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We examined the regulatory/promoter sequence of a calcium ionophore-inducible gene isolated from the rat
genome. Whereas the promoter of this ubiquitously expressed gene is active under noninduced conditions, after
induction by calcium ionophore A23187 this promoter is 10- to 25-fold more active than the simian virus 40
early promoter, as measured by chloramphenicol acetyltransferase activities. Within this regulatory/promoter
region, we have identified a DNA fragment with enhancerlike properties immediately 5' to the TATA sequence.
This 291-nucleotide fragment acts in cis to enhance expression of the neomycin phosphotransferase (neo) gene
driven by the herpes simplex virus thymidine kinase promoter in an orientation-independent manner. In
addition, this fragment can confer A23187 inducibility to the neo gene and effectively compete for positive
regulatory factors involved in A23187 induction. Sequence analysis of this promoter reveals homology with
viral core enhancer sequences, and the apparent organization of direct repeat domains is similar to those
observed in viral enhancers.

Transcriptional regulatory elements referred to as "en-
hancers" are cis-acting elements which have profound ef-
fects on the transcriptional activity of nearby genes. These
elements have been found within a number of DNA viruses
and retroviruses (for review, see reference 15), more re-
cently, cellular enhancers, such as those associated with the
immunoglobulin, interferon, and metallothionein genes,
have been identified (8, 10, 27; A. Haslinger and M. Karin,
Proc. Natl. Acad. Sci. USA, in press). Although it has been
established that enhancers act by increasing transcriptional
activities, little is yet known about the molecular mecha-
nisms involved. However, one expectation might be that
strong cellular enhancers are likely to be found in genes that
are expressed at high constitutive levels or in genes that can
be readily induced. Unlike the enhancers found in tissue-
specific genes, these enhancers may be equally effective in
many cell types.
Our laboratory has been interested in the transcriptional

regulation of two cellular genes that are highly inducible in a
variety of mammalian cell types by the calcium ionophore
A23187 (28). These genes are constitutively expressed, but
within 3 h of treatment with A23187, a 30-fold increase in the
transcriptional rate of one of the genes, p3C5, was observed.
At the steady state after induction, the p3C5 transcripts
represented about 3.5% of the total polyadenylated RNA of
the cell, an increase from 0.1% in the basal state. The p3C5
gene can also be induced by glucose starvation in a variety of
cultured cells; however, there is a lag period of 16 h, and a 5-
to 10-fold induction is generally observed (20).
A hamster mutant cell line, K12, has th^e unique property

that when incubated at the nonpermissive temperature
(40.5°C), the transcription of p3C5 is activated 10-fold within
30 min (19). The availability of this temperature-sensitive (ts)
mutant allows us to study the interaction of a trans-acting
regulatory element with its target sequence, the p3C5 gene.
Thus, we have recently reported that the 5' sequence of the
p3C5 gene contains sufficient information for the induction
of the p3C5 gene by glucose starvation and by the K12 ts
mutation (1) and that a 1.25-kilobase (kb) 5' flanking se-
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quence can confer A23187 inducibility to heterologous fu-
sion genes (28).

In this report, we present the DNA sequence and struc-
tural organization of the regulatory/promoter region of the
rat p3C5 structural gene. One striking feature of the se-
quence is the existence of two imperfect direct repeats, each
spanning about 170 nucleotides (nt). A 291-nt fragment
immediately 5' to the TATA sequence has enhancerlike
properties. It can confer A23187 inducibility to a heterolo-
gous gene and can effectively compete for positive regula-
tory factors involved in induction by A23187 and the K12 ts
mutation. The promoter of this ubiquitously expressed gene
is active in different cell lines and, after induction by A23187,
is 10- to 25-fold more active than the simian virus 40 (SV40)
early promoter.

MATERIALS AND METHODS

Cell culture and conditions. K12, a ts mutant derived from
Chinese hamster fibroblast cell line WglA (18), is routinely
maintained in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% cadet calf serum. The normal rat
kidney (NRK) cell line was obtained from P. Vogt and was
maintained in DMEM supplemented with 10% cadet calf
serum. The mouse fibroblast cell line (mouse LA9) was
obtained from R. E. K. Fournier and was a hypoxanthine
phosphoribosyltransferase-negative derivative of mouse L
cells. The cells were maintained in DMEM supplemented
with 10% fetal calf serum. Human hepatoma cell line HepG2
was also obtained from R. E. K. Fournier and was maintained
in DMEM supplemented with 10% fetal calf serum. COS 7,
an SV40-transformed derivative of established African green
monkey kidney cell line CV-lp (9), was obtained from A.
Berk. The cell line was maintained in DMEM supplemented
with 10%o fetal calf serum. NIH 3T3 cells were obtained from
S. Rasheed and maintained in DMEM supplemented with
10% cadet calf serum and 2 mM glutamine.
Plasmids and their constructions. (i) p110. Plasmid pI10

was constructed by fusing a 1.25-kb fragment of the 5'
flanking sequence of the rat p3C5 structural gene to the
bacterial chloramphenicol acetyltransferase (CAT) gene as
described (28).
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(ii) pSV2CAT. Plasmid pSV2CAT contained 520 nt of the
SV40 early promoter and origin of replication fused to the
CAT gene (11) and was obtained from B. Howard (National
Institutes of Health).

