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ABSTRACT
The role of the cyclic-AMP (cAMP) responsive element (CRE)

in eukaryotic gene transcription was investigated in several cell
lines transfected by constructs containing the chloramphenicol
acetyltransferase (CAT) gene linked to the three different pro-
moters, simian virus(SV) 40, human c-Ha-ras-1, or chicken $-actin
promoter, with or without CRE. CRE had inducible enhancer activi-
ty only when it was linked to the SV40 promoter and in a few cell
lines such as PC12. CRE functioned as a constitutive enhancer
with the human c-Ha-ras-1 promoter in all cell lines examined.
CRE also had constitutive enhancer activity when it was linked to
the chicken$-actin promoter, but this activity was observed only
in KB, HeLa, and A431 cells. The different types of enhancer ac-
tivities of CRE depending on the cell and promoter may be caused
by interaction with different trans-acting factors that were
demonstrated by gel retardation analyses.

INTRODUCTION

Enhancers, which have been identified in numerous viral and
cellular genes, are important elements for gene expression in eu-
karyotic cells (for reviews, see refs. 1-3). These enhancers are
often, though not always, located 5' from the promoter sites for
RNA polymerase II initiation and have a long-range ability to
activate transcription of cis-linked genes. The enhancers have
been classified into two types, constitutive and inducible. Some
constitutive enhancers are specific to tissues or cell type. The
inducible enhancers mediate selective expression of genes in re-
sponse to appropriate signals.

cAMP mediates the hormonal induction of numerous eukaryotic
genes. CRE is an inducible enhancer of the genes responsible for
the induction of transcription in response to increases in the
intracellular cAMP concentration (4, 5). CRE of the rat somato-
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statin gene is in the region between 60 and 29 bp upstream from

the transcriptional initiation site, and it contains an 8-base

palindrome, 5'-TGACGTCA-3', which is highly conserved in many

other genes the expression of which is regulated by cAMP (5). A

sequence similar to CRE was also found in the transcriptional
regulatory region of various genes such as the adenoviral early

genes (6-9). To understand the role of CRE in eukaryotic gene
transcription at the molecular level more precisely, we examined
the level of transcription from three different promoters with or

without CRE in seven cell lines. Our studies showed that CRE had

both inducible and constitutive enhancer activities that depended
on the promoter and cell line. The interaction between CRE and

multiple trans-acting factors, which were demonstrated by gel re-

tardation analyses, could cause these dual enhancer activities.

MATERIALS AND METHODS

Cell cultures. The human epidermoid carcinoma cell lines

A431 and KB, the human epitheloid carcinoma cell line HeLa, the

African green monkey kidney cell line CVi, and the mouse con-

nective tissue cell line L were maintained in ES medium (Nissui
Seiyaku Co.) supplemented with 10% fetal bovine serum. NIH3T3

mouse fibroblasts were grown in ES medium supplemented with 10%

calf serum. The rat pheochromocytoma cell line PC12 was maintain-
ed in Dulbecco's modified Eagle's (DME) medium supplemented with
10% fetal bovine serum and 5% horse serum.

Plasmid construction. The structures of the plasmids used
are shown in Fig. 1. To construct pAlOCATCRE, 30 bp of the syn-

thetic duplex oligonucleotide containing CRE shown in Fig. 1,
which contains the sequence between positions -32 and -57 of the

rat somatostatin gene (5), were inserted into the BqlII site of
pA10CAT2 (10), upstream of the SV40 promoter. The plasmid pras-

CAT1 contains the 550-bp fragment of the 5' regulatory region of
the human c-Ha-ras-1 proto-oncogene linked to the CAT gene (11).
In the plasmid pactCAT, 1350 bp of a fragment containing the 5'

regulatory region of the chicken 0-cytoplasmic actin gene has

been fused to a segment containing the CAT gene (12, 13). To
generate the pactCATCRE and prasCATCRE plasmids, 30 bp of syn-
thetic duplex oligonucleotide containing CRE was inserted into
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the BamHI site of pactCAT and prasCAT1, about 100 bp downstream

of the poly(A) addition signal for CAT mRNA.

