem-
porally describe the molecular interactions that occur at the
promoter of the inducible PPAR«Y2 gene during adipocyte dif-
ferentiation, with particular emphasis on the requirement for
SWI/SNF chromatin-remodeling enzymes. Through use of a
differentiation system driven by introduction of the adipogenic
regulator, C/EBPa, we demonstrate a requirement for SWI/
SNF enzymes in the activation of the PPARYy regulator as well
as in the activation of adipogenic marker genes expressed later
during differentiation. Moreover, these experiments revealed
that this requirement for SWI/SNF enzymes was relatively late
in the cascade of events leading to PPAR«y2 activation. Acti-
vator binding, Pol II and associated GTF interactions at the
promoter, and histone H3 and H4 acetylation occurred prior to
and independently of SWI/SNF function. Instead, the data
revealed a role for SWI/SNF enzymes in the function of the
PIC components at the promoter at the time of transcriptional
activation.

Because of the inherent differences between forcing differ-
entiation of fibroblasts into the adipocyte lineage and genuine
preadipocyte differentiation, we analyzed differentiation of
3T3-L1 preadipocytes and confirmed both the general order of
events that occur during PPAR~y2 activation and a role for
SWI/SNF enzymes in facilitating PIC function. We expect that
the differences exhibited by the two systems reflect the ability
of the C/EBPa activator to recruit GTFs and SWI/SNF en-
zymes (32) prematurely at the initiation of the forced differ-
entiation program. Despite the differences, it is important to
note that the data from both systems are consistent with a need
for SWI/SNF enzymes to promote the function of the PIC.

The order of events occurring in differentiating 3T3-L1 cells
is diagrammed schematically in Fig. 9. Acetylation of H4 oc-
curs before the onset of differentiation, followed by concurrent
changes in promoter accessibility, binding of the C/EBP and
-8 activators, and assembly of Pol II and most of the GTFs on
day 1 of differentiation. Subsequently, on day 2, SWI/SNF
enzymes and TFIIH associate with the promoter, indicating
that the SWI/SNF enzymes likely facilitate completion of the
preinitiation complex, thereby permitting PPAR~y2 transcrip-
tion to commence. On day 3, there is both an increase in the
levels of H3 acetylation and a transition from binding of
C/EBP and -3 to binding of C/EBPa. Which event, if either,
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FIG. 9. Schematic model of the temporal changes in factor interactions at the PPARy2 promoter during 3T3-L1 preadipocyte differentiation.

Nucleosome positions are presented for illustrative purposes only.

is causal remains to be determined. Following day 4, the SWI/
SNF enzymes disappear from the promoter and the rate of
PPARYy transcription drops, indicating that the presence of
SWI/SNF is required for continued transcription.

The data from differentiating 3T3-L1 preadipocytes indicate
that both BRG1 and BRM are present on the PPARY2 pro-
moter, suggesting that both complexes are contributing to
function. Alternatively, the two complexes could be redundant
in function, and the presence of either SWI/SNF enzyme might
be sufficient. Our studies using cell lines that inducibly express
dominant-negative BRG1 or BRM also suggest that both
ATPases are required for PPAR~y2 activation and adipocyte
differentiation. However, because the BRG1 and BRM SWI/
SNF complexes share multiple subunits, it is possible that ex-
pression of one mutant ATPase deleteriously affects both com-
plexes by sequestering subunits from the other, endogenous
ATPase. Thus, we cannot rigorously state at present whether
BRGI1, BRM, or both are required for PPAR~Y2 activation and
adipocyte differentiation.

One of the interesting results from our studies is the dem-
onstration that the C/EBP binding sites undergo a transition
during the time course of differentiation from binding C/EBPB
and -9 to binding C/EBPa. Although the kinetics of expression
for these factors has long supported this idea, this is the first
documentation that such a transition occurs at a promoter

expressed during adipogenesis. These results differ from pre-
viously published work that showed that C/EBPa and -8, but
not C/EBP, could bind to the C/EBP sites in the PPARYy2
promoter in a gel shift study and could activate a transiently
transfected PPARY2 reporter plasmid (16). The differences
between the studies may be attributed to the likelihood that
the chromatin structure at the genomic locus differs from that
on a transfected template and undergoes changes during the
differentiation process that affect factor interactions.