(iii) phMTCAT. Plasmid phMTCAT contained 770 nt of
the human metallothionein IA gene promoter fused to the
Cat gene (14) and was generously provided by M. Karin
(University of Southern California).

(iv) pNEO3. The hybrid gene in plasmid pNEO3 contained
680 nt of the herpes simplex virus thymidine kinase (HSV-tk)
promoter fused to the neomycin resistance gene (1) and was
generously provided by B. Wold (California Institute of
Technology).

(v) pNESS41. Plasmid pNESS41 contained the 291-nt
SmalStu fragment inserted 680 nt 5' to the HSV-tk promoter
in pNEO3. The direction of transcription of the SmalStu
fragment is the same as that of the neo transcriptional unit
(see Fig. 3). Essentially, the 291-nt fragment was isolated
from pUC6.2 (1) after digestions with SmaI and StuI. The
DNA fragment, recovered from low-melting agarose gels
and purified over Elutip-d columns (Schleicher and Schuell),
was treated with the Klenow fragment ofDNA polymerase I
before ligation with the BamHI-treated, dephosphorylated
pNEO3. The resulting recombinants were transfected into
Escherichia coli HB101 cells by the Kushner procedure (16).
Ampicillin-resistant colonies were screened with a 1.1-kb
PvuII subfragment of pUC6.2 which contained the Sma/Stu
fragment (1).

(vi) pNESS17. Plasmid pNESS17 was constructed identi-
cally to pNESS41 except that the SmalStu fragment was
ligated with BamHI synthetic linker before insertion into the
BamHI site in pNEO3. The orientation of the SmalStu
fragment in pNESS17 is opposite that of the neo transcrip-
tional unit (see Fig. 3).

(vii) pNELK1. Plasmid pNELK1 contained the 291-nt
Sma/Stu fragment inserted at the NdeI site at the 3' end of
the neo transcriptional unit on pNEO3 (see Fig. 3). The
construction scheme was similar to that described for
pNESS41.

(viii) pUC291W. Plasmid pUC291W contained the 291-nt
SmalStu fragment inserted at the SmaI site of the polylinker
on pUC8 (33).

Transformation conditions. The conditions for DNA trans-
fection have been described (1, 35). Briefly, for stable
transformants the transfecting DNA was mixed with 10 p.g of
high-molecular-weight HeLa cell DNA as carrier in the
transformation buffer and added to K12 cells grown as

monolayers in 75-cm2 flasks. Incubation was at 35°C for 20
min. Fresh DMEM was then added to the cells, and incuba-
tion was continued for 16 h before glycerol shock. G418 was
added to 200 ,ug/ml 2 days after transfection for the selection
of stable transformants. Individual G418-resistant colonies
were picked after 2 to 3 weeks and expanded into mass
culture. For transient transformants, the transfecting plas-
mid DNA was mixed with 7 jig ofHeLa cell DNA and added
to cells grown in 10-cm-diameter cell culture dishes. After
incubation at 35°C for 20 min, 5 ml of fresh DMEM was
added to the cells, and incubation was continued for 4 h at
35°C before glycerol shock. The cells were harvested 48 to
50 h after transfection without any selection.

Induction conditions. The cells were maintained as
monolayers in normal culture medium until they reached
about 80% confluency. To test for the effect of calcium
ionophore, 7 ,uM A23187 (Sigma) was added to the culture
medium for 16 h. To test for the K12 ts mutation effect, the
cells were shifted to 39.5°C for 16 h. To test for the

glucose-starvation effect, the cells were incubated in glu-
cose-free medium (20) for 16 h at 35°C.

Isolation of cytoplasmic RNA and hybridization. At the end
of the induction period, total cytoplasmic RNA was isolated
from the cells as previously described (19). A 10-,ug portion
of each RNA sample was electrophoresed on formamide-
formaldehyde agarose gel and blotted onto nitrocellulose
paper (19). The RNA gel blot was then hybridized with
nick-translated neo DNA fragment with a specific activity of
2 x 108 to 4 x 108 cpm/,lg of DNA as described (1).