DNA transfection and CAT assay. Cells (except for PC12

cells) were plated at a density of 4 x 105 per 10 cm Nunc tissue

culture plate. Mixtures of 13 jig of a plasmid DNA and 2 jig of

pRSV-a-gal plasmid DNA were transfected by the Ca-PO4 precipi-

tation method (14) 16-20 h after plating of the cells. The plas-
mid pRSV-6-gal, which carries the 0-galactosidase gene linked to

the Rous sarcoma virus LTR promoter, was used to provide an in-

ternal control for differences in transfection efficiency between
different precipitates by measurement of a-galactosidase activity

(15). PC12 cells were plated at a density of 1 x 106 per 6 cm

collagen-coated tissue culture plates as described by Schweitzer

and Kelly (16) and then transfectd with mixtures of 6 tig of a

plasmid DNA and 2 jig of pRSV-$-gal plasmid DNA 16-20 h later. The

8-Br-cAMP treatment was for 16-20 h starting 20 h after trans-

fection at a final concentration of 1 mM.

Forty hours after transfection, cells were collected by scrap-

ing with a rubber policeman into 0.25 M Tris-HCl (pH 7.8). Cells

were lysed by freeze-thawing and sonication to prepare extracts,

and a-galactosidase activities were measured. CAT enzyme re-

actions were done as described by Gorman et al. (17) with 0.6 jCi
of [14C]-chloramphenicol. The amounts of cell extract used for

CAT assays were normalized with respect to the 0-galactosidase
activity. Acetylated reaction products were resolved by TLC a-

nalysis on Baker-Flex silica gel IB-FTLC plates. Following auto-

radiography, the acetylated forms were excised and counted in a

scintillation counter.

Southern blot and RNA analyses. To analyze the copy number

of the transfected plasmid DNA, nuclei were isolated to prepare

DNAs 40h after transfection, and at the same time S-galactosidase
activity was measured to confirm that transfection efficiencies
*were similar. Twenty micrograms of nuclear DNA was digested with

EcoRI and analyzed by the method of Southern (18). The hybridiz-

ation probe was a nick-translated 1.6 kb BamHI-HindIII fragment
containing the CAT gene. Forty hours after transfection, RNA was

isolated by the guanidium thiocyanate method (19), and at the

same time $-galactosidase activities were measured in a sample
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of cells to confirm that transfection efficiences were similar.

Primer extension analysis was done with 40 Uig of total RNAs as

described previously (20). A synthetic 24 base oligonucleotide

complementary to nucleotides 26-49 of the coding sequence of the

CAT gene was used as a primer. Si analysis was done as described
elsewhere (21) with 40 pg of total RNA. The 528-base single-

stranded probe containing the sequences of prasCAT1 from 472 bp

upstream of the junction (the HindIII site) between the c-Ha-ras-

1 segment and the CAT gene to 56 bp downstream of this junction

site was used for Si analysis.
cAMP analysis. Concentrations of the intracellular cAMP were

measured with use of a cAMP assay kit (Amersham Corp.) that con-

tained [3H]cAMP and bovine muscle-binding protein, according to

the protocol of the supplier.
Analysis of CRE-binding proteins. Nuclear extracts were made

from HeLa and NIH3T3 cells as described by Dignam et al.(22). The

gel retardation assay was done as reported by Singh et al. (23).
First, 10 pg of HeLa or 20 pg of a nuclear extract of NIH3T3

cells was mixed with 1 jg of poly(dI-dC) and incubated in a 15-jil

SV40 SV40 splice signal
promoter CAT & poly(A) site

pA1OCAT2
CRE

pAlOCATCRE\
c-Ha-ras
promoter

prasCAT1

prasCATCRE /Z1Z4
fi-actin
promoter

pactCAT

pactCATCRE

E 5'-AATTCTCCTTGGCTGACGTCAGAGAGAGAG-3'ORE 3'-GAGGAACCGACTGCAGTCTCTCTCTCCTAG-5'

