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Expression of C/EBPa is required for differentiation of 3T3-L1 preadipocytes into adipocytes. Previous
investigations indicated that transcription of the C/EBP« gene is sequentially activated during differentiation,
initially by C/EBPB and C/EBPS and later by C/EBP« (autoactivation). These events are mediated by a C/EBP
regulatory element in the promoter of the C/EBPa gene. This article presents evidence that members of the Sp
family, notably Sp1, act repressively on the C/EBPa promoter prior to the induction of differentiation. Sp1 was
shown to bind to a GC box at the 5’ end of the C/EBP regulatory element in the C/EBP«a promoter and, in so
doing, to competitively prevent binding to and transactivation of the promoter by the C/EBPs. One of the
differentiation inducers methylisobutylxanthine (a cAMP phosphodiesterase inhibitor) or Forskolin, both of
which increase the cellular cAMP level, causes down-regulation of Sp1. This decrease in Sp1 level early in the
differentiation program appears to facilitate access of C/EBPf and/or C/EBPS to the C/EBP regulatory element

and, thereby, derepression of the C/EBPa gene.

C/EBPa plays a pivotal role in adipocyte differentiation (7,
10, 23). C/EBPa not only is required for differentiation (18, 24)
but is sufficient to initiate the differentiation program without
the hormonal inducers normally required (19). When differ-
entiation is triggered by hormonal inducers, growth-arrested
preadipocytes reenter the cell cycle and undergo two to three
rounds of mitotic clonal expansion (1, 7). As mitosis ceases,
C/EBPa is expressed and then serves as a pleiotropic transcrip-
tional activator of numerous adipocyte genes which, when co-
ordinately expressed, contribute to acquisition of the adipocyte
phenotype (3-5, 9, 11, 14).

When it became evident that C/EBPa is an important reg-
ulator of adipogenesis, our efforts were redirected toward
identifying the cis-elements and their cognate frans-acting fac-
tors which control transcription of the C/EBPa gene (4, 13, 20,
27, 29). DNasel footprinting of the proximal 5" flanking region
of the mouse C/EBPa gene revealed several binding sites for
nuclear factors that are differentially expressed during adipo-
cyte differentiation (4, 17). Dual repressor binding sites (26)
and a C/EBP binding site (4) were identified in this region of
the promoter. CUP (C/EBP undifferentiated protein), a nu-
clear protein that binds to these repressor binding sites, is
expressed by undifferentiated preadipocytes but not by differ-
entiated adipocytes (26, 28). Purification and characterization
of CUP showed it to be an isoform of the transcription factor
AP-2a, which appears to function as a repressor of the
C/EBPa gene. Consistent with its apparent repressive role in
adipocyte differentiation, expression of CUP/AP-2a is down-
regulated concurrently with the transcriptional activation of
the C/EBPa gene (13). Moreover, CUP/AP-2a was found to
transinhibit reporter gene expression mediated by the C/EBP«
promoter (13). With respect to the C/EBP binding site, it was
shown that C/EBP«, C/EBPB, and C/EBPS can bind to and
trans-activate reporter gene expression mediated by the
C/EBPa gene promoter (20-22). Evidence suggests that
C/EBPB and C/EBPS, which are expressed early in the differ-
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entiation program (2, 32), initially activate transcription of the
gene (23) and that C/EBPa, which is expressed later in the
program, autoactivates transcription of the gene as the cells
undergo terminal differentiation (20, 23).

Many adipocyte gene promoters possess functional C/EBP
binding sites that mediate transcriptional activation by
C/EBPa (7, 10, 23). It has been shown that these sites are
DNasel footprinted by nuclear extract from adipocytes, which
express C/EBPa, but not by nuclear extracts from preadipo-
cytes, which do not (5, 11, 14). An exception to this pattern is
seen with the C/EBPa promoter, which, as indicated above,
also possesses a functional C/EBP binding site (5, 20). Unex-
pectedly, this promoter was found to be footprinted by nuclear
extracts from both preadipocytes and adipocytes (5). However,
the footprint by preadipocyte nuclear extract extended further
5’ than that by adipocyte nuclear extract. Closer examination
of the nucleotide sequence of this binding site revealed a con-
sensus Sp binding site at the 5" end of the C/EBP site that is not
found in the C/EBP binding sites of other adipocyte genes (5,
11, 14). In the present article, we show that Sp1 does in fact
bind at this site and in so doing obscures the C/EBP binding
site, thereby preventing C/EBPB or C/EBPa from binding.
Evidence which suggests that early in the differentiation pro-
gram Sp1 is down-regulated, thereby allowing C/EBP to bind
and to transcriptionally activate the C/EBPa gene, is pre-
sented. This and other evidence suggests that Sp1 may serve to
maintain the C/EBPa gene in a repressed state prior to differ-
entiation and thereby prevent premature expression of the
gene.

MATERIALS AND METHODS

Cell culture and induction of differentiation. 3T3-L1 preadipocytes were prop-
agated and maintained in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% (vol/vol) calf serum as previously described (26). To induce differ-
entiation, 2-day postconfluent (designated day 0) cells were treated with DMEM
containing 10% (vol/vol) fetal bovine serum (FBS), 1 wg of insulin (INS) per ml,
1 uM dexamethasone (DEX), and 0.5 mM 3-isobutyl-1-methyl-xanthine (MIX)
until day 2. Cells were then fed DMEM supplemented with 10% FBS and 1 pg
of INS per ml for 2 days, after which they were fed every other day with DMEM
containing 10% FBS. Adipocyte gene expression and acquisition of the adipocyte
phenotype began on day 3 and was maximal by day 8.

