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ABSTRACT
Leptin is a hormone produced in adipose cells that regulates energy

expenditure, food intake, and adiposity. To understand leptin’s tran-
scriptional regulation, we are studying its promoter. Four conserved
and functional regions were identified. Mutations in the C/EBP and
TATA motifs each caused an approximately 10-fold decrease in pro-
moter activity. The C/EBP motif bound recombinant C/EBPa and
mediated trans-activation by C/EBPa, -b, and -d. Mutation of a con-
sensus Sp1 site reduced promoter activity 2.5-fold and abolished bind-
ing of Sp1. Mutation of a fourth factor-binding site, denoted LP1,
abolished protein binding and reduced promoter activity 2-fold. Fac-
tor binding to the LP1 motif was observed with adipocyte, but not with

nonadipocyte extracts. Adipocytes from fa/fa Zucker rats transcribed
the reporter plasmids more efficiently than did control adipocytes. No
effect on the transient expression of leptin was noted upon treatment
with a thiazolidinedione, BRL49653, or upon cotransfection with per-
oxisome proliferator-activated receptor-g/retinoid X receptor-a or ste-
rol response element-binding protein-1. Mutations of the Sp1, LP1,
and C/EBP sites in pairwise combinations diminished promoter ac-
tivity to the extent predicted assuming these motifs contribute inde-
pendently to leptin promoter function. Our identification of motifs
regulating leptin transcription is an important step in the elucidation
of the mechanisms underlying hormonal and metabolic regulation of
this gene. (Endocrinology 139: 1013–1022, 1998)

LEPTIN is a hormone produced in adipose cells that is
important in the regulation of energy expenditure,

food intake, and adiposity (1, 2). Leptin is a signal from
adipose tissue to the rest of the body reporting the degree of
adiposity; circulating leptin levels correlate best with the
amount of body fat (3, 4). Mice lacking a functional leptin
(formerly ob or obese) gene become massively obese and de-
velop diabetes mellitus due to overeating and decreased
metabolic expenditure (5). These mice are also hypogonadal
and hypercorticosteronemic, presumably on a hypothalamic
basis. Leptin treatment of lepob/lepob mice reverses all of these
abnormalities, and in normal mice causes decreased food
intake, increased energy expenditure, and weight loss (6–8).

Mice homozygous for a nonsense mutation in the leptin
gene (lepob/lepob) show a 20-fold increase in leptin RNA levels
(1), suggesting that the leptin gene is subject to transcriptional
regulation. Similarly, mutations in the leptin receptor (leprdb/
leprdb mice and fa/fa rats) cause increased leptin RNA. Leptin
levels are regulated by factors in addition to adiposity. Pro-
tein and RNA levels decrease in response to b-adrenergic
agonists or starvation and are increased by glucocorticoids or
insulin (9–11). To understand leptin’s transcriptional regu-
lation, we isolated the leptin promoter (12) and report here
its detailed characterization.

Materials and Methods
Plasmids

Standard cloning methods were used (13). Luciferase reporters
are derivatives of pGL2-Basic (Promega, Madison, WI); plasmids
p(2762)lep-luc, p(2456)lep-luc, p(2161)lep-luc have been described
and were previously named p(xx)ob-luc (12). Plasmids p(26900)lep-luc
(p1613) and p(23800)lep-luc (p1618) were constructed from p(2762)lep-
luc digested with either XbaI/KpnI or KpnI by insertion of the contiguous
6550-bp XbaI/KpnI or 3400-bp (KpnI)HindIII/KpnI genomic fragment of
the leptin promoter. Clustered point mutations (creating HindIII or NheI
sites) were introduced into p(2762)lep-luc by a PCR-based method (14).
The mutated plasmids (see Figs. 3 and 4 for base changes) are named
using the base number of the 39-most base in the mutation, with the
sequence and cap site determined previously (12); there are slight num-
bering differences between these and those previously reported (15, 16).
Our laboratory designations for these plasmids are: m7, p1761; m16,
p1760; m21, p1757; m27, p1581; m47, p1649; m52, p1594; m53, p1645;
m59, p1647; m67, p1579; m85, p1797; m95, p1578; m109, p1799; m135,
p1803; m47,59, p1651; m52,85, p1834; m52,95, p1801; and m85,95, p1848.
Plasmids p(2135)lep-luc (p1809), p(2109)lep-luc (p1807), p(295)lep-luc
(p1583), p(285)lep-luc (p1805), p(267)lep-luc (p1585), p(252)lep-luc
(p1589), and p(227)lep-luc (p1587) were constructed by digestion with
HindIII and religation of plasmids m135, m109, m95, m85, m67, m52,
and m27, respectively. PCR-generated regions were confirmed by
sequencing.

The C/EBPa expression plasmid was provided by C. Vinson (17).
Expression plasmids for C/EBPb (p1607) and C/EBPd (p1608) were
constructed by insertion of an 850-bp EcoRI fragment of pMEX-CRP2
(C/EBPb) or a 850-bp BamHI fragment of pMEX-CRP3 (C/EBPd) with
HindIII linkers (18) into HindIII-digested pRc/cytomegalovirus (CMV;
Invitrogen, San Diego, CA).

Transient expression

Transient expression in primary rat adipocytes (CD strain, Charles
River Laboratories, Wilmington, MA) (12, 19) and luciferase (Promega
Luciferase Assay System) and chloramphenicol acetyltransferase (CAT)
assays (20) were performed as previously described. Two independent
clones were assayed for each construct. Rous sarcoma virus (RSV)-CAT
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was used as an internal control. Results are expressed as a percentage
of the activity of p(2762)lep-luc in the same experiment (e.g. 100 3
(luciferaseexp/CATexp)/(luciferasep(2762)lep-luc/CATp(2762)lep-luc) and
and are the mean 6 sem of the indicated number of experiments per-
formed in duplicate or triplicate. Results have been normalized to the
number of moles of plasmid transfected. To avoid cell breakage, ma-
nipulations were performed more gently with adipocytes from fa/fa
Zucker rats. For example, only gentle shaking every 15 min was used
during the collagenase digestion. The electroporation protocol uses a
constant volume of cells; thus, the cell number of fa/fa Zucker adipocytes
transfected was smaller.

HeLa cells were transiently transfected using Lipofectamine (Life
Technologies, Grand Island, NY) as described by the manufacturer. The
internal control was pRL-CMV (Promega), and the dual luciferase assay
system (Promega) was used.