Figure 1. Structure of the CAT constructs used. In the plasmids
pA1OCAT2, prasCAT1, and pactCAT, the CAT genes were fused to the
promoters of the SV40 early gene, the human c-Ha-ras-1 gene, and
the chicken 0-actin gene, respectively. The 30-bp of the duplex
oligonucleotide containing the CRE of the rat somatostatin gene
shown at the bottom was chemically synthesized and inserted into
the BglII site of pAl OCAT2 and the BamHI site of both prasCAT1
and pactCAT, as shown by the filled box. The same oligonucleotide
was also inserted into the BamHI site of pA1OCAT2, the XhoI site
of prasCAT1, or the XhoI site of pactCAT (not shown here).
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reaction mixture containing 10 mM Tris-HCl (pH 7.8), 1 mM DTT, 1

mM MgCl2, 50 mM KCl and 10% glycerol for 15 min at 0°C. The 20

fmol (3 x 104 cpm) of the 32P-labeled 30-bp oligonucleotide shown

in Fig. 1 was then added, and incubation continued for 15 min at

250C. DNA-protein complexes were separated on a 10% nondenaturing
polyacrylamide gel (cross-linking ration, 30:1) containing 6.6 mM

Tris-HCl (pH 7.5), 3.3 mM NaCH3CO2, and 1 mM EDTA. In competition

experiments, a 50-fold excess of 30-bp oligonucleotide competitor

and [32P]-labeled oligonucleotide probe were mixed together and

added to the preincubation mix.

RESULTS AND DISCUSSION

Inducible enhancer activity of CRE linked to the SV40 early

gene promoter. First, we used the pA1OCAT2 and pA1OCAT2CRE con-

structs in which the SV40 promoter was linked to the CAT gene.

The SV40 promoter in these constructs contains a TATA box 30 bp

upstream of the RNA start site and six tandemly arranged GC boxes

in the region between 50 and 110 bp upstream of the RNA start

site, and have no CAAT box (24). Therefore, in the absence of the

enhancer, the level of transcription from the SV40 promoter is

regulated by the transcriptional factor Spi that binds to the GC

boxes (25). When pA1OCATCRE containing CRE was transfected into

PC12 cells, the addition of 8-Br-cAMP stimulated the level of CAT

activity 6-fold (Fig. 2, A and B). In the control experiment with

pA1OCAT2, 8-Br-cAMP did not affect the level of CAT activity

(data not shown). These results confirmed that CRE has inducible

enhancer activity in PC12 cells when linked to the SV40 promoter

(5). To examine the cell-type specificity of inducible enhancer

activity of CRE, we then used CV1, NIH3T3, L, HeLa, KB, and A431
cells for transfection. The level of CAT activity expressed from
pAl OCATCRE was stimulated slightly by 8-Br-cAMP in CV1 and NIH3T3

cells, but was unaffected in L, HeLa, KB, and A431 cells (Fig. 2,
A and B). We also obtained the similar results with the construct

that was made by insertion of CRE into the BamHI site of the pAlO
CAT2 plasmid, about 100 bp downstream of the poly (A) addition

signal for CAT mRNA (data not shown). To check whether the CAT

enzyme activities were correlated with the level of correctly
initiated RNA, primer extension analysis was done with a primer
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Figure 2. Inducible enhancer activity of CRE when linked to the
SV4O promoter. A, B: Effects of CRE and 8-Br-cAMP on expression
of the CAT gene from the SV4O promoter. The plasmid pA100AT2 (CRE
(-)) or pAlOCATCRE (CRE(+)) was transfected into the cells shown
above and treated with (B) 8-Br-cAMP or not (-). CAT reactions
were done for 2 h (PC1 2),r 1.5 h (CVi ), 0.5 h (NIH3T3 and L) , 4 h
(HeLa), 12 h (KB) and 18 h (A431 ), with use of a normalized a-
mount of extract by the $-galactosidase activity. Typical auto-
radiograms are shown in A. In B, activities are expressed rela-
tive to the activity of pA1OCAT2 when not treated with 8-Br-cAMP.
C: Primer extension analysis of CAT RNA. RNA was prepared from
the PC12 cells transfected by pAl OCATCRE and treated with (+) 8-
Br-cAMP or not (-). The band 141-nucleotide long (nts) corre-
sponding to the predicted length of SV4O-CAT mRNA initiated from.
the correct RNA start site is shown by the arrow. The results
were consistent with those from the CAT assays. D: Analysis of
the copy number of plasmid DNA after transfection into PC12
cells. DNAs prepared from the PC12 cells transfected by pAl OCAT
CRE and treated with (B 8-Br-cAMP or not (-), were used for
Southern blot analysis. The 1.6-kb band corresponding to the CAT
DNA fragment is shown by the arrow.

complementary to a segment of CAT mRNA. If CAT RNA starts at the
correct site in the SV4O early promoter, the extended primer
should be 141 nucleotides long (56 nucleotides of SV4O mRNA plus
85 nucleotides of CAT RNA) (10). In PC12 cells transfected with

pAlOCATCRE, the intensity of the 141-nucleotide band was in-
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Table 1. Increase of the intracellular cAMP concentration by
8-Br-cAMP treatment.