Assay for CAT activity. The preparation of the cell extract,
the measurement of protein in each extract sample, and the
assay for CAT activity have been described (28).

Nucleotide sequence analysis. The nucleotide sequence was
determined by both the method of Maxam and Gilbert (21)
and the dideoxy method of Sanger et al. (29). Analysis of the
sequences was aided by the Intelli-Genetics Bionet com-
puter program.
Primer extension. A synthetic oligonucleotide (a 23-mer,

with sequence 5'-TGTTGTGCCCAGTCATAGCCGAA-3')
corresponding to the anti-sense strand nt 208-230 of the
bacterial neo gene (2) was used as primer. The 23-mer was
synthesized using a model 380A DNA synthesizer (Applied
Biosystems). A 1.6-,ug sample of the 23-mer was 5'-end
labled with T4 polynucleotide kinase and purified through a
DE-52 column. About 107 cpm of the DNA was hybridized
with 50 ,g of cytoplasmic RNA at 42°C for 16 h in a solution
containing 60% formamide, 0.3 M NaCl, 7.5 mM PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)] (pH 7.0), and
1.5 mM EDTA. After alcohol precipitation, avian
myeloblastosis virus reverse transcriptase was added to the
RNA/DNA hybrid in 100 ,ul of a reaction mixture containing
10 mM MgCl2, 120 mM KCI, 50 mM Tris hydrochloride (pH
8.3), 30mM ,B-mercaptoethanol, and 1 mM each of unlabeled
deoxyribonucleoside triphosphates. After 90 min at 37°C,
the reaction was stopped by the addition of 0.2 N NaOH.
The mixture was then incubated at 45°C for 60 min and
subsequently neutralized with HCI. The primer-extended
products were alcohol precipitated and electrophoresed on
6% polyacrylamide sequencing gels. The predicted size of
the primer-extended transcript was 167 nt since the cap site
for the HSV-tk promoter (23) was located 53 nt upstream
from the BglII site fusions of the HSV-tk promoter and the
neo gene in pNEO3.

RESULTS

The pI10 sequence contains a strong cellular promoter
inducible by A23187 and temperature in hamster K12 cells.
We have previously described the construction of a hybrid
gene, pI10, which contained 1.25 kb of the 5' flanking
sequence of the rat p3C5 gene fused to the bacterial CAT
gene. After transfection of this construct into hamster cells,
basal CAT expression was observed at 35°C. After treatment
with 7 jxM A23187 for 16 h, a 15-fold increase in the CAT
activity was detected (28). To test the specificity of this
regulation, we used transient transfection assays to measure
the level of CAT activity as driven by the rat p3C5 promoter
(p110), by the SV40 early promoter (pSV2CAT), and by the
human metallothionein IIA gene promoter (phMTCAT) in
hamster K12 cells, under induced and noninduced condi-
tions.
The results (Fig. 1) demonstrated that (i) the pI10 pro-

moter was a strong cellular promoter and it was highly active
under noninduced conditions; (ii) a 10-fold increase in CAT
activity after A23187 treatment was only observed in pI10
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FIG. 1. Comparison of promoter activities in K12 cells. K12 cells
were transfected with 3 ,ug of pI10 (lanes 1 through 4), pSV2CAT
(lanes 5 and 6), or phMTCAT (lanes 7 and 8). These plasmids
contained the promoters from the rat p3C5 gene (p110), the SV40
early gene (pSV2CAT), and the human metallothionein IIA gene
(phMTCAT). In lanes 1 and 7, the cells were continuously incubated
at 35°C in normal medium. In the other samples, 32 h after
transfection, the cells were either shifted to 40.5°C (lanes 2 and 5),
changed to glucose-free medium (lane 3), or treated with 7 ,uM
A23187 (lanes 4, 6, and 8). Total cell extract was prepared from all
samples 48 h after transfection. Equal portions (10 IlI) of each
sample were assayed for CAT activity. The autoradiogram is shown.
The assay performed with 0.1 U of CAT (P-L Biochemicals) is
shown in lane 9. The positions of chloramphenicol (CM) and its
acetylated forms (1,3-Ac, 3-Ac, and 1-Ac) are indicated. The spot
marked x represents an impurity from the [14C]chloramphenicol
used.

transformants; (iii) an 8-fold increase in CAT activity was

only observed in pI10 transformants when the transfected
K12 cells were shifted to the nonpermissive temperature,
40.5°C. Since neither the SV40 early promoter nor the
metallothionein promoter showed any substantial response
to the calcium ionophore or temperature induction, the
regulatory sequences for A23187 and temperature induction
contained in pI10 were distinct from the viral gene or heavy
metal control elements associated with metallothionein
genes.