Electrophoretic mobility shift analysis

Electrophoretic mobility shift assays were performed as previously
described (21, 22) except for the following. Adipose cells were lysed (23)
(without the Polytron), and nuclei and nuclear extracts were prepared
(24). Protein concentrations were determined (Bio-Rad Protein Assay,
Hercules, CA), and binding reactions were performed in 25 mm HEPES
(pH 7.5), 16 mm KCl, 50 mm NaCl, 1 mm MgCl2, 2 mm ZnCl2, 1 mm
dithiothreitol, 40 mg/ml BSA, 0.01% Nonidet P-40, and 8% glycerol.
Electrophoresis in 4% or 6% polyacrylamide gels used 0.5 3 TBE. Poly-
clonal antisera to Sp1, Sp3, and Sp4 (1 mg; Santa Cruz Biotechnology,
Santa Cruz, CA) was added after the DNA and then incubated for 60 min
(4 C) before electrophoresis. Figure 4 describes the wild-type oligonu-
cleotide sequence and mutations used in the C/EBPa binding assays.
Other oligonucleotides are (only one strand is shown): aP2 (25) (x312/
x313), 59-AACCAAAGTTGAGAAATTTCTATTAAAAAC; wt95 (x314/
x315), 59-GCCCGCTGGGTGGGGCGGGAGTTGGCGCTC; m95 (x267/
x271), 59-GCCCGCTGGGTGaaGCttGAGTTGGCGCTC; wt85 (x414/
x415), 59-AGTTGGCGCTCGCAGGGACTGGGGCTGGCC; wt85a
(x490/x491) 59-GGGGCGGGAGTTGGCGCTCGCAGGGACTGG; and
m85 (x408/x409), 59-GGGGCGGGAGTTaagctTCGCAGGGACTGG.
Methylation interference analysis was performed essentially as previ-
ously described (13).

Results
Identification of leptin regulatory regions

To identify the DNA elements contributing to leptin ex-
pression, a series of reporters with varying amounts of 59-
sequence from the murine gene was constructed. These plas-
mids were tested for activity by transient expression in
primary rat adipocytes (Fig. 1). Seven plasmids containing
between about 6700 and 109 bp of 59-sequence showed a
2.2-fold range in reporter activity. More dramatic decreases
in promoter activity were observed on deletion from 2109 to
295, from 285 to 267, and from 267 to 252. Deletion from
252 to 227 may also decrease expression, but this could not
be assessed due to the already low activity of the 252 de-
letion. These data are consistent with small, but significant,
effects on expression from regions upstream of 2109 and
identify three promoter regions between 2109 and the TATA
motif that contribute strongly to promoter activity.

Another potential source of leptin regulation is the RNA
structure itself: A small fraction of leptin RNAs have an extra
93-bp exon in the 59-untranslated region (12). When this exon
was placed in its native configuration in the 59-untranslated
region of a leptin-luciferase construct, no effect on expression
was seen. (Expression was 99 6 19% (n 5 4) that of
p(2762)lep-luc, which does not contain the 93-bp exon but
is otherwise identical.)

Leptin promoter point mutants

To define more accurately the specific bases contributing
to proximal promoter function, a series of clustered point
mutants was tested for promoter activity. In the regions
implicated by the deletion mutants, sequences conserved

FIG. 1. Activity of leptin promoter de-
letions. Transient expression in pri-
mary adipose cells from CD rats was
performed as described in Materials
and Methods. Plasmids are named for
the number of bases included upstream
of the start of exon 1. Data are pre-
sented as a percentage of the activity of
p(2762)lep-luc. Bars are the mean 6 SE,
with the number of independent deter-
minations given underneath.
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between mouse and human were chosen for mutation (Fig.
2). The region between the TATA and cap sites was strikingly
conserved (more so than exon 1 or other promoter regions),
but mutations in this region (m7, m16, and m21) did not have
a large effect on promoter activity. Presumably our transient
expression assay is insensitive to the conserved function(s) of
this region. Mutations in two nonconserved regions (m67
and m135) served as controls and had little effect on pro-
moter activity.

In contrast, mutants m27 and m52 had particularly severe
effects on promoter performance, each decreasing activity
approximately 10-fold. The TATA box is mutated in m27,
whereas a C/EBP motif is mutated by m52. A less drastic
effect, a 2.5-fold drop in activity, was produced when a
putative Sp1 motif (TGGGGCGGGA) was disrupted in m95.
In m85, a 2-fold decrease in activity was caused by changing
the conserved region centered at 287, hereafter denoted LP1.

The LP1 sequence is not an obvious match to known tran-
scription factor-binding motifs.

Transient expression in fa/fa Zucker adipocytes

To look for adiposity-mediated regulation of leptin ex-
pression, we transfected the leptin promoter constructs into
adipose cells from fa/fa Zucker rats. These rats have a mu-
tated leptin receptor (26), greatly increased adipose stores,
and increased leptin RNA levels. Due to their larger size,
fewer fa/fa cells are contained in the volume used for trans-
fection. Consistent with the fewer number of cells, luciferase
and CAT activities were proportionately lower in the fa/fa
cells. To allow comparison between these two cell types, each
assay included samples transfected with RSV-luc and CMV-
luc. However, the RSV-luc and CMV-luc reporters were ex-
pressed at different levels in the fa/fa and CD cells. In Table
1, we present the leptin promoter activity normalized to

FIG. 2. Effect of leptin promoter point
mutations. Comparison of the murine
(m) and human (h) leptin promoters is
shown at the top, with the Sp1, LP1,
C/EBP, and TATA motifs labeled and
double underlined. Shown underneath
the murine sequence are the base
changes made to create the indicated
point mutants. Transient expression in
primary rat adipose cells was per-
formed as described in Materials and
Methods. Data are presented as a per-
centage of the activity of the unmutated
p(2762)lep-luc. Bars are the mean 6 SE,
with the number of independent deter-
minations given underneath. The mu-
rine and human sequences are from
GenBank files U36238 and U43589.
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RSV-luc and CMV-luc, as it is not clear which is the appro-
priate choice. Leptin promoter activity was 2- or 7-fold higher
in the fa/fa cells (depending on whether normalization was to
RSV-luc or CMV-luc).