EMSAs and DNasel footprinting. Nuclei were isolated, and nuclear extracts
were prepared by using 1X NUN buffer (15) containing 0.3 M NaCl, 1 M urea,
1% Nonidet P-40, 25 mM HEPES (pH 7.9), and 1 mM dithiothreitol. Protein
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concentration was determined by the Bradford method (Bio-Rad). An electro-
phoretic mobility shift assay (EMSA) was performed essentially as described
previously (21, 22), with the following modifications. Reaction mixtures contain-
ing ~0.25 ng of 3?P-labeled oligonucleotide, 2 ug of poly(dI-dC), and 10 pg of
nuclear extract protein in 30 pl of buffer (10 mM HEPES, 0.1 mM EDTA, 5%
glycerol, 100 mM NaCl, 0.3 M urea, 0.3% Nonidet P-40) were incubated on ice
for 15 min and at room temperature for 15 min and were then separated
electrophoretically on 5% polyacrylamide gels—0.5X TBE (44.5 mM Tris, 44.5
mM boric acid, 1 mM EDTA [pH 8.3]). For competition experiments, a 100-fold
excess of unlabeled competitor oligonucleotide was added to reaction mixtures
prior to the addition of labeled probe. For supershift experiments, 1 pl of
antiserum (~5 pg of immunoglobulin G protein) was added to the reaction
mixture prior to the addition of labeled probe. For the experiments with limiting
probe, the amount of labeled oligonucleotide probe was reduced to ~1/30th of
that used above. Recombinant Sp1l and C/EBPB were obtained from Promega
Corporation and S. McKnight (University of Texas Southwestern Medical Cen-
ter), respectively. The labeled double-stranded oligonucleotide probes (derived
from the 5" flanking sequence of the C/EBPa gene) included a, b, ¢, and a-mut
(probe a with a mutated Sp site) and had the following sequences: probe a,
(—203) AGGAGTCAGTGGGCGTTGCGCCACGATCTCTCTCCA(—168);
probe b, (—203)AGGAGTCAGTGGGCGTTGCGCCAC(—180); probe c,
(—191)GCGTTGCGCCACGATCTCTC(—172); and probe a-mut, (—203)AGG
AGTCAGTAGATCTTGCGCCACGATCTCTCTCCA(—168) (mutated nucle-
otides are underlined).

DNasel footprinting. Mouse 3T3-L1 preadipocytes were maintained and dif-
ferentiated as described above. A 204-bp Smal-Styl fragment of the C/EBPa
gene (nucleotides [nt] —348 to —144) was 5’ end labeled on the noncoding
strand. Nuclear extracts were prepared by the NUN method (described above)
and desalted by passage through a PD-10 column (Pharmacia) previously equil-
ibrated with buffer containing Sp1 storage buffer (Promega). DNasel footprint-
ing was performed in accordance with a protocol obtained from Promega (23a).

Gene constructs, mutations, and transfection. The p468 C/EBPa gene pro-
moter-reporter construct was prepared as previously described (27). Briefly, a
468-bp segment of the 5’ region of the C/EBPa gene (from nt —343 to +125)
containing 343 bp of 5’ flanking sequence and the entire 5’ untranslated region
was excised from pC/EBP9.7 (4) with Smal and Ncol and inserted into the same
sites of the pGL3-BA luciferase expression vector. The Sp site mutant in which
the core Sp binding site sequence (GGGCG) was mutated to AGATC (mutated
bases are underlined) was generated by PCR as previously described (6). The
C/EBP site mutant, in which the core C/EBP binding site sequence (TTGCGC)
was mutated to AGATCT, was generated by PCR as described above. The
authenticity of the mutations was verified by sequencing. The C/EBPa expression
vector (pMSV) was provided by S. McKnight (University of Texas Southwestern
Medical Center). The cDNAs for C/EBPB and Spl (provided by D. Nathans,
Johns Hopkins University School of Medicine) were inserted into the pMT2
expression vector. The TK promoter-luciferase construct (pRL-TK) was from
Promega Corp. The obese gene promoter (700 bp of 5’ flanking sequence)-
luciferase construct was as previously described (11).

Transient transfections were performed on proliferating preconfluent (at 60 to
70% of confluent cell density) 3T3-L1 preadipocytes with 2 ug of the C/EBPa
promoter-reporter construct (wild type or mutant) without or with 2 pg of the
C/EBPB or C/EBPa expression vector and without or with different amounts of
the Sp1 expression vector. Transfections were performed by the calcium phos-
phate coprecipitation method (6). After 48 h, at which time the cells had reached
confluence, cell extracts were prepared and assayed for luciferase activity.