Concentration of cAMP
8-Br-cAMP pmolf pmglf relative

Cells treatment mg protein 10 cells valuea

PC12 - 23 2 1
+ 4,414 388 199

NIH3T3 - 60 34 1
+ 5,793 3,307 97

HeLa - 6 2 1
+ 3,027 817 480

a Relative value was calculated by division of cAMP
concentration by that in control samples without
8-Br-cAMP treatment.

creased about 5-fold by 8-Br-cAMP (Fig.2C), indicating that 8-Br-

cAMP stimulated specific and correct initiation at the SV40 early
gene promoter. The intensity of the 141-nucleotide band was not

affected by 8-Br-cAMP in HeLa cells (data not shown).
We also tested the possibility that 8-Br-cAMP was acting by

increasing the copy number of the transfected plasmid. After PC12

cells were transfected with pAlOCATCRE and treated with 8-Br-cAMP

or not, the DNA was extracted from nuclei and used for Southern

blotting analysis. In both cases, the intensities of 1.6-kb bands

detected by a CAT probe were about the same (Fig. 2D), showing

that the addition of 8-Br-cAMP did not affect the copy number of

pAlOCATCRE plasmid DNA after transfection. Taken together, these

results suggest that the inducible enhancer activity of CRE

linked to the SV40 early gene promoter is specific to cell type.

To find whether this cell type specificity resulted from

differences in the extent of increase in the intracellular cAMP

concentration between different cell lines, cAMP in the various
cells was measured by radioimmunoassay (Table 1). In PC12 and
NIH3T3 cells in which CRE functioned as an inducible enhancer,
the level of cAMP was increased about 200- and 100-fold, respec-

tively, by 8-Br-cAMP treatment. The addition of 8-Br-cAMP in-
creased the level of cAMP about 480-fold in HeLa cells in which

CRE had no inducible enhancer activity. These results indicated

that the cell-type specificity of the inducible enhancer activity
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S.

Figure 3. Constitutive enhancer activity of CRE when linked to
the human c-Ha-ras-1 promoter. A,B: Effects of CRE and 8-Br-cAMP
on expression of the CAT gene from the human c-Ha-ras-1 promoter.
The plasmid prasCATi (CRE(-)) or prasCATCRE (CR_E(+)) was trans-
fected into the cells shown above and treated with (+) 8-Br-cAMP
or not (-). CAT reactions were done for 1 h (HeLa , PC1 2, and CV1)
,r0.7 h (L),r 1 8 h (A431 ), 2 h (KB),? and 0.5 h (NIH3T3), with use

of a normalized amount of extract by the $-galactosidase activi-
ty. Typical autoradiograms are shown in A. In B, activities are
expressed relative to the activity of prasCATR when not treated
with 8-Br-cAMP. C: Si analysis of CAT RNA. RNA was prepared from
HeLa cells transfected with prasCATi (CRE(-)) or prasCATCRE (CRE
(+)). The five major bands are shown by arrows 1-5. The results
were consistent with those from CAT assays. D: Analysis of the
copy number of plasmid DNA after transfection into HeLa cells.
DNAs prepared from the HeLa cells transfected by prasCATi (CRE(-))
or prasCATCRE (CRE(+)) were used for Southern blot analysis.
The 1.6-kb band corresponding to CAT DNA fragment is shown by the
arrow.

of CRE was not related to the extent of increase in the intra-
cellular cAMP level.