To look for specific elements causing the increased ex-
pression, we measured the activity of the promoter deletions
in fa/fa cells (Fig. 3). The numbers at the top of Fig. 3 are the
ratio of mutant promoter activity in fa/fa cells relative to that
in CD cells, normalized so that the ratio of p(2762)lep-luc is
1, thus removing any assumptions about transfection effi-
ciency or relative strength of the control reporter. The shorter
promoters were expressed relatively better in fa/fa cells. This
suggests that shorter promoters are sufficient for maximal
activity in the fa/fa cells, whereas the CD cells need a longer
promoter. To examine the role of the C/EBP and Sp1 motifs,
the promoter activity of point mutations in these motifs was
tested. Expression from plasmids m52 and m95 was reduced
to 11.5 6 1.8% (n 5 5) and 31.9 6 1.1% (n 5 4) that of
p(2762)lep-luc, respectively. Thus, individual C/EBP or Sp1
mutations in the context of the 762-bp promoter had similar

effects in fa/fa Zucker and CD adipocytes. Taken together,
these data suggest that the leptin promoter is transcribed
more efficiently in fa/fa cells, with a disproportionate con-
tribution from the proximal promoter (although neither the
C/EBP nor the Sp1 motif contributes disproportionately).

Analysis of the C/EBP-binding region

We previously identified the leptin promoter C/EBP motif
and reported that C/EBPa coexpression increased leptin
promoter activity (12). We have now undertaken a detailed
analysis of this motif. Binding of recombinant C/EBPa (17)
to this region was studied using electrophoretic mobility
shift experiments. The C/EBPa protein bound the leptin
C/EBP motif with high avidity, comparable to that for the
C/EBP site in the aP2 promoter (25) (Fig. 4a and data not
shown). Mutations within the leptin promoter C/EBP motif
reduced (m53) or abolished (m52) C/EBPa binding (Fig. 4a).
Competition experiments confirmed these results and were
consistent with a 10- to 100-fold reduction in C/EBPa bind-

FIG. 3. Expression in fa/fa Zucker adi-
pocytes. Transient expression in pri-
mary adipose cells from fa/fa Zucker
rats was performed as described in Ma-
terials and Methods and Fig. 1. Data
are presented normalized to the ex-
pression of p(2762)lep-luc in fa/fa adi-
pocytes. The number above each bar is
the ratio of activity in fa/fa Zucker to
CD cells (setting the RSV-CAT-normal-
ized luciferasefa/fa, p(2762)lep-luc:lucif-
eraseCD, p(2762)lep-luc ratio equal to 1).
The activity of p(252)lep-luc was too
low to calculate ratios accurately. Data
are the mean 6 SE of five experiments.

TABLE 1. Promoter activity in Zucker fa/fa adipocytes

Plasmid
Raw luciferase
CD adipocytes

(arbitrary units)

Raw luciferase
fa/fa adipocytes
(arbitrary units)

fa/fa::CD
(to RSV-luc)

fa/fa:CD
(to CMV-luc)

p(2762)lep-luc 22 6 12 6.5 6 1.9 1.98 7.20
RSV-luc 464 6 112 87 6 50 (1.00) 3.34
CMV-luc 6702 6 2396 153 6 81 0.35 (1.00)

Adipocytes from the indicated rats were transfected, and luciferase activity was measured (arbitrary units) in the same manner for all
samples. Raw luciferase data (mean 6 SEM; n 5 3) are per mg transfected DNA, but have not been normalized to the internal RSV-CAT control.
Due to the larger size of the fa/fa cells, 5- to 10-fold fewer cells were used for the fa/fa transfections. The ratio of fa/fa:CD luciferase activity
was calculated after normalization to the RSV-CAT. For example, the p(2762)lep-luc fa/fa:CD to RSV-luc ratio was calculated as
follows: (luciferasefa/fa,p(2762)lep-luc /CATfa/fa,p(2762)lep-luc)/(luciferaseCD,p(2762)lep-luc /CATCD,p(2762)lep-luc) 3 (luciferaseCD,RSV-luc /CATCD,RSV-luc)/
(luciferasefa/fa,RSV-luc /CATfa/fa,RSV-luc). RSV-luc is pRSV-L (57) and CMV-luc is pCIS2-luc (19).
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ing by the m53 site (data not shown). Mutations abutting the
C/EBP motif (m47, m59, and m47,59) had no effect on
C/EBPa binding (Fig. 4a).

Transient expression experiments showed a correlation
between C/EBPa binding and promoter activity (Fig. 4b),
suggesting that C/EBP factors function at this site in cells.
Two E box motifs (CAnnTG), similar to sites used to regulate
genes important in metabolism (27), overlapped the C/EBP
site. However, mutations of these E boxes (m47, m59, and
m47,59) did not affect promoter activity.

We next examined the ability of two other C/EBP family
members to trans-activate the leptin promoter. Cotransfec-
tion with C/EBPb or C/EBPd also stimulated transcription
(Fig. 4c). Obliteration of the C/EBP site (m52) abolished
trans-activation, whereas the mutant with a less severely
mutated site (m53) could still be trans-activated, albeit at a
reduced level and with a shifted dose-response curve (Fig. 4c
and data not shown). Taken together, these data demonstrate
that the C/EBP site is of fundamental importance for leptin
promoter activity.

We also tested C/EBPa trans-activation of leptin promoter
deletion constructs. Remarkably, p(267)lep-luc (the minimal
C/EBP and TATA promoter) was trans-activated about 800-
fold, compared with approximately 25-fold for p(2762)lep-
luc (12). Thus, with cotransfected C/EBPa, these two plas-
mids showed a similar absolute level of luciferase expression.
The p(267)lep-luc plasmid is one of the most C/EBP-re-
sponsive constructs known. The strong trans-activation by
C/EBPa of p(267)lep-luc suggests that upstream elements
may modify C/EBPa action in the intact promoter.

Analysis of the Sp1-binding region

The site centered at 297 is an exact match to the Sp1 core
motif sequence. To test for protein binding to this region, the
binding of recombinant Sp1 and that of rat adipocyte nuclear
extracts was examined. The recombinant Sp1 bound well to
the 297 region, but less avidly than to the highest affinity Sp1
sites from the simian virus 40 promoter (Fig. 5, lanes 1–6),
probably due to bases 293A (G binds better) and 292G (C
or T bind better) (28). Electrophoretic mobility shift assays
using adipocyte nuclear extracts showed a complex of the
expected mobility for Sp1-DNA and faster migrating com-
plexes (Fig. 5, lanes 7–14). Three independent nuclear ex-
tracts gave similar results. Mutation m95 abolished all bind-
ing to this region (Fig. 5, lane 15), as did competition with
unlabeled wt95 DNA (not shown). To confirm that Sp1 was
responsible for the slowest complex, antibody to Sp1 was
used to specifically retard the mobility of Sp1-DNA com-
plexes. Most of the putative Sp1-DNA complexes were in-
deed reactive with anti-Sp1 (Fig. 5, lanes 7–14) and not with
other antibodies (to Sp3, Sp4, or chicken globin; data not
shown). Taken together, these data suggest that Sp1 is the
predominant protein binding to the 297 region of the leptin
promoter and that the 2.5-fold reduction in expression in m95
is due to the loss of this factor’s contribution.