Immunoblotting and alkaline phosphatase treatment. To follow changes in
the level of Sp1 protein following various treatments 2-day postconfluent (day 0)
3T3-L1 preadipocytes, cell extracts were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by immunoblotting.
Treatments with various agents (alone or in combination), including 0.5 mM
MIX, 1 uM DEX, 1 g of INS/ml, or 100 pM Forskolin alone or in combination,
were performed. At various times thereafter, cell monolayers (6-cm dishes) were
washed once with cold phosphate-buffered saline (pH 7.4) and then scraped into
lysis buffer containing 1% SDS and 60 mM Tris-Cl (pH 6.8). Lysates were heated
at 100°C for 10 min, clarified by centrifugation, and then subjected to immuno-
blotting with Sp1 antibody (Santa Cruz). To ascertain whether Spl undergoes
phosphorylation or dephosphorylation when 3T3-L1 preadipocytes are induced
to differentiate, cell lysates from day 0 (undifferentiated) cells or day 8 (fully
differentiated) were subjected to alkaline phosphatase treatment. Cell lysates
(~200 pg of protein) were incubated for 30 min at 37°C without or with 100 U
of calf intestinal alkaline phosphatase (Boehringer Mannheim) in a final volume
of 60 pl, followed by the addition of 100 U of phosphatase and incubation for
another 30 min under the same conditions. The reaction mixtures were then
subjected to immunoblotting with anti-Sp1 antibody.

RESULTS

DNasel footprinting of the C/EBP binding site in the
C/EBPo promoter. Many adipocyte gene promoters possess
C/EBP binding sites that are DNasel footprinted by nuclear
extracts from adipocytes but not by those from preadipocytes
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FIG. 1. Nucleotide sequences in the C/EBPa gene promoter protected from
DNasel digestion (footprinted) by nuclear proteins from 3T3-L1 preadipocytes
and adipocytes. Nuclear extracts were prepared from 3T3-L1 cells either main-
tained in the undifferentiated state (UNDIFF) as preadipocytes or induced to
differentiate into adipocytes (DIFF). A 204-bp Smal-Styl fragment (nt —348 to
—144) of the C/EBPa gene promoter was incubated with increasing amounts (20
to 80 pg of protein) of nuclear extract and then subjected to digestion with
DNasel. The footprinted regions are indicated by vertical hatched boxes indi-
cating the number of nucleotides from the transcriptional start site (determined
by a sequencing gel run in parallel).

(5, 9, 11, 14). This is consistent with the fact that C/EBP« is
expressed by adipocytes but not preadipocytes and functions as
a transactivator of these gene promoters during the adipocyte
differentiation program (7, 23). In contrast, the C/EBPa gene
promoter, which also possesses a functional C/EBP binding
site, is footprinted by both preadipocyte and adipocyte nuclear
extracts (Fig. 1 and reference 4). However, the footprint with
preadipocyte nuclear extract (nt —203 to —176) differs from
that (nt —198 to —176) with adipocyte nuclear extract in that
it extends ~5 bp further 5’ of the C/EBP binding site (Fig. 1).
These findings suggested that another nuclear factor present in
preadipocyte nuclear extract might at least in part be respon-
sible for this footprinting pattern.

EMSA with oligonucleotides that contain the overlapping
C/EBP and Sp binding sites present in the C/EBPa promoter.
Unlike the C/EBP binding sites in other adipocyte gene pro-
moters examined to date, the C/EBP binding site in the
C/EBPa gene promoter possesses an overlapping Sp consensus
sequence near its 5’ end (see Fig. 2). The possibility was con-
sidered, therefore, that the unique footprinting pattern with
preadipocyte nuclear extract might be due to Spl. To deter-
mine whether the factor present in preadipocyte nuclear ex-
tract that footprints the C/EBP binding site is Spl, a 36-bp
oligonucleotide (with excess oligonucleotide probe a; Fig. 2)



VoL. 19, 1999

-168

AGG AGT CAG TGG GCG TTG CGC CAC GAT CTC TCT CCA

-203 Sp core sequence

C/EBP core sequence

a
b
c

FIG. 2. Nucleotide sequence encompassing the C/EBP and Sp binding sites
in the C/EBP « gene promoter. The consensus Sp core binding site and the
consensus C/EBP core sequence for members of the C/EBP family are indicated.
Lines labeled a, b, and c indicate the lengths of the labeled oligonucleotide
probes used in the EMSAs.

encompassing this region was subjected to an EMSA with
preadipocyte and adipocyte nuclear extracts. An array of nu-
clear protein-oligonucleotide complexes was produced (Fig.
3A, lanes 1 and 2), most of which are due to members of the
C/EBP and Sp families of transcription factors. Consistent with
previous findings (4, 21), a rather diffuse group of complexes
(labeled C/EBP in Fig. 3A), attributable largely to homo- and
heterodimers of the two C/EBPa isoforms (p42 and p30 [20]),
is produced with adipocyte, but not preadipocyte, nuclear ex-
tract. This is indicated by the fact that most of these complexes
were supershifted by anti-C/EBPa antibody (lanes 5 and 6).
This region of the gel also contains small amounts of C/EBP«a
heterodimers with the two isoforms (LAP and LIP) of C/EBPB
(21). The slowest-moving complex (lanes 1 and 2 in Fig. 3A) is
formed with both preadipocyte and adipocyte nuclear extract
and is due primarily (70 to 80%) to Spl, as most of this
complex is supershifted by anti-Sp1 antibody (lanes 3 and 4). A
smaller fraction of this complex and all of two other complexes
contain Sp3, as judged by the fact that the equivalent com-
plexes (with a probe containing the Sp site but lacking the
C/EBP binding site) are partially or totally supershifted, re-
spectively, by antibody against Sp3 (Fig. 3C).