Constitutive enhancer actit of CRE linked to the human c-

Ha-ras-1 promoter. To examine the promoter specificity, we ana-

lyzed the effect of CRE on expression from another promoter, the
human c-Ha-ras-1 promoter (Fig. 3). The human c-Ha-ras-1 promoter
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in the prasCAT1 has six Spl-binding sites (146, 157, 266, 326,

377, and 404 bp upstream of the junction between the promoter

fragment and the CAT gene, respectively), one CAAT box (304 bp

upstream of the junction between the promoter fragment and the

CAT gene), and no TATA box (26). The transcription factor Spl and

the CTF (CAAT transcriptional factor) bound to the CAAT box are

positive regulators of this promoter ( 26,27, Nagase and Ishii;

unpublised results). The plasmids prasCAT1 and prasCATCRE con-

taining CRE were used for transfection. When HeLa cells were

transfected with prasCAT1 or prasCATCRE, the CAT activity ob-

tained with prasCATCRE was 8-fold higher than that with prasCAT1.
The 8-Br-cAMP treatment did not affect the level of CAT activity

obtained by prasCAT1 or prasCATCRE (Fig. 3, A and B). These re-

sults suggested that CRE had not inducible enhancer activity but

constitutive enhancer activity when linked to the human c-Ha-ras-

1 promoter. To evaluate the cell-type specificity of this activi-

ty of CRE, we used other cell lines for transfection. The ad-

dition of CRE stimulated the level of CAT activity 6-fold in PC12

cells, 4-fold in CV1 cells, 3-fold in L, A431, and KB cells, and

2-fold in NIH3T3 cells. The similar results were obtained with

the construct that was made by insertion of CRE into the XhoI

site of the prasCAT1 plasmid, about 70 bp upstream of the most

upstream Spl binding site (data not shown).
To confirm that CAT activities were correlated with the level

of correctly initiated RNA, Si analysis was done. RNA from HeLa

cells transfected with prasCAT1 or prasCATCRE produced the same

five major protected DNAs (Fig. 3C, bands 1-5). The most abundant

protected DNAs were 240, 220, 145, 135, and 127 bases long (Fig.

3C, bands 1-5, respectively). We reported the start site of the

human c-Ha-ras-1 gene is heterogeneous, occurring 40, 28, 23, and

16 bp upstream from the boundary between the first exon and the

first intron (11). The 127-base protected DNA (Fig. 3C, band 5)

corresponded to the predicted length of c-Ha-ras-CAT mRNA initi-

ated from the most upstream RNA start site reported previously.
The four protected DNAs (Fig. 3C, bands 1-4) corresponded to the

length of transcripts initiated from sites 10, 20, 95, and 115 bp

upstream from the most upstream RNA start site identified

previously. This difference between the observed length and the
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Figure 4. Constitutive enhancer activity of CRE when linked to
the chicken $-actin promoter. A, B: Effects of CRE and 8-Br-cAMP
on expression of the CAT gene from the chicken $-actin promoter.
The plasmid pactCAT (CRE(-)) or pactCATCRE (CRE(+)) was trans-
fected and treated with (+) 8-Br-cAMP or not (-). CAT reactions
were done for 1 h (HeLa and KB), 3 h (A431), 0.2 h (NIH3T3), 0.6
h (PC1 2), 0.5 h (CVi ), and 0.25 h (L), with use of a normalized
amount of extract by the ~-galactosidase activity. Typical auto-
radiograms are shown in A. In B, activities are expressed rela-
tive to the activity of pactCAT when not treated with 8-Br-cAMP.
C: Primer extension analysis of CAT RNA. RNA was prepared from
HeLa cells transfected by pactCAT (CRE(-) or pactCATCRE (CRE(+)).
The band 175-nucleotide long (nts) corresponding to the predicted
length of ~-actin-CAT mRNA initiated from the correct cap site is
shown by the arrow. The results were consistent with those from
the CAT assays. D: Analysis of the copy number of plasmid DNA
after transfection into HeLa cells. DNAs prepared from HeLa cells
transfected by pactCAT (CRE(-)) or pactCATCRE (CRE(+)) were used
for the Southern blot analysis. The 1.6-kb band corresponding to
the CAT DNA fragment is shown by an arrow.

predi+cted length of protected DNAs could be caused by differences
in the assay: in this study, RNA was expressed transiently from
transfected extrachromosomal DNA, but earlier experiments used
RNA transcribed permanently from the gene in a chromosome. To
measure the densities of the protected bands, autoradiograms were
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traced and the peak areas for each band were measured. CRE en-

hanced the level of the protected products about 8-fold in HeLa

cells. Using NIH3T3 cells, we observed the same protected bands,
and CRE stimulated the level of the protected products about 3-
fold (data not shown). These results indicated that the levels of