Analysis of the LP1 site

As mutation of the conserved LP1 region at 287 of the
leptin promoter resulted in a 2-fold drop in promoter activ-

FIG. 4. Analysis of the C/EBP motif. A, Leptin promoter sequence
(239 to 268) showing the C/EBP motif (shaded) and two putative E
box motifs (boxed). The base changes used to mutate only the C/EBP
motif (m53), only the left E box (m59), only the right E box (m47), both
E boxes (m47,59), and the C/EBP motif and both E boxes (m52) are
indicated beneath the sequence. Electrophoretic mobility shift assays
(see Materials and Methods) were performed with the indicated oli-
gonucleotide probes (m53, m52, m59, m47, and m47,59), labeled with
kinase to similar specific activities, using 210 pmol recombinant
C/EBPa (17) and 25 fmol probe. Where indicated, a 100-fold molar
excess of the unmutated competitor (WT) was included. B, Promoter
activity of mutants in the C/EBP region. Mutations were introduced
into the p(2762)lep-luc reporter and assayed for function in adipo-
cytes from CD rats. Data are presented as a percentage of the activity
of the unmutated p(2762)lep-luc. Bars are the mean 6 SE, using
results from 8, 15, 4, 4, and 4 (left to right) independent assays. C,
Trans-activation by C/EBPa, -b, and -d. The indicated reported vec-
tors [m53, m52, or WT, which is p(2762)lep-luc] were cotransfected
with expression vectors for C/EBPa (a), C/EBPb (b), and C/EBPd (d)
or with empty pRc/CMV expression vector (v) or pUC18 (2). Data are
the average of two independent experiments.
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ity, this region was examined for factor binding. Incubation
of adipocyte nuclear extract with the wt85 oligonucleotide
produced a protein-DNA complex (Fig. 5, lanes 16–21). Sim-
ilar patterns were obtained with three independent nuclear
extracts and with the corresponding region of the human
leptin promoter. Complex formation was inhibited by un-
labeled oligonucleotide, but not by an oligonucleotide con-
taining an Sp1 motif. Mutation m85 abolished protein bind-
ing (Fig. 5, lane 21), and anti-Sp1 antibodies did not affect
complex formation (data not shown). Weak binding was
observed with nuclear extracts from undifferentiated 3T3-L1
preadipocytes, which was unchanged in differentiated
3T3-L1 adipocytes (data not shown). A protein-DNA com-
plex was not seen when nuclear extracts from HeLa and K562
cells was used (Fig. 5, lanes 23 and 25). These data are con-
sistent with an adipose specificity for binding to this site.

Binding at the LP1 site was examined further using meth-
ylation interference (Fig. 6). Methylation of residues at po-
sitions 281, 282, 283, 285, 286, 288, 289, and 290 relative
to the cap site inhibited factor binding. This binding site
(GGCGCTCGC) is not an obvious match to known consensus
sequences.

Independent contributions of the Sp1, LP1, and C/EBP
motifs to promoter activity

To examine interactions among the Sp1, LP1, and C/EBP
sites of the leptin promoter, constructs containing pairwise
mutations were assayed for activity. The promoter activity of
each of the double mutants was lower than that of the con-
stituent single mutants and approximated the level expected

from the constituent single mutations (Table 2). These data
suggest that the Sp1, LP1, and C/EBP sites contribute inde-
pendently to promoter activity; one does not require another
for function.

Lack of regulation by peroxisome proliferator-activated
receptor-g (PPARg ) and sterol response element-binding
protein-1 (SREBP)

PPARg is a steroid superfamily transcription factor that
promotes differentiation into adipocytes (29). The thiazo-
lidinedione class of antidiabetic drugs is made up of acti-
vating ligands for PPARg (30). There are a number of reports
that thiazolidinediones decrease leptin expression (31–35).
We investigated the roles of PPARg and thiazolidinediones
in leptin transcription using transient expression in rat adi-
pocytes. Luciferase activity of p(2762)lep-luc and m52 was
not significantly changed in the presence of the thiazo-
lidinedione ligand BRL49653 at 10 mm (127% and 115%, re-
spectively, of the untreated control value; mean of two ex-
periments). Cotransfection with PPARg and retinoid X
receptor-a (RXRa), its dimerization partner, either with or
without BRL49653 was also performed (Table 3). Two
PPARg-responsive reporters showed high basal levels of ex-
pression. These data suggest that the adipocytes have high
levels of endogenous factors acting via the PPAR (DR11)
motif. Inclusion of PPARg/RXRa (with or without
BRL49653) did not alter expression of the leptin reporters,
but, as expected, did increase expression of thymidine ki-
nase-PPREx3-Luc control. Similar results were obtained in
HeLa cells (Table 3). In these transient expression systems,

FIG. 5. Protein binding to the 287 and 297 regions. Electrophoretic mobility shift assays were performed with 25 fmol of the indicated
oligonucleotide probes (labeled with kinase to similar specific activities; see Materials and Methods). Rat adipocyte nuclear extract (210 ng)
was used in lanes 7, 8, 11, 12, and 15–21. Recombinant Sp1 (2.5 ng; Promega) was used in lanes 1–6, 9, 10, 13, and 14. HeLa nuclear extract
(2.5 mg; Promega) was used in lanes 22 and 23. K562 nuclear extract (a gift from Adam Bell) was used in lanes 24 and 25. Where indicated,
a 10- or 100-fold molar excess of unlabeled competitor was included. Preincubation with anti-Sp1 antibody (1 ml) was performed in lanes 8, 10,
12, and 14. The mobilities of free oligonucleotide (DNA) and Sp1-DNA and antibody-Sp1zDNA complexes are indicated.
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we did not find a major role for a thiazolidinedione or for
exogenous PPARg in the regulation of leptin.