To verify these assignments, an EMSA was also performed
with oligonucleotide probes for each of the overlapping Sp and
C/EBP binding sites in the C/EBPa promoter, i.e., probes b
and c (Fig. 2), respectively. As shown in Fig. 3B (lanes 1 and 2
versus lanes 3 and 4) most of the major (i.e., lowest-mobility)
protein complex with the Sp site probe (probe b) was super-
shifted by anti-Sp1 antibody, the remainder being supershifted
by anti-Sp3 antibody (Fig. 3C). The amounts of the Sp1- and
Sp3-containing protein complexes did not differ significantly in
preadipocyte and adipocyte nuclear extracts. In contrast, the
amount of protein-oligonucleotide complex formed with the
C/EBP-site probe (probe c) increased dramatically in termi-
nally differentiated adipocytes (Fig. 3B; compare lanes 5 and
6), almost all of which was supershifted with anti-C/EBP«a
antibody (Fig. 3B; compare lanes 6 and 8). It can be concluded
that Sp1, and to a lesser extent Sp3, can account for the binding
observed at the Sp site (nt —203 to —180) which overlaps the
5’ end of the C/EBP binding site in the C/EBPa promoter.

Spl competes with members of the C/EBP family for bind-
ing to the C/EBPa gene promoter. Since the Sp and C/EBP
binding sites in the C/EBPa gene promoter overlap (Fig. 2), it
seemed likely that binding of Sp1 and members of the C/EBP
family would be mutually exclusive. Experiments in which the
level of probe a (containing both binding sites) was reduced to
a limiting concentration were conducted. Preadipocytes ex-
press Spl but not C/EBPa, while adipocytes express both Spl
(as well as a smaller amount of Sp3) and C/EBPa. Therefore,
the relative amount of Sp-containing protein-oligonucleotide
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complex should be lower with adipocyte than with preadipo-
cyte nuclear extract, since the former contains “competitor”
C/EBPa. Lowering the concentration of probe a by 30-fold
while maintaining the level of preadipocyte and adipocyte nu-
clear extract constant markedly reduced the relative amount of
Sp-containing complex (compare lane 1 relative to lane 2 and
lane 3 relative to lane 4 in Fig. 4A). These findings suggested
that C/EBPa competes with Sp1 and possibly Sp3 for binding
to probe a and is dominant in nuclear extracts from the adi-
pocyte.

To directly determine whether Sp1 interferes with binding of
C/EBPg to the C/EBPa gene promoter, the effect of rC/EBPB
on the binding of rSpl to an oligonucleotide containing both
the C/EBP and Sp binding sites, i.e., probe a, was tested by an
EMSA. The effect of rSpl on the binding of rC/EBPB to the
same oligonucleotide was also tested. As shown in Fig. 4B and
C, increasing the concentration of either transcription factor
caused decreased binding of the other. Similar results were
obtained with rC/EBP3 (results not shown). (It should be
noted that C/EBPq, -B, and -8 all bind to the C/EBP binding
sites in the 422/aP2 and C/EBPa gene promoters [21, 22].) In
other experiments, a 4-base mutation in the Sp regulatory
element of probe a eliminated its activity as a competitor and
prevented the formation of a protein-oligonucleotide complex
with Spl or Sp3 (see below). Together, these findings demon-
strate that members of the C/EBP family and Spl compete
with one another for binding to probe a.

DNasel footprinting experiments were conducted with re-
combinant Sp1 to verify that Sp1 per se binds to the Sp binding
site at the 5’ end of the C/EBP regulatory element in the
C/EBPa promoter. A segment of the proximal 5" flanking
region of the gene containing the overlapping Sp and C/EBP
binding sites was subjected to DNasel footprinting with rSpl
and with rC/EBPB, which served as a representative of the
C/EBP family. It should be noted that C/EBP«, C/EBPR, and
C/EBP% are known to bind to C/EBP binding sites and to
transactivate promoters containing these sites (7, 23). As illus-
trated in Fig. SA, the regions footprinted by rSp1 and rC/EBPB
overlap. Moreover, the regions footprinted by both rSp1 (Fig.
5A) and preadipocyte nuclear extract (Fig. 1) are similar in
that they both extend further (and to the same extent) 5’ than
the regions footprinted by adipocyte nuclear extract (Fig. 1) or
rC/EBPR (Fig. 5A), which are virtually identical. The footprint
of rSp1 does not, however, extend as far 3’ as that of preadi-
pocyte nuclear extract (compare Fig. 1 with Fig. 5A). This
difference in footprinting patterns could be due to covalent
modification of Sp1 derived from preadipocytes which alters its
conformation. Alternatively, it could be due to the interaction
of Spl with another nuclear factor present in preadipocytes,
but not present in the cells from which rSp1 is derived, which
extends the footprint further 3'. Additional evidence that an Sp
family member is primarily responsible for the footprinting
pattern of preadipocyte nuclear extract is provided in Fig. 5B.
Thus, preadipocyte nuclear extract but not adipocyte nuclear
extract (whose footprint is due primarily to C/EBPa) is com-
peted away by oligonucleotide b (Fig. 2), which contains the Sp
binding site. These findings, together with the results of the gel
shift experiments (Fig. 3 and 4), suggest that Sp1 (or Sp3) is
primarily responsible for the footprinting pattern of the
C/EBPa promoter and that in the preadipocyte, Spl or Sp3
might interfere with transactivation by members of the C/EBP
family.