In the case of stimulation by glucose starvation, we

consistently observed a twofold increase in CAT activity in
pI10 transformants in transient assays. Because of the rela-
tively low level of stimulation in these assays, induction by
glucose starvation is being studied in stable transformants,
where the effect is more substantial.
Sequence organization of the rat p3C5 promoter. To char-

acterize the control elements present in p110, the 1.25-kb

fragment was restriction mapped (Fig. 2A), and the nucleo-
tide sequence immediately 5' to the rat p3C5 structural gene
was determined (Fig. 2B). This sequence, when compared
with other eucaryotic promoters, shared similar features
such as the presence of a TATA sequence and, 30 nt
upstream from it, the presence of a CCAAT sequence.
Interestingly, three other CCAAT sequences, in either direct
or inverted orientations, were located further upstream. A
search for inverted repeats yielded four perfect pairs ranging
from 7 to 10 nt. Interspersed within this promoter sequence
were islands of guanine plus cytosine (GC)-rich regions. The
overall GC content of this sequence is 64%, and the ratio of
CpG to GpC is about 1.
The p3C5 gene is not a major heat shock gene, as it is only

induced two- to threefold by heat in wild-type cells (1).
However, p3C5 can be viewed as a stress-inducible gene
since it is transcriptionally activated by calcium shock (28)
and by deprivation of glucose (20). In this context, it is
interesting that two blocks of homologous sequence (A and
B, Fig. 2B), 11 and 12 nt long, are shared by the promoters
of the human heat shock hsp7O gene (B. Wu, R. Kingston,
and R. Morimoto, Proc. Natl. Acad. Sci. USA, in press) and
that of the p3C5 gene.
There are many short direct repeats within this relatively

compact region, some of which are indicated in Fig. 2C. One
notable feature of the sequence is that the direct repeats (a
through m) in the entire sequence can be arranged into two
units of 170 nt, each containing the exact array of 13 direct
repeats. Near the junction of the two untis, there is a stretch
of eight alternating purine/pyrimidines characteristic of Z
DNA. This tandem repeat arrangement is similar to the
shorter, but more perfect repeats commonly observed in
viral enhancers. In addition, sequences partially homologous
to the viral core enhancer elements (12, 36) can be located
within this sequence (Fig. 2B).

Further computer analysis of the sequence yielded three
long stretches (22 to 37 nt) of direct repeats (71 to 80%
homology), two of which are partially overlapping (Fig. 2D).
Deletion analysis of the promoter region suggested that the
SmalStu fragment contributed significantly to basal level
transcription as well as to specific induction by A23187 and
the K12 ts mutation (S. C. Chang et al., manuscript in
preparation).
The SmalStu element increases transformation efficiencies.

To determine whether the promoter described above con-
tained an enhancerlike element, we isolated a SmaIIStuI
fragment from the 1.25-kb fragment originally contained in
pI10 (Fig. 2A). This fragment was 291 nt long and was
dissociated from the TATA sequence of the rat promoter
since the StuI site was located 25 nt 5' to the TATA
sequence. It retained the four CCAAT sequences and most
of the direct and inverted repeats. This fragment was in-
serted into pNEO3, which contained the HSV-tk promoter
sequence fused to the neomycin resistance gene, neo (1).
The SmalStu element was inserted at the 5' or 3' side of this
transcription unit (Fig. 3). In addition, two orientations of
insertions were generated for the 5' insertions. These recom-
binants were used to transfect K12 cells under normal
culture conditions, and the transformation efficiencies are
shown in Fig. 3. The transformation efficiencies observed in
the recombinants containing the SmalStu fragment were
about 10- to 20-fold higher than those in the parental plasmid
pNEO3. The insertion at the 3' end (pNELK1) was about as
effective as the 5' insertions (pNESS41 and pNESS17), even
though the distance of the SmalStu fragment from the
heterologous HSV-tk TATA sequence varied from 680 nt for

VOL. 6, 1986 1237



1238 LIN ET AL. MOL. CELL. BIOL.

A.
i 00nt 1 |CCA AT| TA TA

,lo 1ZZ1ZV:Ez//////////////////z//////////////////////2// ZA

(1250nt) 5' - 3' T T T
co co co la m co m
C 3 : co, co
0 0 0 C 0 C 0o

Sma I I Stu I fragment
(291 nt)

B.
SmnaI 50 1 PvuU 100

5' CGGGGGCCCA ACGTGAGGGG AGGACCTCGA CGGTTACCGC CGGAAACTGG TTTCCAGGTG AGAGGTCACC CGAGGGACAC GCACCTGUCTC AA-CAA1jAC
GCCCCCGGGT TGCACTCCCC TCCTGGACCT GCCAATGGCC GCCTTTGACC AAAGGTCCAC TCTCCAGTGG GCTCCCTGTC CGTCGACGAG T :ITArCc