CAT RNA were correlated with those of CAT enzyme activities.
To check the possibility that CRE was acting by increasing

the copy number of the transfected plasmid, Southern blotting a-
nalysis was done again. Insertion of CRE into the BamHI site of

prasCAT1 did not affect the copy number of transfected DNA (Fig.
3D). The results indicated that CRE functioned as a constitutive
enhancer when linked to the human c-Ha-ras-1 promoter; this ac-
tivity was observed in all of the seven cell lines examined.

Cell-type specificity of constitutive enhancer activity of
CRE linked to the chicken $-actin promoter. To examine the pro-
moter specificity of the enhancer activity of CRE in more detail,
we used the chicken 8-actin promoter (Fig.4). The chicken $-actin
promoter in the pactCAT has a TATA box, a CAAT box 30 and 90 bp

upstream of the RNA start site, respectively, and four GC boxes
in the region between 115 and 145 bp upstream of the RNA start
site (12). Insertion of CRE into the BamHI site of pactCAT stimu-
lated the level of CAT activity 8-fold in KB cells, 3-fold in
HeLa cells, and 2-fold in A431 cells. The 8-Br-cAMP treatment did
not affect the level of CAT expression from pactCATCRE (Fig. 4, A

and B). On the other hand, the level of CAT activity obtained by
pactCATCRE was almost the same as that with pactCAT in NIH3T3, PC

12, CV1, and L cells (Fig. 4, A and B). In these cells, 8-Br-cAMP
did not stimulate the CAT expression from pactCATCRE. We also ob-
tained the similar results with the construct that was made by
insertion of CRE into the XhoI site of the pactCAT plasmid, about
280 bp upstream of the RNA start site (data not shown).

To confirm that CAT activities were correlated with the level
of correctly initiated RNA, primer extension analysis was done
again with a primer complementary to a segment of CAT mRNA. If

CAT RNA starts at the correct site in the 6-actin promoter, the

extended primer should be 175 nucleotides long (90 nucleotides of

0-actin mRNA plus 85 nucleotids of CAT RNA) (12, 13). RNA from
HeLa cells transfected with pactCAT or pactCATCRE produced ex-
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Table 2. Dual enahncer activities of CRE.

Cells
NIH3T3 HeLa

Promoter PC12 CV1 KB A431 L

SV40 Ia I - - -

c-Ha-ras 1 cb c c c c

S-actin _c _ C C -

aInducible enhancer activity
bConstitutive enhancer activity
cNo enhancer activity

tended primers 175 nucleotides long, and the intensity of the
175-nucleotide band was increased about 4-fold by insertion of
CRE into the BamHI site of pactCAT (Fig. 4C). Using NIH3T3 cells,
we observed the same 175-nucleotide extended primer, and CRE did

not stimulate the level of the extended product (data not shown),
indicating that the levels of CAT RNA were correlated with those
of CAT enzyme activities. Southern blotting analysis was also
done and showed again that CRE did not affect the copy number of
transfected DNA ( Fig. 4D ). These results indicated that CRE
functioned as a constitutive enhancer that was cell-type specific
when linked to the $-actin promoter.

Multiple trans-acting factors bound to CRE. The enhancer
activities of CRE are summarized in Table 2. The enhancer activi-
ties observed are position-independent that is consistent with
other reports published so far (4,28). The inducible enhancer ac-

tivity in response to cAMP was observed only in PC12, NIH3T3, and
CV1 cells when they were linked to the SV40 promoter. These re-

sults raised the possibility that the trans-activator bound to
CRE, which is responsible for inducible-enhancer activity, exists
only in cells such as PC12 cells. The cAMP regulatory pathway in
mammalian cells has been studied in considerable detail. CAMP-de-
pendent protein kinases are activated in response to increased c-
AMP concentrations. These activated kinases then phosphorylate
proteins that presumably modulate transcription. The pathway to
generate the trans-activator responsible for the inducible en-
hancer activity of CRE may work in a limited number of cell lines
such as PC1 2 cells. CRE did not function as an inducible enhancer
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when linked to the c-Ha-ras-1 or the 8-actin promoter even in PC

12 cells. These results may suggest that interaction between the

trans-acting factor bound to CRE and the specific sequence(s) of
promoter or factor(s) bound to the promoter is necessary for the
inducible enhancer activity of CRE.