Sp1 blocks transactivation by C/EBP3 and C/EBP« of the
C/EBPa gene promoter. To determine whether the competi-
tion between Sp1 and C/EBP in binding to the overlapping Sp
and C/EBP sites in the C/EBPa promoter observed in vitro
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occurs ex vivo (in preadipocytes), the effect of Sp1 on transac-
tivation of the C/EBPa promoter by C/EBPB or C/EBPa was
investigated. A C/EBPa promoter-luciferase reporter gene
construct containing the overlapping Sp and C/EBP binding
sites was cotransfected into 3T3-L1 preadipocytes with either a
C/EBPB or C/EBPa expression vector along with increasing
levels of an Spl expression vector. In the absence of Spl,
C/EBPB or C/EBPa activated reporter gene expression by 12-
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FIG. 3. EMSA of oligonucleotides corresponding to the Sp and/or C/EBP
binding sites in the C/EBPa gene promoter. (A) EMSA of preadipocyte (P) and
adipocyte (A) nuclear extract and *?P-labeled oligonucleotide a (nt —203 to
—168; see Fig. 2) encompassing both the Sp and C/EBP binding sites. In lanes 3
and 4, nuclear extracts were supershifted with antibody directed against Sp1 and
in lanes 5 and 6 extracts were supershifted with antibody directed against
C/EBPa. (B) EMSA of preadipocyte (P) and adipocyte (A) nuclear extract and
32P-labeled oligonucleotide b (nt —203 to —180, which encompass the Sp core
binding site; Fig. 2) or oligonucleotide ¢ (nt —191 to —172, which encompass the
C/EBP binding site; Fig. 2). In lanes 3 and 4, nuclear extracts were supershifted
with antibody directed against Spl and in lanes 7 and 8 the extracts were
supershifted with antibody directed against C/EBPa. (C) EMSA of preadipocyte
(P) and adipocyte (A) nuclear extract and 3?P-labeled oligonucleotide b (nt —203
to —180, which encompass the Sp core binding site; Fig. 2). In lanes 3 and 4,
nuclear extracts were supershifted with antibody directed against Spl, in lanes 5
and 6, extracts were supershifted with antibody directed against Sp3, and in lanes
7 and 8, extracts were supershi with antibody directed against both Sp1 and Sp3.
In all cases, a 100-fold excess of unlabeled oligonucleotide probes a, b, and ¢
effectively competed away virtually all detectable protein—>?P-labeled oligonu-
cleotide complexes on the gels shown above (results not shown).

to 15-fold (not shown). As shown in Fig. 6A, increasing levels
of a Spl expression vector produced corresponding decreases
of reporter gene expression. At the highest level of Spl ex-
pression vector, inhibition was ~95%. To assess the specificity
of the inhibitory effect of Spl, another adipocyte gene pro-
moter, i.e., the obese gene promoter, which contains a func-
tional C/EBP binding site (11) but lacks an internal or adjacent
Sp binding site, was tested. Cotransfection of a C/EBPa ex-
pression vector along with increasing levels of the Sp1 expres-
sion vector did not inhibit reporter gene expression. Rather,
Spl activated reporter gene expression to a small extent (Fig.
6B). Similarly, Spl activated rather than inhibited reporter
gene expression driven by the C/EBPa promoter in which the
Sp site was mutated (see below). A positive control, i.e., a
minimal TK promoter-luciferase construct (pTK-Luc; Pro-
mega), containing two proximal Sp sites, transfected into
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the C/EBPa gene promoter are mutually exclusive. (A) EMSA of preadipocyte
(P) and adipocyte (A) nuclear extract and differing amounts (the standard level,
0.25 ng or the “limiting” level, 0.008 ng) of 3*P-labeled oligonucleotide a (nt
—203 to —168; see Fig. 2) which encompasses both the Sp and C/EBP binding
sites. Exposure of film for lanes 1 and 2 was 12 h and for lanes 3 and 4 exposure
was 96 h. (B) Effect of rC/EBPB on the binding of rSpl to oligonucleotide a.
EMSA was conducted with a limiting amount (see above) of probe a, the amount
of rSp1 was held constant (10 ng), and the amount of C/EBPB (8.25 ng per pl)
was increased as shown. The inset shows the autoradiograms for gels, corre-
sponding to the 0, 1, and 10 pl levels of rC/EBPB. (C) Effect of rSpl on the
binding of rC/EBP to oligonucleotide a. EMSA was conducted with a limiting
amount (see above) of probe a, the amount of C/EBPB was held constant (8.25
ng) and the amount of rSp1 (10 ng per pl) was increased as shown. The inset
shows the autoradiograms for gels corresponding to the 0-, 1-, and 10-pl levels of
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FIG. 5. DNasel footprint analysis of the C/EBPa proximal promoter. (A) DNasel footprint of a segment (nt
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—348 to —144; cut with Smal and StyI) of the 5" flanking

region of the C/EBPa gene was subjected to digestion with DNasel in the presence of increasing amounts (20 to 80 ng) of rSp1 or rC/EBP. The footprinted regions
are indicated by vertical boxes indicating the number of nucleotides from the transcriptional start site (determined by a sequencing gel run in parallel). (B) DNasel

footprint of a segment (nt

—348 to —144) of the 5’ flanking region of the C/EBPa gene was subjected to digestion with DNasel in the presence or absence of nuclear

extract (80 pg of protein) from undifferentiated (UNDIFF) or differentiated (DIFF) 3T3-L1 cells and increasing amounts of unlabeled oligonucleotide corresponding

to the Sp binding site (nt —203 to —180) in the C/EBPa promoter.