2 150 Rsa I 200
ACCAGCTCTC AGGGCGGATG CGCCTCTC T TfCGTCCG CTAAGAATGA CCAGTA CA AGAGTTCGG CTGGGGGGCG CGTACCAGTG ACGTGAGTTG
TGGTCGAGAG TCCCGCCTAC GCGGAGAGW ACCCAGGC GATTCTTACT GGTCATCT TCTCAAGCC GACCCCCCGC GCATGGTCAC TGCACTCAAC

L A 2 . B -

250 Stu I 300

CCCAGGAGGC CGCTTCGAAT CGGCAGCGGC CAGCGTTGGT GGCATGAACC AACCAGCGGC CTCCAACGAG TAGCGAGTTC AA GGA GGCCTCCACG
CCCTCCTCCG GCGAAGCTTA GCCGTCGCCG GTCGCAACCA CCGTACTTGG TTGGTCGCCG GAGGTTGCTC ATCGCTCAAG OGTTfCCT CCGGAGGTGC

3 4

Bssh ll 350

ACGGGOCTGC GGGGAGG|TA TATACCGA GTCGCCGACC GGCGCGCTCG AATAACCCGG 3
TGCCCCGACG CCCCTC AT ATATICGGCT CAGCCGCTGG CCGCGCGAGC TTATTCGGCC

c. 50 100
5CCGGGGGCCCA ACGTGAGGGG AGGACCTGGA CGGTTACCGG CGGAAACTGG TTTCCAGGTG AGAGGTCACC CGAGGGACAG GCAGCTGCTC AACCMTAGG

3:2 ? ZEEZt E1EIc>)

150150I I 200

ACCAGCTCTC AGGGCGGATG CGCCTCTCAT TGGCGGTCCG CTAAGAATGA CCAGTAGCCA ATGAGTTCGG CTGGGGGGCG CGTACCAGTG ACGTGAGTTG
EZh I k ME OAEt?A

250 m m 300
CGGAG,GAGGC CGCTTCGAAT CGGCAGCGGC CAGCGTTGGT GGCATGAACC AACCAGCGGC CTCCAACGAG TAGCGAGTTC ACCMTCGGA GGCCTCCACG
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D.
I. 150 ACCACTAGCCAATGAGTT-CGGCTCCGGGGCGCGTAC 185

184 ACCACT-GAC-GTGAGTTGCGG- AGGAGGCCGC-TTC 216

II. 132 CGCCGCTCCGCTAAGAAT-GACCAGTAGCCA 160
205 GGAGG-CCGCTTCGMTCGGC-AGCGGCCA 232

III. 248 ACCAACCAGCGGCCTCCMCGA 269
281 ACCMTCGGACGCCTCCA-CCA 301

FIG. 2. Sequence organization of the promoter region of the rat p3C5 gene. (A) Schematic representation of the 1.25-kb rat sequence
contained in pI10 and the 291-nt SmalStu fragment derived from p110. (B) Nucleotide sequence of the rat promoter. The sequence was
numbered starting from the SmaI site, which defines the 5' end of the SmalStu fragment in panel A. The positions of four pairs of inverted
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FIG. 3. Effect of the SmalStu fragment on transformation efficiency. The structures of pNE03, pNESS41, pNESS17, and pNELKl are
shown in the top panel. The relative location and orientation of the SmalStu fragment (Fs[s) with respect to the HSV-tk promoter ( ), neo
coding sequence (_), poly(A) addition site ( ), and pBR322 ( ) sequence in each construct are as indicated. Except for the mock
control, K12 cells were transfected with 5 ,ug of each plasmid. Two weeks after the transfection, G418-resistant colonies were stained with
1% crystal violet in methanol-water (25:75, vol/vol).

the 5' insertions to about 2,000 nt for the 3' insertion.
Comparison of the levels of neo transcripts in these stable
transformants by RNA blot hybridization with the neo probe
(1) revealed that under noninduced conditions the presence
of the SmalStu fragment at the 5' or 3' orientation increased
the neo mRNA levels by 3- to 20-fold (Fig. 4).

