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of the Adipose P2 Gene in Human Preadipocytes
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Human preadipocytes contain nuclear factors that specifically bind to the AE-1 sequence, previously demon-
strated as an enhancer element in the regulation of adipose P2 gene expression during 3T3 adipose differentiation.
By transient transfection and in vivo competition experiments, the trans-acting factors were found to bind either to
the C/EBP recognition site in the AE-1 sequence and act as a negative regulator or to the adjacent site (termed
3'AE-1) and act as a positive regulator of adipose P2 gene activity in human preadipocytes.

Adipose differentiation features the transcriptional activa-
tion of several genes involved in triglyceride metabolism,
including the adipose P2 (aP2 or 422) gene, which encodes
the adipocyte lipid-binding protein (4, 5, 25, 29). The aP2
gene is widely conserved through evolution (19); thus, the
adipocyte lipid-binding protein may have a critical function
in the regulation of adipose metabolism. Recently, the hu-
man adipocyte lipid-binding protein has been purified and its
cDNA has been cloned (3). This study has revealed that it is
a member of a multigene family of intracellular lipid-binding
proteins (3).
As reported elsewhere, the AE-1 sequence (nucleotides

-159 to -125; Fig. 1) in the aP2 promoter region functions
as an enhancer element in the regulation of murine aP2 gene
expression (11, 18). Additionally, it has been determined that
at least one protein, C/EBP (CCAAT/enhancer-binding pro-
tein; 12, 13, 20, 22, 23, 31), functions as a transcription factor
to activate the aP2 gene during adipose differentiation (6,
18). From the results of methylation interference analysis
performed with NIH 3T3 extracts, it was determined that
guanine nucleotides located at -144, -141, and -139 were
required for high-affinity binding of the 3T3 nuclear factors
to the C/EBP-binding region in the AE-1 site (Fig. 1);
further, binding of 3T3 factors to the AE-1 sequence was
specifically inhibited by double point mutations at -144 and
-139 (26a). Recently, it has been reported that disruption of
a C/EBP-binding site in the clotting factor IX promoter is
associated with hemophilia B (9), illustrating the importance
of this transcription factor (the human analog of the rat
protein C/EBP or another member of the C/EBP family) in
humans.

Elucidation of the factors controlling aP2 gene expression
in human preadipocytes would provide valuable information
about both the process of adipose differentiation and the
functional role of the product, the human adipocyte lipid-
binding protein, in cells from both lean and obese subjects.
Human preadipocytes are a fairly well defined reproducible
fibroblastic system, capable of adipose differentiation under
specific conditions (7, 15, 24, 28, 30). Our studies have
defined the system in more detail and have demonstrated the
usefulness of human preadipocytes.
We isolated and cultured omental cells from lean subjects
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as previously described and studied them in the absence of
specific inducers of differentiation (7, 15, 16, 24, 30). We
performed nuclear protein interaction studies (11, 18), using
the synthetic oligonucleotides from the aP2 promoter region
(Fig. 1). Consistent with previous results (18), experiments
with nuclear extracts from 3T3 preadipocytes (Fig. 2a, lane
1) and differentiated adipose cells (Fig. 2a, lane 6) demon-
strated sequence-specific interaction with the AE-1 se-
quence. Competition with excess unlabeled AE-1 sequence
virtually eliminated the retarded bands (Fig. 2a, lanes 2 and
7). The consensus C/EBP-binding sequence (termed C/EBP
sequence; see Fig. 1), which has been implicated as an
enhancer element of several liver-specific genes (8, 14, 17,
22), was also able to compete with the AE-1-binding site
(Fig. 2a, lanes 3 and 8). As reported earlier, purified rat
C/EBP prepared as a C/EBP-,-galactosidase fusion protein
could bind to the AE-1 site (6, 18).