CRE also functioned as a constitutive enhancer in a cell-type
specific way when linked to the 0-actin promoter, but constitu-
tive enhancer activity of CRE linked to the c-Ha-ras-1 promoter
was observed in all of the cell lines examined. Two mechanisms
are possible for this cell type specificity of the constitutive
enhancer activity of CRE. First, there are at least two different
trans-activators for the constitutie enhancer activity that exist
with different cell type specificity, and the selection of
trans-activator bound to CRE depends on the promoter because the
interaction between a trans-activator bound to CRE and the pro-
moter sequence or the promoter factor is necessary. Another
possibility is that there is only one trans-activator bound to

CRE, but that interaction between the trans-activator bound to
CRE and promoter factors that exist with various cell type speci-
ficities is necessary for constitutive enhancer activity. The
second possibility seems unlikely, because the $-actin gene is
expressed in almost all cell lines, suggesting that the promoter
factors for the $-actin gene are not specific to cell type.

According to these speculations, HeLa cells and NIH3T3 cells
may have both the common and distinct CRE-binding proteins. To
examine the possibility of multiple trans-acting factors for CRE,
the gel retardation assays were used. The double-stranded oligo-
nucleotide containing CRE of the somatostatin gene shown in Fig.1
was [32P]-labeled at the 5'-end and incubated with a nuclear
extract of NIH3T3 or HeLa cells; the complexes formed were ana-
lyzed by polyacrylamide gel electrophoresis at low ionic
strength. Multiple bands were observed for each extract. A self-
competition experiment with unlabeled homologous competitor DNA

showed that two bands with the NIH3T3 extract (Fig.5, bands a and
b) and two bands with the HeLa extract (Fig. 5, bands c and d)
represent specific complexes, although band d was less competed
with 50-fold more amount of the competitor. The electrophoretic
mobilities of bands a and c were similar, suggesting that the
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iel^;312- -dl
lh: 3HeL

--

Figure 5. Binding of multiple nuclear factors to CRE. The 30-bp
end-labeled oligonucleotide containing CRE shown in Fig. 1 was
used for a gel retardation assay. For the binding reaction, 10 .g
of a nuclear extract of HeLa (lanes 1 and 2) or 2tog of a nuclear
extract of NIH3T3 cells (lanes 3 and 4) was included. For compe-
tition experiments, a 50-fold excess of the 30-bp oligonucleotide
containing CRE was added (lanes 1 and 4). The retarded bands,
which were competed out in a self-competition experiment, are
shown by arrows a-d.

same protein existed in both HeLa and NIH3T3 cells and was bound

to CRE. The bands b and d, which have different electrophoretic
mobilities, indicated the presence of different proteins bound

to CRE.
During preparation of this manuscript, Hardy and Shenk also

reported finding multiple DNA-protein complex bands in gel re-

tardation assays using the CRE of adenovirus early genes and HeLa

cell nuclear extracts (29). Recently, Yamamoto et al. have puri-
fied nuclear phosphoprotein (CREB) from rat brain with a molecu-
lar weight of 43,000 which binds to the CRE of the rat somato-
statin gene, and demonstrated that the dimerization and tran-
scriptional efficacy of CREB in vitro are regulated by phosphory-
lation (30). Jalinot et al. (31) also purified a 38-kDa protein
that binds to the CRE of the adenovirus E2a promoter, which is
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therefore smaller than the CREB purified by Yamamoto et al.. The

results suggested that there are multiple forms of the CRE-

binding protein (CREB). In fact, two genes encoding different
CREBs were recently isolated from a human placenta (32 and Ishii

et al., unpublished results ) and a human brain cDNA library

(Maekawa et al., manuscript submitted). These two CREBs have no

sequence homology except for the leucine residues in the leucine

zipper motif and a cluster of basic amino acids adjacent to the

leucine zipper motif, and appears to have the similar DNA binding

properties. Heterogeneity of CREB may explain dual enhancer ac-

tivities of CRE and may be important to our understanding of the

regulation of eukaryotic gene expression by CRE.
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