Inducibility of neo transcripts by A23187. To further deter-
mine whether the SmalStu fragment can confer A23187
inducibility to the neo transcription unit in the recombinants
pNESS41, pNESS17, and pNELK1, cytoplasmic RNA was
extracted from individual transformants under induced and
noninduced conditions. The RNA was annealed to a neo
synthetic oligomer (23-mer) and subjected to primer exten-
sion analysis (Fig. 5). In the case of 5' insertions, plasmids
with both orientations (pNESS41 and pNESS17) responded
to A23187 induction. The degree of induction varied from
three- to fivefold in individual transformants. However,
insertion of the SmalStu fragment 2,000 nt away from the
heterologous promoter (pNELK1) resulted in a lower re-

sponse to A23187 (1.5-fold), and in some cases, neo tran-
scripts of other sizes were observed. In all the transformants
being analyzed, including that of pNEO3, an upstream start
site was preferred over the expected cap site (see discus-
sion).
The Sma/Stu fragment can compete for trans-acting regula-

tory factors. To test whether the 291-nt fragment contained
binding sites for the positive regulatory factors responsible
for A23187 and temperature induction in K12 cells, the
following competition experiments were performed. Since
we have shown that pI10 can be stimulated to produce high
levels of CAT activity by A23187 and temperature in tran-
sient transfection assays (Fig. 1), addition of increasing
amounts of the SmalStu fragment (as contained in
pUC291W) should compete away the factors from binding to
pI10, thereby diminishing the inducibility of the pI10 CAT
activity by A23187 and temperature in a dosage-dependent
manner. The results of this set of experiments are shown in
Fig. 6. When increasing amounts of the SmalStu fragment

repeats (-) and the eight alternating purine/pyrimidine bases (-) are indicated. The four CCAAT and TATA sequences are boxed. The GGCG
sequences are highlighted by boldface type. The two blocks of sequence (A and B) are homologous to sequences located similarly in the human
heat shock (Hsp 70) promoter (Wu et al., in press). Symbols: *, sequences homologous to ElA core enhancer (cGGAAGTGI; 12); *, sequences
homologous to the viral and immunoglobulin heavy-chain enhancer (GTGG4TIT4G; 8, 36). (C) Analysis of direct repeats. The direct repeats (a
through m) are indicated with open and shaded boxes. The small triangle (A) designates the apparent junction of the two repeating units. The
location of three long stretches of imperfect repeats (I, II, and III) are indicated. The broken line (-) refers to the alternating purine/pyrimidine
sequence as in panel B. The four CCAAT and TATA sequences are shown in boldface type. (D) Sequence homology of long repeats (I through
III). In repeat I, 26 of 37 nt is homologous; repeat II, 21 of 30 nt; and repeat III, 18 of 22 nt.
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1 2 3 4
FIG. 4. Level of neo transcripts in stable transformants. Stable

pNE03 (lane 1), pNESS41 (lane 2), pNESS17 (lane 3), and
pNELK1 (lane 4) transformants were expanded into mass culture.
The cells were grown at 35°C in DMEM. Total cytoplasmic RNA
was extracted and size-separated on formamide-formaldehyde gels.
The RNA blot was hybridized with nick-translated neo DNA
fragment (1). The autoradiograms are shown. The expected size of
the neo transcript is indicated by the arrow.

were added to cotransfection mixtures, the CAT activity in
response to A23187 and temperature decreased correspond-
ingly, while the basal level was relatively unaffected. These
results suggested to us that the SmalStu fragment con-

tained sequences capable of interacting with diffusible fac-
tors involved in the induction by A23187 and the K12 ts
mutation.
The calcium ionophore-inducible promoter is active and

inducible in different cell lines. Since the p3C5 gene has been
shown to be inducible by A23187 in a variety of cells (28), its
promoter was likely to be active in different cell types of
various mammalian species. However, recent experiments
suggested that some viral and cellular promoters might
exhibit species specificity. For instance, the SV40 early
promoter was more active in hamster than mouse cells,
whereas the mouse metallothionein promoter was active in
mouse cells but not in hamster cells (22). To examine this
issue, we transfected pI10 into various cell lines such as
mouse LA9, NIH 3T3, human hepatoma HepG2, rat fibro-
blast NRK, and monkey COS cells (Table 1). As a compar-
ison, pSV2CAT was used in parallel transient transfection
assays. Similar to the viral enhancer, pI10 was ubiquitously
expressed in all the cell types tested. The variation in the
promoter activities among cell lines may reflect the relative
competency of different cell lines in transfection assays as
well as species specificity. With the exception of the COS
cells, pI10 was consistently three- to ninefold more active
than pSV2CAT in the noninduced state. After treatment