SREBP-1, also known as adipocyte determination- and
differentiation-dependent factor 1 (27, 36), is an important
transcriptional regulator of cholesterol metabolism and adi-
pocyte genes. Under high cholesterol conditions it is mem-

brane anchored and inactive, but at low cholesterol levels it
is proteolytically cleaved, releasing an active transcription
factor (36, 37). Coexpression of SREBP did not affect leptin
transcription, but greatly increased expression of the positive
control (Table 4). Expression of the activated transcription
factor protein, SREBP-(1–410), increased leptin expression
about 2-fold, but also increased RSV-CAT expression slightly
while massively increasing expression of the positive control.
Thus, in this system, SREBP is not a major regulator of leptin
expression.

Discussion
Three types of mechanisms are likely to control leptin
RNA levels

First, leptin production is tissue specific, implicating tis-
sue-selective transcription factors. Second, hormonal and
metabolic regulators influence leptin RNA levels via para-
crine or endocrine (noncell autonomous) routes. Third, it is
believed that the leptin RNA content in each cell reflects its
adiposity. For example, larger fat cells have more leptin RNA
than smaller ones (38). This suggests that a cell autonomous
mechanism(s) exists for sensing adiposity and converting the
signal to regulation of leptin RNA levels.

To examine these mechanisms, it is necessary to under-
stand the leptin promoter. We show that a 109-bp promoter
is as effective as longer promoters in directing leptin tran-
scription in transient expression assays. Four elements in the
proximal 109 bp contribute to leptin promoter activity: the
TATA box at 230, a C/EBP motif at 253, the LP1 region at
287, and an Sp1 motif at 297. The data are consistent with
a small effect on adipose expression of more distant regions.
No distant elements with a large effect on adipose expression
have been identified, although a placental enhancer is found
upstream of the human leptin promoter (39). It seems plau-
sible that a distant element(s) with a large effect on adipose
expression also exists.

PPARg ligands have been shown to have a small negative
influence on endogenous leptin expression. In transient ex-
pression assays, a slight decrease in leptin expression by
PPARg ligands has been observed (34, 35). Our inability to
see this effect could be due to the small magnitude of the
effect, subtle differences between the reporter plasmids, or
other differences between the model systems.

C/EBPa regulation of the leptin promoter

C/EBPa is a basic region/leucine zipper transcription fac-
tor important for the transcription of most adipocyte genes
and of other genes involved in energy metabolism (40). Be-
fore adipocyte differentiation, C/EBPa, -b, and -d levels are
low. During differentiation, first C/EBPb and -d rise tran-
siently, and then C/EBPa levels rise and remain high in the
mature adipocyte (41). Forced expression of C/EBPa pro-
motes adipogenesis (42, 43), and mice with a nonfunctional
C/EBPa gene do not deposit lipid in their adipose tissue (40).

Since the suggestion that C/EBPa stimulated leptin ex-
pression via the 253 motif (12), supporting evidence has
come from a number of studies (15, 16, 34, 44). Here we have
expanded these observations by showing a correlation be-
tween C/EBP binding affinity to the 253 site and the degree

FIG. 6. Methylation interference analysis of the 287 region. Elec-
trophoretic mobility shift using a partially methylated DNA probe
(wt85a) was performed, then the methylation pattern of the free and
bound DNA was determined. Bases whose intensity was reduced in
the bound fraction by more than 50% but less than 85% are indicated
(V) as are those reduced more than 85% (F).

TABLE 2. Promoter activity of double mutants

Plasmid Motifs
mutated

Luciferase activity

Mean 6 SEM (n) Calculated

m52 C/EBP 7.6 6 0.9 (5)
m85 LP1 51.3 6 3.4 (7)
m95 Sp1 33.6 6 2.5 (5)
m52,85 C/EBP, LP1 2.5 6 0.5 (6) 3.9
m52,95 C/EBP, Sp1 3.3 6 0.5 (6) 2.6
m85,95 LP1, Sp1 15.4 6 1.6 (4) 17.2

Transient expression in primary adipose cells from CD rats was
performed as described in Materials and Methods. The calculated
activities were obtained by multiplying the activities of the constit-
uent single mutants (e.g. for m52,85: 3.9% 5 7.6% 3 51.3%).
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of trans-activation. Furthermore, we demonstrate that mu-
tation of adjacent nucleotides has no effect, and that C/EBPb
and -d, in addition to a, can trans-activate via this motif.
These results suggest that the 253 C/EBP motif contributes
to the tissue-specific expression of the leptin gene. As
C/EBPa is the predominant C/EBP family factor in mature
adipocytes, it is likely that in vivo this factor acts at this
C/EBP site. However, there are at least eight C/EBP-related
proteins (45), so it is possible that other family members also
function at this site in vivo.

Sp1 regulation of the leptin promoter

The site at 297 of the leptin promoter is conserved in
evolution, binds Sp1 present in adipocyte nuclear extracts,
and contributes to promoter activity. Although these data
cannot rule out the possibility that other C2H2 transcription
factors might also act at this site, the simplest interpretation

is that Sp1 is trans-activating the leptin promoter via this
motif.

In a hepatocyte cell line cotransfected with C/EBPa, de la
Brousse et al. (16) did not observe a decrease in promoter
activity upon deletion of the Sp1 site. When we cotransfected
C/EBPa in adipocytes, we obtained similar results. How-
ever, in our experiments without C/EBPa cotransfection, we
saw a decrease in activity upon either deletion of this region
or point mutation of the Sp1 motif. These data suggest that
overexpression of C/EBPa obscures the contribution of the
Sp1 element to leptin transcription.

Other promoters [e.g. GLUT4 (46), CYP2D5 (47), and
C/EBPa (48, 49)], like leptin, are regulated via both C/EBP
and Sp1-like motifs. However, none of these appears similar
enough to the leptin promoter to allow inferences about its
regulation.

Regulation of the leptin promoter by the LP1 region

The sequence of the 287 region of the leptin promoter is
conserved between mouse and human, suggesting that this
site is functional. Indeed, mutation of the region caused a
decrease in expression, and this site bound a factor present
in preadipocytes and adipocytes but not in other cell types.
The binding motif does not match that of other known tran-
scription factors. Thus, the data suggest that the LP1 region
binds a novel trans-activating factor that is present in adipose
cells but not in the other cells examined.