3T3-L1 cells, produced “dose-dependent” transactivation by
the Sp1 expression vector (2 and 4 pg of the expression vector
produced ~3- and ~8-fold increases in reporter gene expres-
sion, respectively).

To verify that “transinhibition” by Sp1 occurs through the Sp
site, which overlaps the C/EBP binding site in the C/EBPa
promoter, this site was mutated. Initially, the effect of the
mutation on Sp1 binding was determined by EMSA. As shown
in Fig. 7A (lanes 1 and 2 versus lanes 5 and 6), mutation of the
Sp site in probe a completely eliminated the complexes pro-
duced by preadipocyte or adipocyte nuclear extract attribut-
able to Sp1 and Sp3 (Fig. 3A to C). Moreover, excess unlabeled
mutant probe a-mut had no effect on binding at the Sp site
(Fig. 7A; compare lanes 1 and 2 and lanes 3 and 4), but
effectively competed away the complexes attributable to mem-
bers of the C/EBP family, primarily C/EBPa (compare lanes 1
and 2 and lanes 3 and 4 in Fig. 7A; see also Fig. 3A and B).
Probe a-mut, which has a mutation in the Sp site, had no effect
on binding at the C/EBPa site as indicated by the persistence
of the protein-oligonucleotide complexes ascribed to C/EBPa
(compare lanes 2 and 6, Fig. 7A) and verified by supershifting
with anti-C/EBPa antibody (compare lanes 6 and 8, Fig. 7A).

Mutation of the same 4 nt in the C/EBPa promoter-reporter
gene construct completely prevented Spl-mediated inhibition
of transactivation by C/EBPa (compare Fig. 7B with Fig. 6A).
Rather, Spl had a small additive activating effect on transac-
tivation by C/EBPa, a pattern similar to that of another adi-
pose-specific promoter (the obese gene promoter; Fig. 6B) that
possesses a C/EBP binding site but lacks a Sp binding site.

Furthermore, as shown in Fig. 7C, the magnitude of transac-
tivation of the C/EBPa promoter by C/EBPa was increased by
a factor greater than twofold by mutating the Sp site in 3T3-L1
preadipocytes, presumably as a result of release from inhibi-
tion by Sp1 with the mutant construct. Mutation of the C/EBP
binding site in the promoter markedly decreased transactiva-
tion by members of the C/EBP family (results not shown).
While as might be expected, Sp1 had no inhibitory effect as the
C/EBPs (with which Sp1 competes with the wild-type promoter
construct) could not bind and transactivate, Spl did have an
small activating effect (Fig. 7B).

The effect of the Spl and C/EBP site mutations was also
assessed during the early stage of the differentiation program.
Thus, the wild-type promoter-luciferase, C/EBP site-mutated
promoter-luciferase, and Sp site-mutated promoter-luciferase
constructs were transfected into postconfluent (D,) 3T3-L1
preadipocytes. Twenty-four hours after transfection, the cells
were induced to differentiate and after an additional 24 h, cell
extracts were prepared and luciferase assays were performed.
It should be noted that it is during this period that Sp1 levels
and activity decline and C/EBP@ and -8 increase (though not
yet maximally). As shown in Fig. 7D, reporter gene activity was
increased approximately twofold 24 h after induction of differ-
entiation, and mutation of the C/EBP binding site prevented
this increase. Consistent with a repressive role for Sp1l during
this time window, mutation of the Sp site gave rise to an
approximately fivefold increase in reporter gene activity. These
results support our proposal that Spl prevents transactivation
of the C/EBPa promoter by C/EBPB and/or -8. Taken to-
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FIG. 6. Effect of Sp1 on transactivation by C/EBPB or -a mediated by the C/EBPa or obese gene promoters. (A) A C/EBPa promoter-luciferase reporter gene
construct (2 pg) containing 343 bp of 5’ flanking sequence and 125 bp of 5’ untranslated sequence of the promoter was cotransfected into 3T3-L1 preadipocytes with
a C/EBP or C/EBPa expression vector (2 pg) and increasing amounts of an Sp1 expression vector. After 48 h, luciferase assays with cell lysates were conducted. (B)
An obese gene promoter-luciferase reporter gene construct (2 pg) containing 700 bp of 5’ flanking sequence of the promoter (containing a C/EBP regulatory element
at nt —55) was cotransfected into 3T3-L1 preadipocytes with a C/EBPa expression vector (2 wg) and increasing amounts of an Spl expression vector. After 48 h,

luciferase assays with cell lysates were conducted.

gether, these results indicate that Sp1 acts as a competitor with
the C/EBPs which interact with the C/EBP/Sp binding site in
the C/EBPa promoter and suggest that Sp1 (and possibly Sp3)
contributes to repression of the C/EBPa gene in the preadi-
pocyte prior to induction of differentiation.