1 2 3 4 5 6 7 8 9 10

FIG. 5. Inducibility of neo transcripts by A23187. Total cytoplasmic RNA was extracted from pNESS41 stable transformants (1 through
4), pNESS17 stable transformants (5 through 7), and pNELK1 stable transformants (8 through 10). The RNA was reannealed to a neo
synthetic oligomer (see Materials and Methods). The primer-extended neo transcripts were analyzed on a 6% polyacrylamide-urea gel. The
autoradiograms are shown. -, Normal culture conditions; +, A23187 added to culture medium; M, 4X174 HaeIII digest size marker.
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FIG. 6. Competition for trans regulatory factors by the SmalStu

fragment. K12 cells grown in 10-cm-diameter dishes were cotrans-
fected with 1 p.g of test plasmid (p110; size, 5.7 kb) and increasing
amounts of competitor plasmid (pUC291W; size, 3.0 kb). To main-
tain a constant amount of DNA used in each experiment, control
plasmid (pUC8; size, 2.7 kb) was added to adjust the total plasmid
DNA at 11 ,ug. At 48 to 50 h after transfection, cell extract was

prepared from the transfected cells treated for 16 h with 7 ,uM
A23187 at 35-C (A), from transfected cells treated for 16 h at 39.5°C
(@), or from control cells incubated in normal medium at 35°C (0).
Each extract was assayed for protein concentration, and the CAT
activity was determined using 75 jLg of protein. The relative CAT
activity, expressed as fold increase over that of the control cells,
was plotted against the molar ratio of competitor to test DNA.

with 7 ,uM A23187, the pI10 promoter was 10- to 25-fold
more active than the SV40 early promoter.

Since in COS cells the CAT activity expressed by
pSV2CAT was considerably higher than in other cell lines,
we assayed for the copy number of the plasmids in these
transformants just before cell extracts were prepared (Fig.
7). As expected, pSV2CAT replicated to high copy numbers
in the COS cells which were permissive for SV40 replication.
Although pI10 was not able to replicate in the COS cells, the
CAT activity driven by its promoter was about equal to that
of the amplified pSV2CAT (Table 1).

DISCUSSION
The discovery of viral enhancer elements and tissue-

specific enhancer elements such as those found in the

immunoglobulin genes led to the expectation that other
cellular genes would also contain upstream promoter ele-
ments with enhancerlike properties. Indeed, such elements
are implied for the tissue-specific expression of insulin and
chymotrypsin genes (34), for the RNA polymerase I pro-
moter activity of ribosomal genes (17), for viral or poly(I)-
poly(C) activation of P-interferon genes (10), and for the
basal level transcription of the metallothionein gene
(Haslinger and Karin, in press). Our studies on the calcium
ionophore regulatory/promoter sequence provide another
example and allow us to make some comparisons of this new
class of non-tissue-specific cellular regulatory sequences
with some of the better-characterized enhancer elements.
The sequence and structural organization of the rat pro-

moter shares both similarities and differences with known
enhancer elements. First, several sequence elements homol-
ogous to the viral and immunoglobulin heavy-chain core
enhancer sequence can be located. These, together with the
occurrence of four CCAAT sequences, might explain the
very high basal level activity of this promoter sequence
under noninduced conditions. Second, the organization of
the rat regulatory sequence into two direct repeat domains
resembles the tandem repeats found in activator sequences
of a number of DNA viruses and cellular gene, although
these sequences are in general shorter and are more pre-
cisely matched. Thus, it has been proposed that duplication
of upstream promoter elements may be associated with the
involvement of some enhancer activities (Haslinger and
Karin, in press). The occurrence of a stretch of eight
alternating purine/pyrimidine residues near the junction of
the two direct repeat domains is intriguing, as similar fea-
tures have been found in other viral and cellular promoter
sequences (25; Haslinger and Karin, in press).

This promoter sequence is GC rich, but the striking
feature is the high abundance of CpG residues in this
promoter region (CpG/GpC = 1.0). To maintain the CpG
bases, these residues must have persisted as nonmethylated
forms. It would be interesting to determine whether this gene
system, like a few other housekeeping genes, is located
within islands of nonmethylated CpG-rich DNA found in
mammalian genomes (3, 37).
Most of the cellular enhancers described so far act to

increase transcriptional activities in a conditional manner.
For example, the immunoglobulin enhancer only functions
in lymphoid cells, and the p-interferon enhancer requires
induction for its activity. If one compares some of these
enhancers with the SV40 early enhancer, they have similar
activities to the viral element (24). In contrast, the rat
regulatory sequence we have cloned in pI10 is more efficient
than the SV40 enhancer in many cell lines, before and after
A23187 induction. The differential promoter activities are
not due to replication or stability of the transfected pI10
DNA, as compared to pSV2CAT (Fig. 7; unpublished data).
When the 291-nt fragment dissected from pI10 is fused to the
HSV-tk promoter, it is capable of significantly increasing the
mRNA level of a covalently linked heterologous gene. Like
other enhancers, it can act in an orientation-independent
manner over a distance of 2,000 nt from the heterologous
gene unit. Notably, even in the absence of A23187 induction,
the enhancing property of the 291-nt fragment towards the
HSV-tk promoter activity is substantial.
However, evidence is accumulating that the positioning of

the enhancer element and the promoter sequences may
modulate the enhancer activities. For example, the SV40
enhancer will act on the human ,-globin gene containing an
intact promoter but not on a P-globin gene with only a TATA