Studies with human preadipose nuclear extracts also
showed sequence-specific binding to the AE-1 sequence.
The gel retardation experiments showed two retarded bands
(Fig. 2b, lane 1), I (lower) II (upper). Neither factor seems
related to the 3T3 factors, at least in size, since both bands
migrated faster than the 3T3 factors (data not shown).
Competition with the AE-1 sequence virtually eliminated
both retarded bands (Fig. 2b, lane 2); however, competition
with the C/EBP sequence eliminated only band II (Fig. 2b,
lane 4). Thus, factor II may related to the 3T3 factors and
C/EBP, at least with respect to the binding site. Comparison
between the C/EBP consensus sequence and the AE-1
sequence suggests that C/EBP or C/EBP-like proteins (in-
cluding factor II) may recognize the 11-mer (-145 to -135)
sequence (Fig. lb). Band I was eliminated by competition
with the synthetic oligonucleotide spanning the sequence
from -138 to -120 (termed 3'AE-1; see Fig. 1) of the aP2
gene (Fig. 2b, lane 3). Thus, the C/EBP binding and 3'AE-1
sites overlap. The 3T3 factors binding to the AE-1 sequence
were not able to compete with the 3'AE-1 sequence (Fig. 2a,
lanes 4 and 9). These results imply that factor I may be
specific for human adipogenic cells. The gel retardation
experiments with nuclear extracts of either human skin
fibroblasts or HeLa cells demonstrated no significant se-
quence-specific binding to the AE-1 sequence (not shown).
These results suggest that human preadipose factors bind to
the AE-1 site with specificity for both sequence and cell
type.

2303



MOL. CELL. BIOL.

a
E-1I

-159 -144 -139 -125
.m 4mS

GRTCCRGGGRGRRCCRRRAlTDAARRRTTTCTRTFRRR
bIGLTCCLICTC iHITC HlHlHlUHTHHfL Itin

-138

hI +4i
-120

TCGRCRRRTITCTRITRRRRRCRTC
GTImRRRGRTRRTTM11GTRGRGCT

C/EBP seauence

GRTCCRRTTGG6CRRTCRGGR
Gi IHCCCTTLI ITbICTILCTb

b

RAMTIRARMAT RE-1
RRT[GGGCART C/EBP

FIG. 1. (a) DNA sequences of the aP2 promoter region and
C/EBP-binding site. The AE-1 sequence represents nucleotides
-159 to -125 and the 3'AE-1 sequence represents nucleotides -138
to -120 relative to the transcription start site of the aP2 gene (19).
Guanines whose methylation interferes with 3T3 nuclear factors
binding to the AE-1 site are outlined. Double point mutations were
made at nucleotides -139 and -144 (G-to-A transition) for plasmid
paP2-CATm11 (see Fig. 4a and reference 18). The C/EBP sequence
represents the consensus C/EBP-binding sequence (22). Each oligo-
nucleotide was synthesized, made double stranded, and used in gel
retardation and competition experiments. Double-stranded se-
quences were formed with 5' cohesive ends to facilitate subsequent
cloning or 3'-end labeling of the oligonucleotide sequences. (b)
Comparison of C/EBP-binding sites in the AE-1 sequence and the
consensus C/EBP-binding sequence. The outlined guanines are as in
panel a.