Effect of differentiation inducers on the phosphorylation,
level, and binding activity of Sp1l. Given that Sp1l can repress
the C/EBPa gene promoter, the question is raised as to
whether the level and/or binding activity of Sp1 changes during
the time window of the differentiation program during which
transcription of the C/EBPa gene is initiated. To address this
issue, the cellular level of Sp1 was monitored by immunoblot-
ting during the course of the differentiation. Sp1 gives rise to
two bands of ~95 and 105 kDa by SDS-PAGE (Fig. 8A).
Previous studies (12) have shown that the doublet pattern of
Sp1 on SDS gels is due to differences in phosphorylation state,
the more highly phosphorylated form exhibiting slower mobil-
ity. To verify that the doublet of Sp1 observed in Fig. 8A is due
to a difference in phosphorylation state, cell extracts from day
0 and day 8 3T3-L1 preadipocytes and adipocytes were sub-
jected to alkaline phosphatase treatment prior to SDS-PAGE.
As shown in Fig. 8B phosphatase treatment caused both dou-
blets to collapse into the higher-mobility form. This finding
indicates that both phosphorylated and dephosphorylated
forms of Spl were present.

Of particular interest is the fact that the level of Spl (most
notably the slower migrating and apparently more phosphor-
ylated form) falls abruptly, i.e., on days 1 and 2, following
exposure of preadipocytes to the differentiation inducers
(MIX, INS, and DEX) (Fig. 8A). This decrease in Sp1 level is
reflected in a decrease in binding activity (measured by EMSA

with a limiting level of an oligonucleotide, i.e., probe a, which
contains both the Sp and C/EBP binding sites found in the
C/EBPa promoter) by nuclear extracts from preadipocytes fol-
lowing exposure to the differentiation inducers (Fig. 9). It is
evident (Fig. 9A and C) that the amount of the low-mobility
protein-oligonucleotide complex (due primarily to Spl; see
above) decreases and the complexes containing C/EBPB and -3
followed by C/EBPa increase. The increases in the complexes
due to members of the C/EBP family correspond well to the
levels of the C/EBPs assessed by Western blotting (Fig. 9B and
C). It should be noted that during differentiation, the level of
Sp3 does not change significantly (results not shown); hence,
the decrease in the amount of the low-mobility complex (Fig.
9A and C) appears to reflect the fall in the level and/or state of
phosphorylation of Spl (Fig. 8A and D). By day 3, however,
Spl returns to the preinduction level (Fig. 8A) while the level
of C/EBPa remains high (5). It is not known at present why the
return of Sp1 later in the differentiation program is not accom-
panied by a decrease in the expression of C/EBPa. Conceiv-
ably, C/EBPa becomes covalently modified late in the pro-
gram, which increases its binding affinity. Further studies will
be required to address this issue.

To determine which of the differentiation inducers causes
the changes in Sp1 level and phosphorylation state, each com-
ponent was tested alone and in combination. As shown in Fig.
8C, MIX was found to be the inducer responsible for lowering
the level of Sp1 after exposure for 24 h. MIX is an inhibitor of
cAMP phosphodiesterase and is capable of increasing the cel-
lular cAMP concentration of 3T3-L1 preadipocytes (12a). To
determine whether cAMP per se has an effect on Sp1 level, the
effect of Forskolin, a specific activator of adenyl cyclase (25),
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was compared with the effects of MIX and the complete mix- It can be concluded that an increase in cAMP following expo-
ture of the differentiation inducers MIX, DEX, and INS sure of growth-arrested preadipocytes to the differentiation
(MDI). As shown in Fig. 8D, Forskolin, like MIX and MDI, inducers, notably MIX, causes the decrease in the cellular level
caused a rapid (within 2 to 4 h) decrease in both forms of Spl. of Spl.
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FIG. 8. Effect of adipocyte differentiation inducers on the level and phos-
phorylation state of Sp1. (A) Two-day postconfluent 3T3-L1 preadipocytes were
induced to differentiate into adipocytes by using the standard differentiation
protocol described in Materials and Methods. At different times (subscripts
indicate to the number of days following induction of differentiation) after the
induction of differentiation, cell lysates were subjected to SDS-PAGE and then
Western blotted with anti-Sp1 antibody. (B) Cell lysates on day 0 and Day 8 were
subjected to dephosphorylation by alkaline phosphatase treatment (see Materi-
als and Methods). Following dephosphorylation, cell lysates were subjected to
SDS-PAGE and Western blotting with anti-Sp1 antibody. (C) Two-day postcon-
fluent 3T3-L1 preadipocytes were exposed to individual components of the
differentiation inducer mixture either alone or in combination. After 24 h, cell
lysates were analyzed as described for panel A. M, MIX; D, DEX; I, INS. (D)
Two-day postconfluent 3T3-L1 preadipocytes were exposed to MIX, Forskolin,
or MDI for the times indicated, after which cell lysates were analyzed as de-
scribed for panel in A.