Previous reports documenting the potential of C/EBPa and
-B to physically interact with BRM in cells transfected with
both the C/EBP isoform and BRM suggested that these factors
may recruit SWI/SNF enzymes (19, 32). Our temporal analysis
of factor interactions on the PPARYy2 promoter during
C/EBPa-driven differentiation strongly suggests that targeting
of SWI/SNF by C/EBPa can occur. However, C/EBPa is pre-
maturely present on the promoter in this differentiation sys-
tem; the temporal differences in the appearance of the differ-
ent C/EBP factors on the PPAR<y2 promoter in the
differentiating 3T3-L1 adipocytes suggest that in a more natu-
ral differentiation context, C/EBPB and -8 may target SWI/
SNF enzymes, which then later recruit C/EBPa.

Changes in nuclease accessibility and the binding of C/EBP
factors, Pol II, and many of the GTFs on day 1 prior to the
appearance of SWI/SNF enzymes on the PPARYy2 promoter
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indicate that other factors must control the initial accessibility
of these promoter sequences. Changes in H4 acetylation did
not correlate with initial factor binding to the promoter.
Changes in other histone modifications at the PPAR~y2 pro-
moter have not been tested but potentially could mediate fac-
tor accessibility. Alternatively, a different ATP-dependent re-
modeling enzyme(s) could alter chromatin structure and
promote activator binding prior to SWI/SNF function. This
hypothesis is supported by in vitro studies showing that ISWI
containing chromatin-remodeling enzymes facilitated stable
interaction of RARa:RXR on chromatin templates prior to
SWI/SNF enzyme-mediated stimulation of transcription (15).
Finally, transcriptional regulators present on the promoter
prior to differentiation, such as GATA-2 and -3 (43) and KLF2
(4), might influence chromatin structure in a manner that pro-
motes the transition to an actively transcribing gene.

Our analysis of GTF interactions on the PPARy2 promoter
also revealed that serine 5-phosphorylated Pol II is present at
the promoter before TFIIH. TFIIH contains a kinase activity
that is capable of phosphorylating the Pol II CTD; however,
the temporal order of factor appearance at the PPARYy2 pro-
moter suggests that either a different kinase is responsible for
the CTD phosphorylation or TFIITH mediates CTD phosphor-
ylation independently of promoter binding. Additionally, the
presence of Pol II phosphorylated at serine 5 of the CTD raises
the possibility that the polymerase may be transcriptionally
engaged at day 1 and that the inclusion of SWI/SNF enzymes
and TFIIH on day 2 promotes release of the polymerase
and/or elongation. Multiple other genes are regulated at the
level of transcriptional elongation, including hsp70, where
elongation can be stimulated by SWI/SNF enzymes in vitro and
in vivo (6, 9).

The concurrent entry of SWI/SNF enzymes and TFIIH onto
the PPARY2 promoter in differentiating 3T3-L1 cells suggests
that SWI/SNF facilitates the interaction of TFIIH with the rest
of the preinitiation complex. Such a role for SWI/SNF enzymes
has not previously been documented. However, the data pre-
sented here agree with and extend findings from temporal
analyses of other mammalian promoters that show the follow-
ing: (i) some form of histone hyperacetylation precedes asso-
ciation of SWI/SNF with the promoter, and (ii) SWI/SNF en-
zymes work late in the activation of many genes, typically after
some, if not most, of the components driving transcription have
associated with the promoter (1, 23, 25, 40). Thus, the data we
present on PPAR~Y?2 activation during adipocyte differentiation
support a general model where SWI/SNF enzymes function
subsequent to activator binding by completing or stabilizing
preinitiation complex formation and/or by promoting pro-
moter clearance and elongation.
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