To address the question of whether the high and selective
binding of human preadipose factors to the aP2 promoter
region was a functional property of human preadipocytes,
we performed transient expression analyses with a plasmid
(paP2-CAT) containing sequence -168 to +21 of the aP2
promoter inserted upstream of the bacterial chloramphenicol
acetyltransferase (CAT) gene of plasmid pUC-CAT (11, 18).
Human preadipocytes were isolated from human omental
adipose tissue by our previously reported methods (7, 24).
The preadipocytes and skin fibroblasts were grown in Dul-
becco modified Eagle medium supplemented with 15% fetal
bovine serum and transfected with plasmids, using Poly-
brene as the DNA adsorbent, as outlined by Kawai and
Nishizawa (21). Cells were collected 48 h after transfection,
and CAT activity was determined as described previously
(11, 18). Transient transfections of paP2-CAT into 3T3
preadipocytes produced CAT activity similar to the back-
ground activity of pUC-CAT (11, 18). In contrast, in human
preadipocytes, the activity was increased significantly
(about fourfold) over the background level (Fig. 3). As was
seen in 3T3 preadipocytes, in adult human skin fibroblasts,
paP2-CAT expression was similar to the background expres-
sion of pUC-CAT (Fig. 3). Similar background expression
was obtained in human neonate foreskin fibroblasts (not
shown). In Northern (RNA) blot analyses with a human
aP2-homolog cDNA probe, we were unable to detect any

2

FIG. 2. Human preadipose factors binding to the aP2 gene en-
hancer. Nuclear extracts were made from preadipocytes and adipo-
cytes essentially as described earlier (11). Oligonucleotides were
labeled by fill-in with Klenow polymerase. Conditions of assays and
gel electrophoresis were as described previously (11). (a) Gel
retardation experiments with 3T3 nuclear extracts. Probe AE-1 (see
Fig. 1) was used. About 200-fold molar excess was added for each
competitor oligonucleotide. Lanes: 1 to 5, preadipose extracts; 6 to
10, adipose extracts. Arrows indicate the bound forms. NS, Non-
specific oligonucleotide. (b) Gel retardation experiments with hu-
man preadipocyte nuclear extracts. Probe AE-1 was used. About
200-fold molar excess was added for each competitor oligonucleo-
tide. Specific bands I and II are indicated.

endogenous aP2 transcripts in human preadipocytes (unpub-
lished results). These results suggest that a negative regula-
tory element(s) may be present outside the promoter region
(-168 to +21).
To determine whether the AE-1 site imparts the functional

regulation of CAT expression, we first transfected human
preadipocytes with the mutant derivative of paP2-CAT

>.80
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pAU3-CAT paP2-CAT pUC-CAT

FIG. 3. Transient expression experiments. Either human skin
fibroblasts (0) or human preadipocytes (U) were used as host cells.
The data are expressed as percentages of pAU3-CAT activity
determined in parallel. Each value was converted to activity per
microgram of plasmid. Values are averages of three transfection
experiments except for pUC-CAT (one transfection). Plasmid
pAU3-CAT represents a positive control plasmid driven by the
AKV virus long terminal repeat. paP2-CAT contains nucleotides
-168 to +21 of the promoter linked to the CAT gene of plasmid
pUC-CAT (11, 18).
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FIG. 4. Summary of CAT assays in human preadipocytes. The

reported CAT activity values for all samples were made relative to

the value for paP2-CAT, which was given the arbitrary value of 1.0.

(a) Effect of the mutation at the C/EBP-binding site on transient

transfection. Plasmid paP2-CATmll is the same as paP2-CAT

except that it contains double point mutations at -144 and -139

(G-to-A transition) in the promoter region (18). Values are averages

of duplicate experiments. (b) Cotransfection of paP2-CAT with

synthetic oligonucleotides. The oligonucleotides were ligated to

make multimeric forms prior to transfection. None, Transfection

without any oligonucleotide; NS, transfection with a nonspecific

oligonucleotide. All oligonucleotides were made as described in the

legend to Fig. 1. Values are averages of triplicate experiments.

(paP2-CATm11; 18), which contains double point mutations

at -144 and -139 (high-affinity C/EBP-binding sites; see

Fig. 1) in the AE-1 sequence. Such transfection resulted in

expression at a level about fivefold greater than that occur-

ring with regular paP2-CAT (Fig. 4a). No such effect was

detected in 3T3 preadipocytes (18). These studies suggest

that the C/EBP-binding site may act to either positively or

negatively regulate aP2 gene expression in human preadipo-

cytes. The mutation may increase or decrease the binding of

a factor, specific for human preadipocytes (perhaps factor

II), at the C/EBP-binding site. We also cannot rule out the

possibility that the mutation results in binding of another

positive factor at the C/EBP-binding site or in enhancement

of the binding of a second factor (perhaps factor I) at the

3'AE-1 site.