Regulation of leptin expression by adiposity, metabolites,
and hormones

Transiently expressed leptin reporters showed increased
activity in fa/fa Zucker adipocytes. These data are consistent
with cell autonomous regulation of leptin expression by in-
creased adiposity. Higher levels of promoter activity in fa/fa
adipocytes have been observed for other genes [GLUT4 (50)

TABLE 3. Effects of PPARg and BRL49653 on leptin expression

Additions:
Luciferase activity

None PPAR/RXR PPAR/RXR, BRL

Rat adipocytes
Reporter plasmid

p(2762)lep-luc 100 74 6 13 (5) 79 6 16 (4)
p(26700)lep-luc 82 6 11 (4) 64 6 11 (4) 93 6 8 (3)
m52 7.9 6 1.2 (4) 6.9 6 2.6 (4) 9.7 6 2.5 (3)
tk-PPREx3-Luc 362 6 107 (3) 347 6 65 (3) 1135 6 681 (2)
AcoGLuc 2130 6 478 (3) 1615 6 631 (3) 2782 6 641 (2)

Additions: None BRL PPAR PPAR, BRL

HeLa cells
Reporter plasmid

p(2762)lep-luc 100 100 6 23 (3) 117 6 31 (3) 109 6 26 (3)
p(26700)lep-luc 128 6 17 (3) 109 6 11 (3) 267 6 104 (3) 109 6 21 (3)
tk-PPREx3-Luc 774 6 277 (3) 921 6 233 (3) 1112 6 224 (3) 4774 6 1059 (3)

Values are the mean 6 SEM (n). Transient expression in primary adipose cells from CD rats was performed using 2 mg (leptin constructs)
or 0.1 mg (tk-PPREx3-Luc, ACo-G-Luc) reporter and 2 mg of each of the expression plasmids (PPARg and RXRa) as described in Materials and
Methods. Transient expression in HeLa cells used 250 ng reporter and 10 ng PPARg expression plasmid. Luciferase activity was corrected for
transfection efficiency (using the internal RSV-CAT control in rat adipocytes or pRL-CMV in HeLa cells) and then normalized to p(2762)lep-luc.
Where indicated, the thiazolidinedione BRL49653 (BioMol) was included at 10 mM. The tk-PPREx3-Luc [R. Evans (58)] and ACo-G-Luc [K. Ozato
(NIH), derived from ACo-G-CAT (59)] are plasmids known to be PPARg responsive. To ease comparison, the tk-PPREx3-Luc and ACo-G-Luc
results have been adjusted to 2 mg plasmid. The PPARg plasmid is PPARg2-SPORT [B. Spiegelman (60)], and the RXR plasmid is pCMX-hRXRa
[Kpn; R. Evans (61)].

TABLE 4. Effect of SREBP on leptin expression

Expression plasmid:
Reporter activity

None SREBP SREBP-(1-410)

Reporter plasmid
p(2762)lep-luc 100 110 6 9 212 6 30
p(26700)lep-luc 96 6 13 96 6 8 167 6 31
LDL-CAT ,1 23 6 4 17 6 1
RSV-CAT 100 139 6 4 156 6 18

Transient expression in primary adipose cells from CD rats was
performed using 2 mg reporter (except 4 mg LDL-CAT) and 4 mg
expression plasmid, as described in Materials and Methods. Within
each assay, the luciferase results were normalized to p(2762)lep-luc,
and the CAT results were normalized to RSV-CAT. Results are the
mean 6 SEM of three independent experiments (each in quadrupli-
cate). SREBP is hamster SREBP-1 (American Type Culture Collec-
tion no. 87012) (37), and SREBP-(1-410) is an activated form of ham-
ster SREBP-1 [M. Brown and J. Goldstein (37)]. LDL-CAT [M. Brown
and J. Goldstein, their p1471 (36)] is a reporter plasmid known to be
responsive to SREBP.
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and GAPDH (51)]. The increased fatty acid synthetase ex-
pression in fa/fa adipocytes is due to inhibition of expression
in lean cells by a factor binding to a Sp1 site (52). Our data
are not consistent with such a mechanism for regulation of
the leptin promoter. Indeed, other than an increased contri-
bution to leptin expression by the proximal promoter, we
have not been able to identify specific sequence motifs in-
volved in the increased expression in fa/fa adipocytes.

The identification of three functional motifs in the leptin
promoter raises an obvious question. Does regulation of lep-
tin expression by hormones and metabolites occur via mod-
ification, in amount or activity, of the factors that bind to
these sites? One hint that it may is the observation that
expression and phosphorylation of C/EBP family members
is regulated by both glucocorticoids and insulin (53, 54). We
do not yet know whether the increase in leptin expression by
these hormones is accomplished by modification of C/EBPa
expression or activity.

Sp1, another potential target for regulatory cascades, is
also a phosphoprotein. Increased Sp1 phosphorylation has
been reported to facilitate transcription (55), whereas Sp1
dephosphorylation has been reported to increase its binding
affinity for DNA (56). The factor(s) binding to the LP1 motif
may also be a target of the regulatory signals converging on
the leptin promoter.

The elucidation of the functional DNA elements of the
leptin promoter and their cognate transcription factors pre-
sented here is a significant step toward a detailed under-
standing of the transcriptional regulation of the leptin gene.

Acknowledgments

We thank Drs. M. Olive and C. Vinson for C/EBPa protein and
plasmids, and Drs. S. Bi, O. Gavrilova, D.-W. Gong, D. LeRoith, and S.
Taylor for comments on the manuscript.

References

1. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM 1994
Positional cloning of the mouse obese gene and its human homologue. Nature
372:425–432

2. Flier JS 1997 Leptin expression and action: new experimental paradigms. Proc
Natl Acad Sci USA 94:4242–4245

3. Maffei M, Halaas J, Ravussin E, Pratley RE, Lee GH, Zhang Y, Fei H, Kim
S, Lallone R, Ranganathan S, Kern PA, Friedman JM 1995 Leptin levels in
human and rodent: measurement of plasma leptin and ob RNA in obese and
weight-reduced subjects. Nat Med 1:1155–1161

4. Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce
MR, Ohannesian JP, Marco CC, McKee LJ, Bauer TL, Caro JF 1996 Serum
immunoreactive-leptin concentrations in normal-weight and obese humans.
N Engl J Med 334:292–295

5. Coleman DL 1978 Obese and diabetes: two mutant genes causing diabetes-
obesity syndromes in mice. Diabetologia 14:141–148

6. Pelleymounter, MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T,
Collins F 1995 Effects of the obese gene product on body weight regulation in
ob/ob mice. Science 269:540–543

7. Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P 1995 Recombinant mouse
OB protein: evidence for a peripheral signal linking adiposity and central
neural networks. Science 269:546–549

8. Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D,
Lallone RL, Burley SK, Friedman JM 1995 Weight-reducing effects of the
plasma protein encoded by the obese gene. Science 269:543–546

9. De Vos P, Saladin R, Auwerx J, Staels B 1995 Induction of ob gene expression
by corticosteroids is accompanied by body weight loss and reduced food
intake. J Biol Chem 270:15958–15961

10. Saladin, R, De Vos P, Guerre-Millo M, Leturque A, Girard J, Staels B,
Auwerx J 1995 Transient increase in obese gene expression after food intake
or insulin administration. Nature 377:527–529

11. Slieker LJ, Sloop KW, Surface PL, Kriauciunas A, LaQuier F, Manetta J,

Bue-Valleskey J, Stephens T. W 1996 Regulation of expression of ob mRNA
and protein by glucocorticoids and cAMP. J Biol Chem 271:5301–5304

12. He Y, Chen H, Quon MJ, Reitman M 1995 The mouse obese gene. Genomic
organization, promoter activity, and activation by CCAAT/enhancer-binding
protein a. J Biol Chem 270:28887–28891

13. Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA,
Struhl K 1997 Current Protocols in Molecular Biology. Wiley and Sons, New
York

14. Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR 1989 Site-directed mu-
tagenesis by overlap extension using the polymerase chain reaction. Gene
77:51–59

15. Hwang CS, Mandrup S, MacDougald OA, Geiman DE, Lane MD 1996
Transcriptional activation of the mouse obese (ob) gene by CCAAT/enhancer
binding protein a. Proc Natl Acad Sci USA 93:873–877

16. de la Brousse FC, Shan B, Chen JL 1996 Identification of the promoter of the
mouse obese gene. Proc Natl Acad Sci USA 93:4096–4101

17. Olive M, Williams SC, Dezan C, Johnson PF, Vinson C 1996 Design of a
C/EBP-specific, dominant-negative bZIP protein with both inhibitory and
gain-of-function properties. J Biol Chem 271:2040–2047

18. Williams SC, Cantwell CA, Johnson PF 1991 A family of C/EBP-related
proteins capable of forming covalently linked leucine zipper dimers in vitro.
Genes Dev 5:1553–1567

19. Quon MJ, Zarnowski MJ, Guerre-Millo M, de la Luz Sierra M, Taylor SI,
Cushman SW 1993 Transfection of DNA into isolated rat adipose cells by
electroporation: evaluation of promoter activity in transfected adipose cells
which are highly responsive to insulin after one day in culture. Biochem
Biophys Res Commun 194:338–346

20. Neuman JR, Morency CA, Russion KO 1987 A novel rapid assay for chlor-
amphenicol acetyltransferase gene expression. Biotechniques 5:444–449

21. Mason MM, Grasso JA, Gavrilova O, Reitman M 1996 Identification of
functional elements of the chicken e-globin promoter involved in stage-specific
interaction with the b/e enhancer. J Biol Chem 271:25459–25467

22. Abruzzo LV, Reitman M 1994 Enhancer activity of upstream hypersensitive
site 2 of the chicken b-globin cluster is mediated by GATA sites. J Biol Chem
269:32565–32571

23. Boyer BB, Kozak LP 1991 The mitochondrial uncoupling protein gene in
brown fat: correlation between DNase I hypersensitivity and expression in
transgenic mice. Mol Cell Biol 11:4147–4156

24. Dignam JD, Lebovitz RM, Roeder RG 1983 Accurate transcription initiation
by RNA polymerase II in a soluble extract from isolated mammalian nuclei.
Nucleic Acids Res 11:1475–1489

25. Christy RJ, Yang VW, Ntambi JM, Geiman DE, Landschulz WH, Friedman
AD, Nakabeppu Y, Kelly TJ, Lane MD 1989 Differentiation-induced gene
expression in 3T3–L1 preadipocytes: CCAAT/enhancer binding protein in-
teracts with and activates the promoters of two adipocyte-specific genes. Genes
Dev 3:1323–1335

26. Phillips MS, Liu Q, Hammond HA, Dugan V, Hey PJ, Caskey CJ, Hess JF
1996 Leptin receptor missense mutation in the fatty Zucker rat. Nat Genet
13:18–19

27. Kim JB, Spotts GD, Halvorsen YD, Shih HM, Ellenberger T, Towle HC,
Spiegelman BM 1995 Dual DNA binding specificity of ADD1/SREBP1 con-
trolled by a single amino acid in the basic helix-loop-helix domain. Mol Cell
Biol 15:2582–2588

28. Kadonaga JT, Jones KA, Tjian R 1986 Promoter-specific activation of RNA
polymerase II transcription by Sp1. Trends Biochem Sci 11:20–23

29. Tontonoz P, Hu E, Spiegelman BM 1994 Stimulation of adipogenesis in
fibroblasts by PPAR g 2, a lipid-activated transcription factor. Cell
79:1147–1156

30. Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO, Willson TM,
Kliewer SA 1995 An antidiabetic thiazolidinedione is a high affinity ligand for
peroxisome proliferator-activated receptor g (PPAR g). J Biol Chem
270:12953–12956

31. Zhang, B, Graziano MP, Doebber TW, Leibowitz MD, White-Carrington S,
Szalkowski DM, Hey PJ, Wu M, Cullinan CA, Bailey P, Lollmann B, Fre-
derich R, Flier JS, Strader CD, Smith RG 1996 Down-regulation of the ex-
pression of the obese gene by an antidiabetic thiazolidinedione in Zucker
diabetic fatty rats and db/db mice. J Biol Chem 271:9455–9459

32. Kallen CB, Lazar MA 1996 Antidiabetic thiazolidinediones inhibit leptin (ob)
gene expression in 3T3–L1 adipocytes. Proc Natl Acad Sci USA 93:5793–5796

33. Nolan JJ, Olefsky JM, Nyce MR, Considine RV, Caro JF 1996 Effect of
troglitazone on leptin production. Studies in vitro and in human subjects.
Diabetes 45:1276–1278

34. Hollenberg AN, Susulic VS, Madura JP, Zhang B, Moller DE, Tontonoz P,
Sarraf P, Spiegelman BM, Lowell BB 1997 Functional antagonism between
CCAAT/Enhancer binding protein-a and peroxisome proliferator-activated
receptor-g on the leptin promoter. J Biol Chem 272:5283–5290

35. De Vos P, Lefebvre AM, Miller SG, Guerre-Millo M, Wong K, Saladin R,
Hamann LG, Staels B, Briggs MR, Auwerx J 1996 Thiazolidinediones repress
ob gene expression in rodents via activation of peroxisome proliferator-acti-
vated receptor g. J Clin Invest 98:1004–1009