VOL. 6, 1986 1241



1242 LIN ET AL.

TABLE 1. promoter activites in various cell linesa
o% Conversion of [14C]chloramphenicolh

Plasmid A23187
LA9 NIH 3T3 HepG2 NRK COS 7

pSV2CAT - 0.8 (1.0) 0.3 (1.0) 1.6 (1.0) 0.8 (1.0) 69.5 (1.0)
+ 0.6 (0.7) 0.5 (1.7) 2.2 (1.4) 2.5 (3.1) 82.9 (1.2)

p110 - 2.4 (3.0) 0.9 (3.0) 12.9 (8.1) 7.5 (9.4) 37.9 (0.5)
+ 7.8 (9.8) 4.8 (16.0) 39.4 (24.6) 16.4 (20.5) 89.4 (1.3)

a CAT activity was assayed from cells transfected for 48 to 50 h with 3 ,ug of either pSV2CAT or pI10 and expressed as percent conversion of
['4C]chloramphenicol to its acetylated forms.

b Numbers in parentheses indicate the fold increase over the basal activity of pSV2CAT, set as unity in each of the cell lines.

box unless the two elements are very close (32). Similar
observations were made for the interferon gene regulatory
element and the p-interferon TATA box (10). To test for
such effects, we fused the 291-nt fragment directly 5' to the
SV40 promoter with most of the 72-base-pair repeats re-
moved (pSV1BCAT; 4). We found that although the 291-nt
fragment was as effective as the SV40 72-base-pair repeats it
replaced, the element no longer responded to A23187 induc-
tion (data not shown). In another set of experiments, when
this enhancer was placed at the 3' end of the intact SV40
promoter in pSV2neo (31), it could enhance the transforma-
tion efficiency (A. Y. Lin and A. S. Lee, unpublished data).
Therefore, in using enhancers for activating heterologous
gene units, the choice of downstream promoters and the
proximity of the enhancer and the promoter may be critical.
The effect of species specificity is also an important consid-
eration.
While analyzing the initiation site for the HSV-tk/neo

fusion transcripts using the neo synthetic primer, we noted
that in all the pNE03 recombinants tested, including the

pSV2CAT p110

1 2 3 4

FIG. 7. Analysis of transfected DNA in COS cells. COS 7 cells
grown in 15-cm-diameter dishes were transfected with 6 ,ug of
pSV2CAT (lanes 1 and 2) or pI10 (lanes 3 and 4). At 48 h after
transfection, plasmid DNA was isolated from the cells (13). The
DNA was suspended in 100 ,ul of 0.01 M Tris (pH 7.4)40.001 M
EDTA and subjected to electrophoresis on a 1% agarose gel.
Portions of 20 RI (lanes 1 and 3) or 40 1.I (lanes 2 and 4) from each
sample were applied to the gel. After electrophoresis, the gel was
blotted (30) and hybridized with nick-translated pBR322 DNA
(specific activity, 5 x 10' cpm/,g). Autoradiograms are shown.

parental plasmid pNEO3, the major primer extended band
was slightly larger than the predicted size initiating from the
normal cap site for the HSV-tk promoter (23). When another
synthetic oligonucleotide was used which was complemen-
tary to the 5' untranslated tk region (+34 to +50) of the
tklneo fusion transcript, the major start site was more
precisely mapped at about 100 nt upstream of the normal site
(unpublished data). Since this result was obtained also in the
case of the parental plasmid with no enhancer, the selective
use of the upstream site is an unique property of this tk/neo
fusion gene and is not due to the insertion of an enhancer. It
is possible that the fusion of the HSV-tk promoter to the neo
gene in this construct caused secondary structure changes
resulting in the utilizaiton of some cryptic initiation signals
which were present upstream of the normal start site. For
example, a CAAT- and TATA-like sequence can be located
90 and 40 nt upstream of the start site we observed. In other
HSV-tk fusion genes, major transcripts originating upstream
from the normal tk start site have also been observed (6, 10).

Transcriptional regulatory factors with the ability to en-
hance transcription in vitro and to bind to defined stretches
of promoter DNA have recently been purified from cellular
extracts (5, 7, 26). The 291-nt sequence we have isolated has
the ability to compete for trans-acting factors involved in
A23187 induction and those defined by the K12 ts mutation.
More detailed analyses of the molecular interaction between
these factors and DNA will provide information on this new
class of inducers which is specifically generated when cul-
tured cells are treated with A23187.
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