To clarify the role of the C/EBP-binding site and factor II,

in vivo competition assays were performed. Cotransfection

of paP2-CAT with the C/EBP sequence (60-fold molar ex-

cess) resulted in higher stimulation (about twofold) than with

paP2-CAT alone (Fig. 4b). These results clearly suggest that

factor II and the C/EBP-binding site may function as nega-

tive regulators. In contrast, cotransfection of paP2-CAT

with the 3'AE-1 sequence resulted in some lowering of

expression (Fig. 4b), implicating factor I and its binding site

as positive regulators. However, this effect (about a 25%

reduction) was not as marked as that of cotransfection with

the CIEBP sequence, suggesting the possible existence of

another positive regulator site. Compatible with this sugges-

tion, cotransfection with the AE-1 sequence resulted in

significant stimulation (Fig. 4b). Thus, these results highlight

the importance of binding of human preadipose factors to the

AE-1 site in the regulation of aP2 gene expression in human

preadipocytes.

Previous studies have suggested that human adipose tissue

contains a pool of preadipocytes that can differentiate under

appropriate conditions (7, 10, 15, 16, 24, 28). The regulation

of aP2 gene expression and its role in human adipose
differentiation or adipocyte function are unknown, but clues
have come from this work. We have detected human prea-
dipose factors that bind in a sequence- and cell-specific
manner to the aP2 promoter site (Fig. 2) and demonstrated
the high and selective expression of the aP2 chimeric plas-
mid in human preadipocytes (Fig. 3). We demonstrated that
the C/EBP-binding site and its binding factor may function as
negative regulators in human preadipocytes (Fig. 4). To our
knowledge, there have been no reports directly indicating a
repressor function for the C/EBP-binding site. There have
been reports of other members of DNA-binding proteins that
have considerable homology to C/EBP in the region of DNA
binding and dimerization, each of which is expressed in a
differe., tissue (2, 26, 27). These members of the C/EBP
family apparently acted as positive factors.
The high expression of paP2-CAT in human preadipocytes

is possibly due to a higher amount or stronger affinity of
positive factor I than of negative factor II. They may
compete with each other for binding at the AE-1 site.
Removal of the negative factor, either by mutation at the
C/EBP-binding site or titration with the C/EBP sequence,
resulted in further stimulation of expression. In fact, this
mechanism of interference between transcription factors has
been demonstrated in the case of negative regulation by
steroid receptors with a cyclic AMP-responsive enhancer (1)
and certainly applies also to negative regulation in other
systems. Characterization of these nuclear factors should
extend our knowledge about the regulation of the aP2 gene
during both adipose differentiation and in mature fat cells
and about the metabolism of the lipid-binding protein prod-
uct in lean and obese subjects.

We thank Bradford Hamilton and Krystyna Teichert-Kulis-
zewska, University of Toronto, and Mervyn Deitel, St. Joseph's
Health Centre-University of Toronto, for their invaluable assis-
tance.
The support of the Medical Research Council of Canada, the

Heart and Stroke Foundation (Ontario) of Canada, the Dalhousie
Medical Research Foundation, and the Sunnybrook Health Science
Centre Foundation is acknowledged gratefully.

REFERENCES

1. Akerblom, I. E., E. P. Slater, M. Beato, J. D. Baxter, and P. L.
Mellon. 1988. Negative regulation by glucocorticoids through
interference with a cAMP responsive enhancer. Science 241:
350-353.

2. Akira, S., H. Isshiki, T. Sugita, 0. Tanabe, S. Kinoshita, Y.
Nishio, T. Nakajima, T. Hirano, and T. Kishimoto. 1990. A
nuclear factor for IL-6 expression (NF-IL6) is a member of a
C/EBP family. EMBO J. 9:1897-1906.