DISCUSSION

The proximal promoter of the C/EBPa gene possesses over-
lapping Sp and C/EBP binding sites (Fig. 2). Previous studies
(4, 20-22) have shown that members of the C/EBP family of
transcription factors bind to and transactivate the C/EBPa
promoter through the C/EBP element. As shown in the present
article, the ubiquitous transcription factor Sp1 binds to the Sp
site located at the 5’ end of the C/EBP binding site in the
promoter (Fig. 2). In vitro binding experiments revealed that
binding of Spl to the Sp site prevents binding to the C/EBP
binding site by members of the C/EBP family, e.g., C/EBPa
and C/EBPg (Fig. 4; see also Fig. 9) as well as C/EBP3 (results
not shown). Competition among members of the Sp and
C/EBP families also occurs ex vivo in the 3T3-L1 adipocytes
(Fig. 4A). Thus, transactivation of a C/EBPa promoter-re-
porter gene by C/EBPB or C/EBPa was blocked by overex-
pression of Sp1 (Fig. 6A). Several lines of evidence show that
the effect of Sp1 is mediated through the Sp site per se, rather
than through an indirect effect on members of the C/EBP
family. Thus, mutation of the Sp site prevents both binding and
trans-inhibition by Sp1 (Fig. 7A and B) and actually increased
the response to C/EBPa«, presumably by eliminating competi-
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tion by Spl (Fig. 7C). Since Spl is constitutively expressed at
relatively high levels by preadipocytes and binds to the Sp site
in the C/EBPa promoter with high affinity, it seems likely that
this site would be occupied by Spl in the preadipocyte before
induction of differentiation. These findings suggest that Spl
acts as a repressor of the C/EBPa gene, and thereby of adipo-
cyte differentiation. It should be noted that in other contexts
Sp1 and specific C/EBPs can cooperate positively to activate
transcription of a promoter. For example, C/EBPB, but not
C/EBPaq, can act synergistically (in HepG2 cells) with Spl to
activate transcription mediated by the CYP2D5 gene pro-
moter, a promoter that contains both C/EBP and Sp binding
sites (16).

Evidence from several laboratories suggests that several
members of the C/EBP family of transcription factors partici-
pate in the adipocyte differentiation program through a cas-
cade mechanism (2, 30-32). C/EBPB and C/EBPS§ are ex-
pressed early in the differentiation program preceding the
expression of C/EBPa (2, 6a, 32). Moreover, all three of these
C/EBPs have the capacity to bind and to transactivate the
C/EBPa gene through a C/EBP binding site in the proximal
promoter (20-22, 32). Therefore, it would be necessary for Sp1
to vacate the Sp site in the promoter at the appropriate point
in the differentiation program. C/EBPB and C/EBP3S are ex-
pressed within 8 h after the exposure of 3T3-L1 preadipocytes
to differentiation inducers and are maximal by 14 to 16 h (Fig.
9). Expression of C/EBPa begins about 36 h after induction,
when the levels of C/EBPB and C/EBPS are at their maximum
(Fig. 9). However, as mentioned above, in the preadipocyte,
the C/EBP binding site is obscured by Sp1 and must be vacated
before C/EBPB and C/EBP3 can bind. The present investiga-
tion suggests a mechanism by which the C/EBP binding site
(with an Sp site at its 5" end) may be vacated to allow tran-
scriptional activation of the gene by C/EBPB and C/EBP3. We
found that one of the differentiation inducers, notably MIX (a
cAMP phosphodiesterase inhibitor) or Forskolin (or dibutyryl-
cAMP; results not shown), triggers the decrease in the level of
Sp1. This decrease in Sp1 level is accompanied by a decrease in
Spl binding capacity as indicated by EMSA (Fig. 9A). Com-
pelling evidence obtained with other cell systems indicates that
cAMP increases the rate of turnover of Sp1 (8). Importantly, a
decrease in the cellular level of Sp1 would allow C/EBPB and
C/EBP3 access to the C/EBP binding site in the C/EBPa gene
promoter and thus, transactivation of the gene.

It is important that C/EBPa not be expressed prematurely,
i.e., before preadipocytes undergo mitotic clonal expansion,
since C/EBPa is antimitotic (28) and would prevent this critical
mitosis. A delay in expression of the gene would guarantee that
mitosis occurs before expression of C/EBPa. Considerable in-
direct evidence indicates that the “critical mitosis” is required
for terminal differentiation (7, 23), presumably because
changes in chromatin structure that accompany DNA replica-
tion allow access of cis-elements to frans-acting factors which
activate (or derepress) transcription of the genes (e.g., the
C/EBPa gene) that are necessary for differentiation.

We have shown that, in addition to negative regulation of
the C/EBPa gene in the preadipocyte by Spl, this gene is also
controlled through another repression mechanism (13, 27).
Previously, we identified dual repressive elements in the
C/EBPa gene promoter and a transacting factor (CUP) ex-
pressed by preadipocytes but not adipocytes that binds to these
elements (27). CUP was purified from nuclear extracts of
3T3-L1 preadipocytes. Amino acid sequencing and mass spec-
tral analysis of the protein showed it to be an isoform of the
transcription factor AP-2a (13). CUP/AP-2a is expressed by
preadipocytes and during differentiation its expression de-
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creases concomitantly with the transcriptional activation of the
C/EBPa gene. Consistent with a repressive role of AP-2a/
CUP, an AP-2al expression vector cotransfected with a
C/EBPa promoter-reporter construct into 3T3-L1 adipocytes
inhibits reporter gene transcription. Thus, two mechanisms
guarantee that expression of the C/EBPa gene is repressed in
the preadipocyte, repressed by Spl at the C/EBP binding site
as reported in this article, and repressed by CUP/AP-2a at dual
CUP repressor binding sites in the promoter and 5’ untrans-
lated region of the gene (13, 27).
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