36. Wang X, Sato R, Brown MS, Hua X, Goldstein JL 1994 SREBP-1, a membrane-

LEPTIN PROMOTER FUNCTION 1021



bound transcription factor released by sterol-regulated proteolysis. Cell
77:53–62

37. Sato R, Yang J, Wang X, Evans MJ, Ho YK, Goldstein JL, Brown MS 1994
Assignment of the membrane attachment, DNA binding, and transcriptional
activation domains of sterol regulatory element-binding protein-1 (SREBP-1).
J Biol Chem 269:17267–17273

38. Hamilton BS, Paglia D, Kwan AY, Deitel M 1995 Increased obese mRNA
expression in omental fat cells from massively obese humans. Nat Med
1:953–956

39. Bi S, Gavrilova O, Gong D-W, Mason MM, Reitman M 1997 Identification
of a placental enhancer for the human leptin gene. J Biol Chem 272:30583–30588

40. Darlington GJ, Wang N, Hanson RW 1995 C/EBP a: a critical regulator of
genes governing integrative metabolic processes. Curr Opin Genet Dev
5:565–570

41. Cornelius P, MacDougald OA, Lane MD 1994 Regulation of adipocyte de-
velopment. Annu Rev Nutr 14:99–129

42. Freytag SO, Paielli DL, Gilbert JD 1994 Ectopic expression of the CCAAT/
enhancer-binding protein a promotes the adipogenic program in a variety of
mouse fibroblastic cells. Genes Dev 8:1654–1663

43. Lin FT, Lane MD 1994 CCAAT/enhancer binding protein a is sufficient to
initiate the 3T3–L1 adipocyte differentiation program. Proc Natl Acad Sci USA
91:8757–8761

44. Miller SG, De Vos P, Guerre-Millo M, Wong K, Hermann T, Staels B, Briggs
MR, Auwerx J 1996 The adipocyte specific transcription factor C/EBPa mod-
ulates human ob gene expression. Proc Natl Acad Sci USA 93:5507–5511

45. MacDougald OA, Lane MD 1995 Transcriptional regulation of gene expres-
sion during adipocyte differentiation. Annu Rev Biochem 64:345–373

46. Kaestner KH, Christy RJ, Lane MD 1990 Mouse insulin-responsive glucose
transporter gene: characterization of the gene and trans-activation by the
CCAAT/enhancer binding protein. Proc Natl Acad Sci USA 87:251–255

47. Lee YH, Yano M, Liu SY, Matsunaga E, Johnson PF, Gonzalez FJ 1994 A novel
cis-acting element controlling the rat CYP2D5 gene and requiring cooperativity
between C/EBP b and an Sp1 factor. Mol Cell Biol 14:1383–1394

48. Christy RJ, Kaestner KH, Geiman DE, Lane MD 1991 CCAAT/enhancer
binding protein gene promoter: binding of nuclear factors during differenti-
ation of 3T3–L1 preadipocytes. Proc Natl Acad Sci USA 88:2593–2597

49. Vasseur-Cognet M, Lane MD 1993 CCAAT/enhancer binding protein a (C/
EBP a) undifferentiated protein: a developmentally regulated nuclear protein
that binds to the C/EBP a gene promoter. Proc Natl Acad Sci USA 90:7312–7316

50. Hainault, I, Hajduch E, Lavau M 1995 Fatty genotype-induced increase in
GLUT4 promoter activity in transfected adipocytes: delineation of two fa-
responsive regions and glucose effect. Biochem Biophys Res Commun
209:1053–1061

51. Rolland V, Dugail I, Le Liepvre X, Lavau M 1995 Evidence of increased
glyceraldehyde-3-phosphate dehydrogenase and fatty acid synthetase pro-
moter activities in transiently transfected adipocytes from genetically obese
rats. J Biol Chem 270:1102–1106

52. Rolland V, Liepvre XL, Jump DB, Lavau M, Dugail I 1996 A GC-rich region
containing Sp1 and Sp1-like binding sites is a crucial regulatory motif for fatty
acid synthase gene promoter activity in adipocytes. Implication In the over-
activity of FAS promoter in obese Zucker rats. J Biol Chem 271:21297–21302

53. MacDougald OA, Cornelius P, Lin FT, Chen SS, Lane MD 1994 Glucocor-
ticoids reciprocally regulate expression of the CCAAT/enhancer-binding pro-
tein a and d genes in 3T3–L1 adipocytes and white adipose tissue. J Biol Chem
269:19041–19047

54. MacDougald OA, Cornelius P, Liu R, Lane MD 1995 Insulin regulates tran-
scription of the CCAAT/enhancer binding protein (C/EBP) a, b, and d genes
in fully-differentiated 3T3–L1 adipocytes. J Biol Chem 270:647–654

55. Vlach J, Garcia A, Jacque JM, Rodriguez MS, Michelson S, Virelizier JL 1995
Induction of Sp1 phosphorylation and NF-kappa B-independent HIV pro-
moter domain activity in T lymphocytes stimulated by okadaic acid. Virology
208:753–761

56. Leggett RW, Armstrong SA, Barry D, Mueller CR 1995 Sp1 is phosphorylated
and its DNA binding activity down-regulated upon terminal differentiation of
the liver. J Biol Chem 270:25879–25884

57. de Wet JR, Wood KV, DeLuca M, Helinski DR, Subramani S 1987 Firefly
luciferase gene: structure and expression in mammalian cells. Mol Cell Biol
7:725–737

58. Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM, Evans RM 1995
15-Deoxy-D12,14-prostaglandin J2 is a ligand for the adipocyte determination
factor PPAR g. Cell 83:803–812

59. Dreyer C, Krey G, Keller H, Givel F, Helftenbein G, Wahli W 1992 Control
of the peroxisomal b-oxidation pathway by a novel family of nuclear hormone
receptors. Cell 68:879–887

60. Tontonoz P, Hu E, Graves RA, Budavari AI, Spiegelman BM 1994 mPPARg 2:
tissue-specific regulator of an adipocyte enhancer. Genes Dev 8:1224–1234

61. Mangelsdorf DJ, Ong ES, Dyck JA, Evans RM 1990 Nuclear receptor that
identifies a novel retinoic acid response pathway. Nature 345:224–229

1022 LEPTIN PROMOTER FUNCTION Endo • 1998
Vol 139 • No 3