3. Baxa, C. A., R. S. Sha, M. K. Buelt, A. J. Smith, V. Matarese,
L. L. Chinander, K. L. Boundy, and D. A. Bernlohr. 1989.
Human adipocyte lipid-binding protein: purification of the pro-
tein and cloning of its complementary DNA. Biochemistry
28:8683-8690.

4. Bernlohr, D. A., C. W. Angus, M. D. Lane, M. A. Bolanowski,
and T. J. Kelly. 1984. Expression of specific mRNA during
adipose differentiation: identification of an mRNA encoding a
homologue of myelin P2 protein. Proc. Natl. Acad. Sci. USA
81:5468-5472.

5. Chapman, A. B., D. M. Knight, B. S. Dieckman, and G. M.
Ringold. 1984. Analysis of gene expression during differentia-
tion of adipogenic cells in culture and hormonal control of the
developmental program. J. Biol. Chem. 259:15548-15555.

6. Christy, R. J., V. W. Yang, J. M. Ntambi, D. E. Geiman, W. H.
Landschulz, A. D. Friedman, Y. Nakabeppu, T. J. Kelly, and
M. D. Lane. 1989. Differentiation-induced gene expression in
3T3-L1 preadipocytes: CCAAT/enhancer binding protein inter-

VOL . 1 l, 1991



MOL. CELL. BIOL.

acts with and activates the promoters of two adipocyte-specific
genes. Genes Dev. 3:1323-1335.

7. Cooper, S. C., and D. A. K. Roncari. 1989. 17-Beta-estradiol
increases mitogenic activity of medium from cultured preadipo-
cytes of massively obese persons. J. Clin. Invest. 83:1925-1929.

8. Costa, R. H., E. Lai, D. R. Grayson, and J. E. Darnell, Jr. 1988.
The cell-specific enhancer of the mouse transthyretin gene binds
a common factor at one site and a liver-specific factor(s) at two
other sites. Mol. Cell. Biol. 8:81-90.

9. Crossley, M., and G. G. Brownlee. 1990. Disruption of a C/EBP
binding site in the factor IX promoter is associated with haemo-
philia B. Nature (London) 345:4444 46.

10. Cryer, A. 1980. Adipocyte histogenesis. Trends Biochem. Sci.
5:196-198.

11. Distel, R. J., H.-S. Ro, B. S. Rosen, D. L. Groves, and B. M.
Spiegelman. 1987. Nucleoprotein complexes that regulate gene
expression in adipocyte differentiation: direct participation of
c-fos. Cell 49:835-844.

12. Friedman, A. D., W. H. Landschulz, and S. L. McKnight. 1989.
CCAAT/enhancer binding protein activates the promoter of the
serum albumin gene in culture hepatoma cells. Genes Dev.
3:1314-1322.

13. Graves, B., P. F. Johnson, and S. L. McKnight. 1986. Homolo-
gous recognition of a promoter domain common to the MSV
LTR and the HSV tk gene. Cell 44:565-576.

14. Grayson, D. R., R. H. Costa, K. G. Xanthopoulos, and J. E.
Darnell, Jr. 1988. One factor recognizes the liver-specific en-

hancers in alpha-anti-trypsin and transthyretin genes. Science
239:786-788.

15. Hauner, H., G. Entenmann, M. Wabitsch, D. Gailiard, G.
Ailhaud, R. Negrel, and E. F. Pfeiffer. 1989. Promoting effect of
glucocorticoids on the differentiation of human adipocyte pre-
cursor cells cultured in a chemically defined medium. J. Clin.
Invest. 84:1663-1670.

16. Hauner, H., P. Schmid, and E. F. Pfeiffer. 1987. Glucocorticoids
and insulin promote the differentiation of human adipocyte
precursor cells into fat cells. Clin. Endocrinol. Metab. 64:832-
835.

17. Herbast, R. S., N. Friedman, J. E. Darnell, Jr., and L. E. Bobiss.
1989. Positive and negative regulatory elements in the mouse
albumin enhancer. Proc. Natl. Acad. Sci. USA 86:1553-1557.

18. Herrera, R., H.-S. Ro, G. S. Robinson, K. G. Xanthopoulos, and
B. M. Spiegelman. 1989. A direct role for C/EBP and the
AP-1-binding site in gene expression linked to adipocyte differ-
entiation. Mol. Cell. Biol. 9:5331-5339.

19. Hunt, C., J. H.-S. Ro, H.-Y. Min, D. E. Dobson, and B. M.

Spiegelman. 1986. Adipocyte P2 gene: developmental expres-
sion and homology of 5'-flanking sequences among fat cell-
specific genes. Proc. Natl. Acad. Sci. USA 83:3786-3790.

20. Johnson, P. F., W. H. Landschulz, B. J. Graves, and S. L.
McKnight. 1987. Identification of a rat liver nuclear protein that
binds to the enhancer core element of three animal viruses.
Genes Dev. 1:133-146.

21. Kawai, S., and M. Nishizawa. 1984. New procedure for DNA
transfection with polycation and dimethyl sulfoxide. Mol. Cell.
Biol. 4:1172-1174.

22. Landschulz, W. H., P. F. Johnson, E. Y. Adashi, B. J. Graves,
and S. L. McKnight. 1988. Isolation of a recombinant copy of
the gene encoding C/EBP. Genes Dev. 2:786-799.

23. Landschulz, W. H., P. F. Johnson, and S. L. McKnight. 1988.
The leucine zipper: a hypothetical structure common to a new
class of DNA binding proteins. Science 240:1759-1764.

24. Leblanc, P. E., D. A. K. Roncari, D. I. Hoar, and A.-H. Adachi.
1988. Exaggerated triglyceride accretion in human preadipo-
cyte-murine renal line hybrids composed of cells from massively
obese subjects. J. Clin. Invest. 81:1639-1645.

25. Matarese, V., and D. A. Bernlohr. 1988. Purification of murine
adipocyte lipid-binding protein. J. Biol. Chem. 263:14544-
14551.

26. Mueller, C. R., P. Maire, and U. Schibler. 1990. DBP, a
liver-enriched transcriptional activator, is expressed late in
ontogeny and its tissue specificity is determined posttranscrip-
tionally. Cell 61:279-291.

26a.Ro, H.-S., and B. M. Spiegelman. Unpublished data.
27. Roman, C., J. S. Platero, J. Shuman, and K. Calame. 1990.

Ig/EBP-1: a ubiquitously expressed immunoglobulin enhancer
binding protein that is similar to C/EBP and heterodimerizes
with C/EBP. Genes Dev. 4:1404-1415.

28. Roncari, D. A. K. 1984. Pre-adipose cell replication and differ-
entiation. Trends Biochem. Sci. 9:486-489.

29. Spiegelman, B. M., M. Frank, and H. Green. 1983. Molecular
cloning of mRNA from 3T3-adipocytes. Regulation of mRNA
content for glycerophosphate dehydrogenase and other differ-
entiation-dependent proteins during adipocyte development. J.
Biol. Chem. 258:10083-10089.

30. Van, R. L. R., C. E. Bayliss, and D. A. K. Roncari. 1976.
Cytological and enzymological characterization of adult human
adipocyte precursors in culture. J. Clin. Invest. 58:699-704.

31. Vinson, C. R., K. L. LaMarco, P. F. Johnson, W. H. Landschulz,
and S. L. McKnight. 1988. In situ detection of sequence-specific
DNA binding activity specified by a recombinant bacteriophage.
Genes Dev. 2:801-806.

2306 NOTES


